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ABLTRACT

The liability of a steel to f:iilure by brittle fracture
may be judged by several criteria as exhibited in the vairious
standard engineering tests. The relative influence of the
many foctors governing the ductile-brittle trunsition nmay
vary greatly from test to test with the result that the
variocus arbitrarily defined transition temperatures will also
vary over guite a large range. Despite the complexity of the
relationship between tests, some form of correlation is
frequently demanded. This thesis presents experimentol
results in which, starting .ith the slow bend tsst on a
standard V-notch Charpy specinen, a test has been succcssively
modified, care being taken to clter only one variable at a
time. In this way it was possible to study the relztive
effect of strain rate, size und method cf stress application
(i.e. notch-tension or notch-bending) on the change in
transition temperature between tests.

Load=-deflection disgrams were obtained on all types of
specimen so that the louds, crergies, etc., at any given stage
of the test, might be determined. Jvecial instrumentation
wasg developed to obtain aiagramse of loud-deflection, s well
as of load-time, in the impact teat., 4 compariscn of thuse
two diporams allowed the varintion of striter velocity in the

impact test to be studied, and it wus concluded that the



generally accepted assumption of the veloclty varying
lineorly with time was likely to be in error, und that some
form of shock loss of velocity oceurred at impuct.

Pinully the experimental results vere exumined in the
lizht of some of the morc reecent hypotheses which have been

advanced on the brittle fructure phenomenon.
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Faximam stregs.

Nominsl bending stress at the notch root.

Nominal tensile stress at the notch root.

Mominal fracture stress at the notch root.

Yield stress (uniaxial).
Yield stress in shear.

Critical stress.

Iliodulus of Zlasticity, liodulus of Rigidity.

Poisson's ratio.

Stress concentration factor.
Digplacement.

Crack opening dislocation.

Crack length.

Polar.co—ordinates.

surface tension.

Largely plastic work of crack wall
Fracture toughness.

Strain energy r-lease/unit area.

Crack growth rezistance.

Stress intensity'factor.

formation.

T, = Co-ordinate Component stresses.

= Theoretically determined maximum principal stress.
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Value of K at fracture.

KC under plane strain conditions.
Plate idth.

Plate thickness.

Sheur lip (%, = Critical sheur lip).
inergy of fracture in sh-ar lip.
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opecimen dimension.
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1. INTRODUCTION

“henever ths term "brittle fracture" is mentioned today
there is 3 tendency for engineers to think immediately of the
much publicised failures of various all welded ships,
varticularly tankers, during the second ‘orld Wer. In view
of the vast amount of research which wis stimulated by this
urgent problem, the prominence given to them is probably
merited. The rather unfortunate consecuence of this attitude
is to consider brittles fracture as n comparatively modern
problem, which is limited to mild stecl gnd which has nov
been solved. In fact fracturss of a brittle nature occur in
many materials besides mild steel, som: of which are fast
bocoming of considerable importance as structural materials,
Also brittle fracture in stecl itself has becen present in
various guiscs cever since the introduction of the Open-hcarth
and Bessemer processes allowed steel to be made sufficiently
cheaply for it to be used ags a structural material., An
explonation of the fact that 4 normally ductile material can,
under certain circunstances, fracture with severely reduced
deformation was demanded as early as 1879 (1) and it is a
somewhat humbling thought that even no: the answers given
would be far from complete. Detziled reviews are available
of the historical development of the subject (2 to 5)
and it 1is interesting to note the¢ different forms in which the
same basic problem has reappeared. It would seem pertinent to

mention that although steel bridges were among the eurlizst
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structures to suffer from brittle fracture, yet in 1962 the
new King Street bridge in llielbourne encountered similar
difficulties of a very serious nature.

A'Very larse amount of experimental work has been done
on this topic in recent ycars, especlally with regard to mild
steel, and the amount of literature now available on the
various uspects of brittle fracture is almost overwhelming
and, as Jrucker has said, one is now in the position of
writing summaries of surmaries. Parker (4), Biggs (5) and
Tipper (2, 6), however, have greatly clarified the issue by
their very full dalscussions of the problem and the eneral
factors involved should no longer be in doubt, at least in
so far a3 mild stecl iz concerned. . uite a large part of
these discussions deult with the question of methods of
testing for brittle fructure uznd the interpretation of the
results of these tests, It immedistely becomes cleur that
there is no such thing as a2 single, clear-cut, transition
tennerature at which th: behavicur of 2 given material changes
its mode of fructure from ductile to brittle. A transition
temperature for a given material can only be defined for a
closkly speeificd test a3 judged by a given arbitrary criterion.
Thus =2z well as the very large diffcrences in transition
temperature which c¢xist betwecn the various tests thers can
also be a conslderasble variation, depending on the criterion
chosen, and this variation itself is not constant from test to
test. The aim of the prescznt work was to sclect materiale,

namely mild steels, whose behaviour in thce different types of
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test had been thoroughly investigated =znd, by careful control,
to study the effects of the individual variables on the
transition temperatures as judged by the various criteria,

It was also hoped to rslate these results to some of the
hypotheses which have been prescnted in an attempt to place

ths osroblem on a more quantitative basis,
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2, THIORERICAL AUPECTS

The theoretical backsround to this topic embraces many
different fields, und explunations of some particular
phenomenon are often advanced from viewpcints which may differ
greatly. To obtain a balanced analysis of any new contribution
it is often necessary for an investigutor to stray into ficlds
which arce somewhat removed from his original disceipline, and
it is 1nevitsble that ignorance muy, in come casges, lead to
erroneous conclusions. It is felt that the following, rather
lengthy, survey is Jjustified as an attempt to prescnt the
author's understanding of some of these views in a reasonably
comprehensive picture., LAny interpretuation of the experimental

results will be made in the light of this prescataticn.

2.1. The Ductile Britile Tranzition

It is vitally important when considering a topic of
this kind to avoid, =s far as poscidble, any confusion in
definitions or in terminology. In gensral terms brittle
fruicture may oniy be said to be a fracture which takes pluce
with severely reduced deformation und is not limited to any
special type of muterial, It will later be poussible to be
more precise and, once 2 material is specified, to define

certain patterns of behaviour which are follouied,

(a) The Fracture liode Trunsition
It has been found that the type of fructures obtained
in many materials is strongly ucpendent on the applisd conditions,

such as temperaturce und rate of stressing especially in the
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presence of some discontinuity such as a sizable inclusion

or artificial notch. Thus a2 notched tensile sgpecimen of such

a material may fracture in a ductile ménner at a given |
temperature with gross deformation occufring in the region of
the fructure, whilst an identical specimen tested at a slightlyr
lower temperature or higher stress rate may fracture in a
manner which 1s obviously brittle, any slight deformation

being restricted to the immediate 1ocality of the fracture
surfaces. The thickness and/or width of the notched plate has

~ also been found to have a strong influence on the type of
fracture (7); the fracture changing from a “"shear" fracture

on a plane at 45° to the plate sarface to a flat fracture
normal to the plate surfzace as the thickness was increased.
This form of the ductile-brittle transition does not imply

any change in the atomic mode of fructure and is equally
vossible in metals such as steel (b.c.c.) and aluminium (f.c.c.)
or in the notch brittle plastics such as polystyrene, which

possesses a complex molecular chain structure.

——— e Sk Sk ) Sl s [ Yo iy

It is possible in some materials to undergo another
transition at on atomic level and it is the possible super-
position of these trancitions that makes more difficult the
understanding of the ductile-brittle transition in such
materials. Three basic types of fracture hzve been observed in
crystalline materials, two of which are transcrystalline, the

third intercrystalline. The latter typé is usually a result
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either of prolonged loading at high temperatures or of induced
weaknesses at the grain boundaries prdduced by segregation of
impurities or corrosion. It will be shown luter, however,
that typical brittle fractures have taken place in this
fashion. Of more general importance are the tvo trans-
crystalline modes, namely shear and cleavage, vhich »produce
fractures which differ radically in appéarance. It has been
found thutvmost crystal lattices nossess both slip or glide
planes along which one part of the crystal slides along the
other (by means of the coﬁsecutive movenent of dislocations)
until complete separation has occurred, governed largely by the
applicd shear stress, and also cleavage planes at which a
direct separation takes place with very little plastic
deformation probably obeying a normal stress law. ‘hether
fracture occurs on the slip or cleavage glane is governed

by external conditions such as temperature, which may alter

3

strengths in guestion, and also

3

the relative values of the two
by the orientation of the erystal. The various possible slip
and cleavage planes in the different types of atomic lattice
are given in Ref., 6, Table 1. Cleavage fractures have been
obtained in many body-centred cubic metals, including of course
alpha iron, in some of the hexagonal close-packed metals, but
never in face-centred cubic metals. On a macroscopic level
cleavage fractures are readily recognisable by the bright
cleavage fucets, the surface appearance being described as
"erystalline” as opposed to the "fibrous" appearance of a

shear fracture. AaAlthough a fricture may appear totally
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crystalline there may well be some degree of plastic
deformation because of the random alignment of crystals
in a'polycrystalline aggregate recuiring bridges of shear
fracture to link grains which have already sepurated by
cleavage. Other plastic work is often revealed by surface
markings and striétions and by poseible fructure arrests.
Thus for materials such as mild steel, which are subject
to this shear-clzavage transition, 1t is ¢uite possible that
the two forms of transition may take place under similar
conditions snd are taken ag being a single transition.
Because of this the fibrous-crystalline trancition in mild
steel is often termed the "fracture modes trunsition", but to
avoid any ambiguity in this thesis the term "fraclure

appearance transition" wlll be used instead.

2.2, 3Some Concepts of Fructure

_ One of the earliest fructure criteria 1s that of

Ludwik (8) who proposed that fricture occurred vhen the

maximum principal tensile stress reached @ critical value

called the strength. This simple ides ig illustrated in

Fig. 1 (a) which shows how the flow stress (true stress - true
strain) curve intersects the fracture stress curve at a voint X,
in which case fracture will t:ike place after prior plastic flowv.
Should the yield stress be higher than this ideusl fracture
stress, however, then fracture will take place 2t a stress
given by the point Y without plastic deformation., It was later

suggested by Davidenkov (G) that thz duetile and brittle
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frajeture modes recuired two separate fructure stresses as
indicated in Fi>. 1 (b). This idea of two different types of
fracture, a ductile fracture obeying a critical shear stress
{or possibly a critical shear strain encrgy) criterion, and a
brittle fracture obeying a critical normal stress criterion
has been elaborated by viorkers such as Schnadt (10), and
Hendrickson, “ood and Clark (see Section 2,3.). It would seenm
likely thut sdme dual criterion of this type is in fact operative
in the shear-cleavage transition in metals such as mild steel;
but it is guite possible that only a single criterion is
operative in the fructure mode transition of other m:terials
and that the brittle fracture follows the same mechanism as the
ductile, but with highly localised seformation. Tho dual
eriterion is used in Ref. 4, Fig. 2.9. to show how either-
cleavage or shear fracture may occur after either limited or
gross plastic flow, |

If, for steel under conditions of complex stress, both
yield and shear fracture arc taken to follow a criticsl sh.ar
stress criterion, whilst cleuvage fracture follows a critiecal
normal tensile stress criterion, then the loci on a three
dimensional stréss plot would be hexagonél prisms for the former
and 2 cube for the latter. To examine fhis in two dimensions Gé
is made zero and some of the alternative arraﬁgements are shown
in Pig. 2, these being (a) Yield folloved by shear fracture,
(b) Yield followed by cleavage fracture;’ﬁnd (e) Cleavage fracture
b:fore yield. If, however, the third stress component is

inereased from zero tc some tensile value then Fig., 2 (a) (which
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is typical for mild steel at room temperature) is altered
drastically to a form such as (d). Thus the importance of
a notch, which can produce a stress system approaching
triaxiality, may be clearly seen. It must be borne in mind
when considering these ideas on fracture,that in practice
fracture is always prcceded by some degree of plastic flow
and the idea of a fracture stress.as such ig merely a
convenient concept. ‘¢ may now examine the effects of some

of the variables in the light of thesze concepts of fracture.

(a) The Zffect of Temperuture

It is ﬁell—known that structural chunges can take
place in metals when the temperature is varied aﬁd it is
fortunate that stéel, which proves so complex in many ways,
does not undergo any structural change as the temperature is
decreased below ambient, The only excaption to this can be
the transformation of retained austenite into martensite at
low temperatures. It is also well-known that dcereasing the
temperature has the effect of raising the entire flow curve,
increasing the discontimuous yisld (i.e. the difference between
the upper and lower yield stresscs), increasing the Luders
extension, and increasihg the stresg reguired for fracture
(11, 12). It is not so easy to obtain the variation of the
fracture strengths with temperature because (a) Then fracture
occurs by the shear mode it usually does so after quite
considerable plastic flow and thus usually after viork hardening,

and also the fracture takes place at some type of necked section
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in which the multiaxiality of stress may be hard to estinute,
and (b) hen fraeture occurs by the cleavage mode in simple
tension it only does so at very low temperatures and this
strength is strongly affected by prior cold work. It may be

doudbt a2s to the

e}

stated, however, that therc is now gever
validity of the original idea that the cleavuge fructure stress
is constant with temperaturc. A further complicution is
introduced by the fact thut in many metsls, inecluding steel at
the lower temperaturces, twinning is a preferred mechunism to

slip and it is not et all certuin whether or not tuinning may

be s=id to follow a eritical sheur stress law,

Recent work by lahn c¢t al. (13) gave a comprehsnsive
picture of the yield and fracture behaviour of cteol und ulso
gave definitions of the virious stages of transition which mnay
take pluce. Fig. 3 shows a typical exonmnle of their tensile
test results and shows how thoy have divided the reoultse into
six temperuture regions, which were deseribed as follows:i-

In region A the fracture obtained was a typical cup und
cone after 505 to 60% reduction in area., A fibrous crack wus
initiated in the centre of the necked portion an. grev
radlally until,as it approached the free surface, final separation
occurred by "shear". (This description of such a 45° fracture
is usually employed cven though each grain still breaks in
tension and it is very doubtful whethsr in fict one surface
slides across the other),

In region B the fracture appearance changed to a fibrous

:
-4-

centre surrounded by 8 rim of cleavare., FPibrous ifrmacture spaln
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started at the centre, but now the fibrous crack, by reducing

ional zrea and croviding an internal

<t

the effective cross—-sce
notch, was cufficient to produce cleavage. Ths fibrous crack
may thus be regordéed as g critieal crack sise, bocoming smollex
a5 the tomperature was decveascd. 4 505 fibrous transition
tempe raiure, TF’ woe decignated as o comparison with that in
the ctandard V-notch Churpy impact tects, Tf.

Region C. The boundary of this region with region B
was marked by a discontinuity in both ductility and fracture
stress, referred to as the ductility transition, Td‘
Immediately below Td frocturss which appearsd to be 100%
crystalline occurrcd after 1557 to 207¢ elongation, thers being
4 considerable difference betueen the yield and fracture
stresses. The investisators notcd here that the Ludwik-
Tavidenkov concept that fracture precedes yiclding below the
transition temperature was not concictent with these findings.
They further stoted that Td occurred when the critical fibrous
erack size apvbrosched the size of cleavage microcracks and
imnlicd thet microcracks nuclented cleavig e cracks below Td.
Although the number of microcracks incresazed sharply below Td,
they were also observed at temperatures above T, which costo
doubt on Cottrell's hypothesis that the ductility trunsition

ocecurs vhen the formation of nicrocracts (i.e. the initiation

of clzuvige within the grain) first bocomes possible.
The alternative suggestion was made that the ductility
transition ocecurs when the recuirements for the grovith

of o microcrack into adjoining grains, ana thus the propagation



to fracture, were suatisfiled.

In region D, clesvage frocture took place at the lower
yicld stress aiter zome discontinuous yislding., Iicrocracks
viere observca only in yielded reglons behind the Luders front
and it was ongestod thut gross yilelding was a pre-reiguicslite of )
crack initiation,

Heglon X was rogerded as an eXtension of region D with
cloovage fracture ocecurring in the Tirst part of the svecimen
to undergo discontinuous yiclding without any obsorved load
Zrop. Fe microcracks were obsarved, procunably bocuaucs the
first crack formed propagated to fracture.

In region F, fracture occurred abruptly at stresscs vhich
fell below the level of ths sxtrapolated yicld stress curves and
po:.sibly below the elastic limit. It was suggested that frasture

in this range coincided with the onset of twinnine,

(b) The _2foct of Sirainm Rate
of strain rate on brittle fracture wias principally one of
raiging the temperature at vhich brittle fructure occurrsd.
It has been shown that the speed of loading only affcetc the
pozition of the trancition curve along the axis and has no
influence on the mechanism of fracture, i.c. ductile spccimens
deformed in slow-bending and in impuct'gave exactly the same
mechunism of fructure, nor was there any changze in mechanisn
betucen brittle fractures performed at the tuo rates (15), A
unique rclationship between temmerature and struin rcate has been

suggestcd (16) und other proposals include & volocity modified



temperature concept (17) und un equivalsnce between
temperature, strain rate, and st:tc of triaxiality (18).
The majority of experinmental work has been pérformed in
uniakial tension snd Biggs (%a) has swmmrised the information
available on the effeet of strain rate on mechanical
propertics as follows:i-
(I) Very slow londing climinztes the sharp yield point in
stecls,
(I1) "7ith increasing strain rate, (1) The yield strecc
inereases rapidly, (ii) %he Luders strain increases,
(1ii) The moximum tensile ctress inercaces, (iv) The

value of the yicld/maxirun stress ratic inercuses, the

-

rate of increas: becoming more marked at hisher sirain

I

rates.

Some attempts have becn made to put the varisticn of
yield stress with tempersture ana strain rate on 2 quantitative
brizis and these arc bricfly prescented in .appendix 'B' together
»i1th refercnces to relevant experimental work. ‘ith raeare %o
other materi:l propertics, austin and Steidel (19) showed
that both the ultimste tensile ctress and the actual Tracture
stress (1.c. fructure load/cross-sceetional area at fracture)
increased with the strain zate at frﬁcturé un to strain ratecs
of 20,000 per ssc. They alsoe sheved that the percentage
elonzation and the percentase reduction in ares increased at
first, but tended to bicome constant ot strain rutes above

about 10,000 per sec.
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At impact rates of louding other effects must be
considered.

(i) The fact th+t stresses within a specimen may be governed
by ctress wave conditions una inertia effects. This will be
discussed at u later stage with reference to the instrumented
Charpy impact test (see Ccetion 5.3).

(1i) The highly localised heating which can occur in a
nominally isothermal test will lower the yield stress in that
resion, oausihg 2 local instability of the plastic zone.

One way in which these basic concepts of fracturc nave
been employed to predict a ductile-brittle transition will now

¢

be ghown.

2.3. The Theory of the Initiation of Brittle Fracture in

1i1ld Steel as proposcd by Hendrickson, ''ood and Clark (22)

Using a hydro-pneunatically operated rapid tensile-testing
machine (20) the above writers obtained upper yield stress
values for a given annenled steel as a function of applied
constant stress rate, &, at different temperatures (21).

This is shown schematically in Iig. 4b. The same machine was
then ugsed to test cylindrical tensile specimens of the same
steel, containing an hyperbolic notch., FIFracture loads .ere
recorded for those specimens which exhibited little ductility
and the nominal fracture stress, Ot (fracture load/minimum
cross—sectional area), was calculated. The type of results

obtained is shown in #ig. 4a. Also a theoretical elastic-
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plastic analysis was developed for the specimen and the
maximum principal stress, (o-a)max was calculated for

different values of the nominal stress, o, (see Fig. 4c).

n
It was found that (o—a) max, occurred in the axial direction
on the elastic-plastic boundary. The analysis was only
valid when the plastic zones were confined to the region of
the notch root and thus there was a limiting value for the
nominal applied stress,'ch, which was found to be

oh/°§d = 1.5. For oh/0°yaj>1.5 the zones of plastic
deformation spread completely across the body with very
little further increase in applied load, and since the
relaxation type of solution employed was only valid for
small increments in strain, the analysis could no longer be
employed. To confirm the analysis the fractured specimens
were carefully sectioned, polished and etchzd, then a
microhardness survey was carried out, all hardness readings
being taken in regions of ferrite grains. Quite fair
agreement was obtained between the theoretical and
experimental elastic-plastic boundaries,

The writers then proposed that a "brittle" fracture be
defined as one which tskes place while the plastically
deformed regions are confined to the vicinity of the notch root,
i.e. while o-n/'o-yd <l.5. The maximum principal stress at
fracture could then be calculated as follows:~

: 1
Let fracture occur at a nominal stress of g when a
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: , )
nominal rate of stress rise 6; is applied to the notched

n
specimen at a temperature T,, as shown in I'ig. 4a. Now the
rate 6f increase of the axial stress at the root of the notch
during the period of purely elastic deformation is equal to the
product of the nominal rate of stress application, Gi" and
the axial stress concentration factor, k. Thus the axial
stress rate at the notch root is k&h' and we nay use this
value in I'ig. 4b to obtain the corresponding yield stress

'

] [} ]
value 67., Now si ve know ] o~ . is known,
va o since ve Xnov c}d the ratio Oﬁf/ vd

. ]
- . . o+ . - . 1
and if this ratio is less than 1.5 then the ratio (oa) max./o-yd

may be determined from Fig. 4c. Hence the maximum principsal
stress, (oé)éux. may be found, |

In their discussion of the results obtained, the writers
state that the values of (Ué)max. obtained are constant within
the probablé experimental and theoretical errors, namely
within the range 200,000 to 226,000 p.s.i. with an average
value of 210,000 p.s.i. They Turther state that this critical
stress is independent of temperature and rate of loading.
(If, however, the results are plotted againbt strain rate as
in ig. 5, it would appear that at —1290C there is a small
strain rate effect and a tentative extrapolation viould irdicate
that at low stress ratec (Ga)max. tends to become constant
at about 199 x 10° p.s.i.)

The writers propose that a necessary and sufficient
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condition for the occurrence of britile fracture in notched
steel specimens is that a critical value of the tensile stress
is reached before plastic deformation extends to the axis of
the specimen. Thus the transition from ductile to brittle
behaviour, for the specimens tested, will occur when

(0, )y, = 210,000 p.s.i. at the instant when o-n/o-yd = 1.5.
Now from the data for Fig. 4c the value of (dé)max./b&d

corresponding to this value of oh/o&d is (cé) /csrd = 2.34.

max,

Th s . . . 3 s 1. o
erefore substituting for (oé)max. = 210,000 p.s.il. gives

O}d < 90,000 p.s.i. This critical value of yield stress

may be used in Fig. 4b to determine, for a given temperature,
a critical stress rate at vhich a ductile brittle transition
will oceur. In faet this method sccurately predicted the
critical stress rate for tcmperature TQ, but it also

predicted a transition at o certain stress rate a2t temperature
T,» and in fact no such transition was found. Hardness |
neasurenents, however, did indicate some degree of ductility
troncition in the predicted rsgion,

The writers also successfully predicted the Energy
Transition Temperuture for Izod sp.cimens made oi the sune
material (23). A similar analysis, using a relaxution
solution, was carried out on the Izod specimen. The point of

incipient plastic instability was found to occur when
oﬁb/b}d = 0.30, vhere b = Hominal bhending stress at the root
of the notch, The analysis also showed that, at this applied

stress ratio, the maximum stress vas given by c;n/c-d = 2.41,
y
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The ductile brittle transition thus occurred when o, was equal

to the critical stress for the material (210,000 p.s.i.).

Hence the critical value of the yield stress, (o&d)c= 87,000 p.s.1y
could be calculated. ifter malking allowance for the

indentation of the specimen by the striker the stress rate

at the root of the notch was calculated to be 9 x 109 p.s.i./sec.
By extrapolating the lines in Ifig. 4b to this value of o a

graph could be plotted of o&d against temperature for

o =9 x 107 p.s.i./sec., this is shown in Fig. 4d. The

temperature corresponding to (O} = 87,000 p.s.i. is the

‘d)c
troansition temperature. This temper .ture coincided with a
discontinuity in the Inergy - Temperature curve and corresponded
to =2n energy absorption of 20 ft. 1lb., an altogether
astonishingly good agreement in view of the v.rious assumptions
and approximations which were made. Iliicrohardness measurements
again secemed to confirm that regsions of plastic deformation were
confined to the vicinity of the notch at a temperature at

the lower end of the transition region, but it will later be

seen that there is some doubt as to the validity of these

miecrohardness measurenents.,

2.4+ The Nucleation of Fructure

The simplest idea of the strength of a solid is the
cohesive force holding together two layers of atoms. Using this
idea approximate theoretical strengths huve been calculated on

the assumption that failure will cccur When the atoms are

displuced by one half of the atomic distunce, but when these
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values were compared with experimentally determined values it
was found that the theoretical values were larger by about two
orders of magnitude (24), This was found to be true both
when a tensile separatioq and when a g¢lip due to shear was
considered.

Griffith (105) sugecested that, although stresses of the,
magnitude predicted by theoretical considerations did not exist
throughout the material, it was possible that they could be
attained locally at stress cotcentrations such as microcracks,
He then proposed that the strain energy released at fructure
per unit crack extension be equal to the energy per unit area
regquired to form two new surfuaces giving:-

o 2 _ AET (2.1)
= R

where
o = liean applied stress
E = Licdulus of elasticity
2a = Crack length
T = Energy/unit area required to create a new surface

% Surface tension

““hilst this theory appeared to be valid for truly brittle
materials such as glass, it cannot account for the types of
brittle fracture obtained in mstals (or even in many brittle
plastics) in which a small, but by no means negligible, amount
of plastic deformation takes place, liethods adopted to allow

for this plastic +ork will be described in Section 2.5.
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In recent years the dislocaticn theory of slip has been
much advanced and hypotheses have been developed to explain
such phenomena as the yield points and strain ageing. There is
not, however, universal agreement as to th: relative importance
of factors, such as dislocation locking by Solute atoms and
the lattice friction stress, when considering the novement of
dislocutions., Various theories have been advanced 1o explain
and to predlct the transition temperature on a basis of
dislocuation theory, but probably that of Cottrell (26) has
aroused most interest. Cottrell does not distiniuish between
ductile and brittle fracturelin the initiation stage but
sugsests that it is the cmount of plastic deformation which
accompanies the crack growth to the critical size which is the

relcovant factor.

2.5. The Propagetion of Fructure

Quite a large amount of information may be gathered
regarding the propagation of a fracture by observation of the
fracture surface. ILven the fracture surface of zglass is not
entirely smooth, escarpments and surface markings usually
being visible. The fracture of a sharp notched brittle plastic
can be clearly divided into several zones such as the highly
reflecting nirror zone at the initiation. Clear surface
markings such as River lines and “ullner lines are often

visible and an cXperienced observer can oiften deternine
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the velocity of the crack front at a given stage of
propagation by the shape of the surface markings, which are
functions of the ratio of the crack front velocity to that of
transverse waves,

Conditions become more complex in a polycrystalline
substance, in which it is found that the direction of propagation
in adjacent grains is rarely the game either as each other or as
the direction of propagation of the general fracture front.

In fact fracture in individual grains may fracture backwards
(i.e. in the opposite direction to the main crack front).
Tipper (2b) has shown that the fracture front is in fact

curved ana of irregular outline. Ilioreover the more ductile the
material the more attenuated is the apex and the wider the
angle betvween fracture planes.

One of the most obvious features of brittle fructures in
mild steel, whether in wide-plate tests in the laboratory or in
service fructures, is the clear chevron pattern (see Ref. 6
Fig. 27). Tipper has compared a propagating fracture in a
plate to the repeated fracture of a scries of small tensile
test pieces, with centres along the centre line of the
fracturing plate, and with striaticns radiating from the
centres. Ref. 5 Fig. 128 shows how a series of initiations of
this kind can produce a parabolic front of the type observed.
Llthough the chevron pattern is characteristic of the brittle
fractures of mild steel in which a large proportion of the

grains have fructured by cleavage,it is by no mecans confined to
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this material. Chevron patterns have been observed in some
form in aluminium alloys, glass and plastiecs., Also brittle
fractures showing chevron patterns have occurred in austenitic
alloy steels and have even been intergranular,

Thus whatever the material it is clear that there is
always some degree of plastic flow invelved in the propagstion
of fracture and the simple Griffith criterion of Tection 2.4
cannot often be applied. Two methods which have been evolved
to account for the plastic work of propagation are explained
below:~

(a) Orowan's Theory (for crystalline materials)

Orowan (27) suggested that extremely small cracks are
present in every grain and are widened by plastic deformation
near thc tips as the deformation progresses., It is proposed
that the growth of such 2 crack continues until either the
crack reaches a critical size and the Grifrith criterion is
satisfied, or until it reuaches a grain bonndary. DBecause of
lattice discontinuities and possibly the segregation of
impurities at the grain boundary, it is considered that far more
energy is required to propagzte a crack across a grain
boundary than vithin the grain. Orowen believed, therefore,
that in general the length of a microcrack was of the order
of the grain diumeter and has no particular relevance to the
fracture problem. Instead of a critical crack length he
suggested that the condition for brittle fracture was the

condition for transcrystalline crack acceleration.
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£p (2.2)

vhere P is the largely plastic work of crack wall formaticn
which is far larger than the surfacc energy assoclatcd with

the pure Griffith crack.

(b) The Griffith-Irwin Theory and_an Outline of Fracture

s 4

The large amount of published viork in the field of fracture
mechanics (chiefly by Irwin and his collaborators) has been
somevhat complicated by a certain amount of confusion over
notation. Surveys of published work have been made (28, 29),
however, and these help considerably in understanding the
basic ideas of th:o theory.

Irwin replaced the surface energy term in the Griffith
theory by a plastic vork term, the JSracture Youhness, Gc' vhich
is the total vork irreversibly absorbed in creating a unit area
of fracture. Denoting the strain energy releasc/unit area by
G, the criterion for crack propagation was suggcested as

G>G, ' (2.3)

Another approach to the Griffith-Irviin theory is based on a
knowledge of the elastic stress distribution around a crack.
Ffor small plastic zones confined to distences from the crack
surface small in conparison with the crack length, the theory of
elasticity is considered to ve applicable,

The stresses very near the root of the notch have been

shovn by Irwin (30) using “estergaard's stress function
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solutions(31) to be:

K Se 9 2 ] ai
o = ZO /2 (1 - sin. 6/2. sin. 30/2) - Oux  (2.4)
v
f.

K cos, 6/2

o = (1 + sin. 6/2. sin. 36/2)
¥ f2T7r
o - 2K cos. 8/2 _y. (plane strain)
2 277y ox
or o =0 (plane stress)
Txy = £808: 8/2 i1 6/5 o5, 36/2
27¥r
Ty‘z = TZX =0

whe re
»
r and © are polar co-ordinates starting from the tip of the
crack, K and Oux 2T stress field parameters.

GBX is relatively small in relation to o close to the
crack and for this and other reasons it is usually neglected.
Thus K is the only remaining stress ficld parameter which
relates the magnifudes of the stresses to the applied loads

and specimen geometry. X is called the stress intensity factor
(not to be confused with the stress concentration factor) and it
has been evaluated for various cases of interest. For an cdge

notched plute, width 'V, notch depth on each side = a, subjected

to a uniform stress o remote from the notched section.

K2 o (VW tan TTa/W) (2.5)



40,

Irwin later modified this formula to satisfy certain boundary

conditions and suggested

: V5 (2.6)
K=o (7 tan.™ a/ + 0.1 ¥ gin. 2Tva /W)

He later added a further corrcction to allow for the plastic

zone ahead of the crack giving:-
(2.7)

1
{=0(7 tan. u + 0.1 8in. u)~

]

where u = %I.(a + K2/2TTO&§)

This correction was obtained by substitution of the yield stress
g . . e e

va for U& in ecuation (2.4) along the x axis to find ryd

the radius of the plastic zone.

2
I = K (2a8)

ya 21-1-0"2
yd

Irwin has implied, without in fact nmaking a direct statcment,
that a criterion of fructure is X = constant = Kc at fracture.
This may be interpreted from equation (2.4) as implyinz a
maximum nominal elastic stress criterion of fracture, but other
physical interpretations are possible. It should be emphasised
that K is 2 stress field parumeter independent of moterial
whereas KC is a material constant. In fact KC was thought to
be a "variable constant", since for a given material it is
independent of test-piece width and crack depth,but is dependent
on plate thickness as well 23 more obvious factors such as
temperature and material condition. The thickness effect is

probably related to the degree of plane stress or plane strain

in the stress field at the crack tip.
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TJsing a hypothetical work done in closing a crack, Irwin
was able to relate the energy and the stresses and developed
the following relations between X and G (and K, ond GC):-

(a) Plane 3train K2 = Ei&

G

(2.9)

P~

(b) Plane Stress K° =

t-1

e W Nt

It has been suggested that the Kc value associated with
freoeture under plane strain conditions, designated by Kic'
is perhaps a true material constant. In fact experimentsally
derived values secm to f£all between the two extremes of plane
vstrain and plane stress,

Unfortunately recent work (32 , 33 ) has indicated that
Kc is not only dcpendent on the cspecimen thickness, B, bhut also
on the specimen width, ¥, Yithin certain limits an increase
in the V//B ratio results in a larger shear lip fraction
(see the following section, "The Fracture liode Trunsition")
at instability and hence a larger Kc value. The variction of
K, with plate width can be avoided by stipulating c‘ffO.SO}d a5
a test requirement, but this immediately excludes many
investigations of the greatest interest and importance. Tests
on aluminium have showm that if the /B ratio is varied so that
the nominal stress at fracture is chanced through the range
0.807,q <0p¢ <oyy then K, is increassd hy 15% to 207

It is possible te axamine this idea granhically if the

GC concept is asmployed. If we now take R as the crack growth



resistance and Gc as the critical value of G at instability,
then Fig. 6 shows how it has been suggested that Gc is given
by the point of tangency. At first sight this diagram may
appear unstable in that, at low values of crack length G >R,
But if we consider a2 specimen posscssing some notch or crack
of length a, then at low stresses the curve of G will be as
"1'. 4As the stress is increased the G curve will swing up
through '2' to '3', at which stage it is sugocested a stable
extension of the crack takes place. The value of R may
increase to some value R3. Further increase in stress will
swing the G curve still higher and increase R in some fashion
until the two curves become tangential, giving a condition

of instability. Any variation of Gc viould seem to be reflected
in the shapes of the two curves., If it is possible to cause
the R curve to be shifted bodily along the crack-length axig,
then the vosition of the point of tangency will be very much
affected by the shape Qf the R curve, a rounded curve alloving
considerable variation in Gc vhilst 2 more souared off curve

would keep Gc almost constant,

o

Three nodes of cracking can bz 2nvisgaged, nunely,
{1) opening, (2) sliding and (3) screw sliding. In notched
tensile fractures of sheot matsrials "oblijue shear" (45°) and

"transverse tensile" (900 fractures have been observed and
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these correspond with mode (3) and mode (1) respectively.

This has appeared to be a plate thickness effect, thick

plates tending teo fracture by mode (1), thin plates by mode (3)
ané plates of intermediate thickness by a mixture of the two
modes, having a central zone of 90° fracture with obligque

shear edges.

It has been sugiested thut the type of fracture node
transition under discussion is zoverned by the size of plastic
zone assoclated with the crack tip, in relation to the plate
thickness. If the plastic zone is approximately euvual to
the plate thickness, then plastic sheuring in the thickness
direction ulong nlanes at 45° to the plate surfuce is possible
tiircugh the vhole plate thickness and subseuuent 45° fracture
is possible., 'ith a smaller plastic zone 45° planes starting

at the plastic zone boundary on oprocite plute surfaces would

Hh

not join up in the middle of the plate thicknesss, The type o

mechunism suzoecsted is shown in Beoyd's diagram, Fig. 7.

The “0icet ot Plate Thickness

The size of the plastic zone 2% the onset of rapid
fructure 1o upproximately twice its radiuc and thue, from

equation (2.83) is

o (2.10)
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Irwin (46) made another estimate considering the principal

stresses rather than the cartesian components, the maximum

principal stress occurring at 6 = 60°. with o small he

equated this maximum principal stress to °§d giving a plastic

zone Size
. 2
1.641{c (2.11)

2

He also suggested that expressing the plat: thickness B as
2

5
%a

then a value{of‘J\decreasing from 1.5 to C.5 corresponded to

the transition from 90° to 45° fractures. Irwin's

experimental plot of K, against 1/B is shown in Fig. 9. The

low values of Kc for thick plate correspond to Kic for plane
strain 90° fractures and a rapid increase in Kc is shown as

the plate thickness decreases to give plane stress 45° fractures.

The dotted line on the diagram is a plot of

( ke 2 » T (2.13)

which it is suggzested divides the plane stress and plane
strain regions and may be relevant to the 450 to 90° fracture
transition., Irwin also suggested an empirical relationship

between Kc, Kic and & of the form
(2.14)

2
K, = Kic(l + 1.4/45)
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A rational explanation for this observed characteristic
has been advanced by Bluhm (34) who made the following
agsumptions. (1) The total fracture toughness (integrated
over the fracture surface) derives from a dual fraciture mode
mechanism i.e. either a combination of a flat break (which
may be fibrous or crystalline) and a shear lip. (2) The shear
lip occupies the full sheet thickness (for a given temperature)
until a critical thickness to is reached; beyond this critical
value the total lip width no longer increases (see Fig. 8).

(3} Once fully developed the shear lip remains constant in
width along the length of the fracture path, apart from enc
cffects at onset and arr-st (such as are found in the Charpy
specimen). (4) The mechanism of #lut fracture is esuentially
a surface phenomenon (energy of Tracture o (t - to) the
width of the flat area), whereas the mechanisnm of lip
formation is volumectric in nature (energy of fructure a:(%t)z
until the lip is fully developed =ni is then a constant).

The last assumption may be cxpresced algebraically as:i-

™ R 2
g =8 kgy t°0 Kty
and (2015)
T X 2
gy T E ksl to L
t >t
Ri.f = kff(t - 'tO)TJ

wWhere s—

The subscripts 'sl' and 'ff' refer to shear lip and flat

fracture respectively. The Z's arz energy valuss and the k's



46,

are material constants associated with the mode of fracture.
L is a characteristic length determining the total energy.

The total energy, Ep = Dy + Eep (2.16)

Now the total energy per unit nominal fracture area is

identical with GC and therefore,

G, = Eq/Lt (2.17)
Substituting equations (2.15) ana (2.17) into (2.16) gives:-
- & e
G, = & kg to(t/'to) for t/to <1 (2.18)

and G, o= & kg t (8/1) + dpe(l = 1 /1) for /8 1

An arbitrary assumption of k,p = 1/20 k., t, cave a good

approximation to the obscrved results,

Sffect of Temper:iture

——— s s —an ——

The exact meaning of the temperiture transition in this
field is at present far from clear. The transition may be
primarily governed by the changing yicld stress altering the
plastic zone or shear lip, or, on the other hund, some material

property such as Kic may itself be changed.

e o S ot e A P e . s i . sl i et P et

Several methods of measuring K, have been made (35) and
most applications have been in thc field of high strength steels
for pressure vessels (36) or rocket motor casings. The fructure
of some sharp-notched brittle plastics, namely polystyrene and

polycarbonate, has also been shown to follow a law of the type
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-

suggested by ecuation (2.6) and values of K, have been determine
experimentally for these two materials (37). These fractures
all took placec at stresses well below general yield and thus

no variation of K, with the /B ratio had to be considered.
Attempts have been made to apply the theory to the brittle

(and usually cleuvage) fracture of mild steel and the following
section shows one of the most hopeful lines of argument in

this dircction.

s v S e . . S e sty v e s . e iy s W S S S S i ST iy . . . e S

It h:s been pointed out by “ells (38) that most
assessments of criticul flaw sizes for structural parts employ
some type of stress intensity K criterion, whilst the relevant
material property is usually ascsessed on the bagis of some
test of the V-notch Charpy impuct type, in which fracture nearly
always occurs after general yield. IHe proposcd the folloving
link betwesn the two.

"%“he existence of a loecal plastic zone size at the tip of
a crack, dspending on the crack oxtension G (or stress intensity
fuctor K) and the meterial yield strength G&d' inplies a
uniguely related crack opening dislocation 'b', depending only
on the elastic modulus in aduition. The corresponding crack
opening disloecution in the Charpy spcecimen is given by the
product of the angle of bend and the diztance below the notch
root of the plastic hinge axis. For limiting fracture

conditions in the two cases it is pronoscd thut tiere is a
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proportional relationship between ths two types of crack
opening dislocaticn which is invariant with temperature.
it is proposed thzt the proporticnality factor differs from
unity mainly becouse of the different degrees of triaxiality
and straining rate between the testing conditions comparcd."
“ells used the simple approximaticns to the plastic zones
as shown in fis. 10, and assunming thet the peripheral elastic
stresses and strains at the yield boundary were at their

gimply detcrmined limits he obtained:—

Plane CUtress Plane Ctrain
b o b v o
2———-' = Zd ————— = 'd
I o 2(2vr) T 2C (2.19)
e b = e™ ro::ﬁ e b = Lﬂro—yd

"'ells also made another cstimate of the C.0.D. using
Testergaard's expreszions (Bguatiorn (2.4)) for the crack

opening dicsplacement vithin the crack at any distance r from

its tip.
M= [ (2.20)

Bt

Now on the yield boundary r = r is given by equation (2.8)

yd
(for plane stress) as
K2

r =-———2
yd 2Tr o
yd
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substituting for r = Tyq in eguation (2.20) gives:-

(= 48 (2.21)
ya %

If the above eéuation for ryd ig substituted into the simply
determined value for plane stress, equation (2.19), then

it is seen that equation (2.21) only differs from the simply
determined value by a factor of é .

"ells concludes that the C.0.D. is strictly related to
the crack extension force and stress intensity fuctor under
locally plagtic conditions but that the proportionality may
depend on the degree of plane stress or plane strain, He
suggested thaut, within these limitations, the C.C.D. might
be regurded as an index of fracture toughness where fracture
ensues only under conditicns of full plasticity such %hat the

local plastic zone size ceascc to have any practical meaning.
If slip line field solutirns for the V-notch Charpy specimen
are enployed, then b may be c:leculitea for an angle of bend 6°
on the =zasunmpticrn thut the twe halves of the specimen rotate
around the rigid core. ‘ells used a pure bending sclution

and obtained b = 1,52 § x 10"3 in. If 2 three point loading

sclution (40) is used instead then
(2.22)

b= 2.49 6 x 167 in.
This also is only an approximation, however, becausec the slip
line field solution is considerably complicated when the notch
root radius is considered.

This concept of 2 critical displacement criterion for



50.

fracture has also been suggested in another context. It has
been shown that under certain circumstances, including many
cases of service failures, fractures do occur at stresses
well below the level of general yield. IFor normal notch-
tensile specimens, however, it has been found that fracture
does not occur until the applied stress produces a general
yield across the entire load bearing section embracing the
root of the notch (41). To produze fractures before general
yield in mild stecl it has been necessary to "damage" the
material at the notch root in some fashion such as pre-
compresaion (42, 43) or nitriding. 4 concept involving an
"Exhaustion of ZTuctility" has been introduced to explain this
phenomenom. The following theory has been developed vhich
uses the critical displacement conceot to give one cxplanation

"of the above in relation to specimen size.

(@) A_lacroscopic_theory of the Initiution of Fracture,by
 Cottrell (44)*
At temperatures above the nil-ductility temperature for
a notched spzcimen the naterial at the notch roct becomes
ductile and the plastic gtrain in this region becones much
greater than the elastic strain. USuch plastic strains can only
be produced at ths root of the notch if they are accommodated
*Note: Although a theory of fracture initiation, this thcory
has been included in this section as a comparison
with the Crack Opening Dislocation concept.
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by far-reaching plastic zones vhich extend to large distances
from the notch. The location of such zones in notch-bend
specimens has becn shovm by Crussard et al. (45) and by
Knott, by etching with Fry's reagent. Rigid-plastic analyses
on such specimens have been performed by Green and Hundy (39)
and by ilexander and Komoly (40) and these predict similar
zones. The type of deformation pattern obtained is shown
in Fig. 12, The plastic zones consist of thin éurved arcs
vwhich act ags plastic hinges around th. rigid central portion.
It is possible to woric the metsl heavily at the notch root
to the stape at which it undergoes ductile Tracture and causes
a crack to run into the unviorked material behind the root,
even though the total work remains small, If this running
crack propasates with comparatively little further plastic
work, then an essentlally brittle fracture is obtained. If,
on thc other hand, the crack advance is accompanied by further
far-reaching plantic zones,then the tTotal viastiec work will
be high and the Tracture ductile,

In a more recont paper (44), Cottfell has placed these

-

factors on a somevhat more ¢uantitative hacis,., HHe uses an
analysis by Cwinden et al. for a two-dimensional slit in an
infinite body subjected to an overall shesr stress oy, which
produces yiclded zones spreading syrmetrically outwards in its

own plane, as shown in ¥i

Taking L and a as the diztunces from the centre line to



the ends of the plastic zone and of the slit respectively,
u, the plastic displacement at the end of the slit, anad
measuring the applied shear stress in units of the shear
stress for general yicld, d}s (=ﬂ/iOOO), the results shown
in Table I were obtained.

Table I - Spread of 7Vield Zones from z S1it Subjected

to Shear Stress

o 0.1 |¢.5 | 0.75 | 0.9 | 0.95 |0.99} 0.999 | 0.9999
10%u/a | 0.16| 4.4 | 12.1 |23.6 | 32.4 | 53 82 112
L/a 1.01{1.41| 2.6 | 6.4 | 12.8| 64 640 6400

It can be seen thut for small stresses the yield zones are
localiced but as T approaches o&s, the yield zones spread 1o
imuense distonezs from the slit, in the limit merging into
: ecguations on which

general yield. Ior s

Table I iz based reducc to the following, simpler, form:—

o = [2Fo u
S JTwE

u 1s the plastic work done in shezaring unit area of

(2.23)

ys

the yield zone to a digplucesment u. If we now identify u
with the required displacenent for ductile fracture then d&u is

P the effective surface energy of fracture and we may re-vwrite



equation (2.23) as:-

Kp (2.24)
a

o
S

slle

This is essentially the Griffith-Orovan criterion for fracture
viith 0. as the shear fracture stress (c.f, equation{(2.2)).

It is necessary, if thesc¢ results are to be applied to
fracture initiation at a notech, to decide upon a critiecal
value of u for fracture and Cottrell suggested o value o
u = .003 in. OGubstituting this value of u into Table I gcives

the valucs of @ and L shown in Table 2.

Table 2 = Zotimated Ltresces and Noteh Sizes to Initiate

Practure from a Sharp Hotch (assuning u = .003 in.)

o-s Ool : C05 0075 C-q 0095 A'O_C)g 00959 L 0-9999
a 180 7 2,5 1.3 0.2 0.6 C.37 0.27
L 182 10 6.5 &3 11.5 | 38.5 | 240 1730

It is seen that in large structurces, +Jnich are able to
accommoaute the plastic zones, iructure can occur at stresses
below the general yield stress. 4lco with u large notch, say
2.9 in,, if the structure is able to accommodate the 6.5 in.
plastic zone, then fructure can occur at oy = 0.75 Tyg This
wonld help to explain the cbservations of “undt (46) that a

9 in. sc¢uare bar containing a notch 1.8 in. deep and of notch

root radius C.001 in. fri.ctured at approximately onc half of the



general yield stress, whereas smaller specimens were able to
withstand stresses equal to or greater than general yield
before fracture. Cottrell also concludes from Table 2 that,
for mild steel, although fractures below the general yield
stress can occur, they cannot occur at normal service stresses
unless the notches are so large as to be obviously detectable.
It was noted that thc above mechanism is only true for
fractures which are initiated in @ duetile manner, if the tip
of the notch is enbrittled in some way far smaller values of u
become possible and brittle fractures may be dircctly initiated.
Iloww the order of plastic strain 2t the notch root
envisaged by Cottrell was very lhigh; in fact, in obtaining the
value of u = .003 in. he tentatively suggested a ductile
fracture strain of 50%. This is a far higher value than was
thought likely by earlier writers and it has been generally
accepted that the surrounding elastic region limited the
plastiec strains to about 0.47% before the onsgt of general
yield, Rendall (47) pointed out that it can be deduced Trom
the results of lreen and inndy, also of Lequear and Lubain (57)
that for notches where a/r = 40 {r = notch root radius), tie
maximun plastic strain at general yield is not greater than
about 37, If the material under discussion is duetile in a
normal tensile test at the same temperature, then it does not
secem likely that ductile initiation of fracturé will take place

ot : 14 N
at 3% strain. J{or a/r <40, however, there are few examples of

+»
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fracture before general yield at temperatures ot which the
matcrial is ductile in o »nlain tensile to2st. In addition
to llendrickson, “"ood and Clark, Rendall algso mentions Lewn
et al. (48), but in both cioses quite high strain rates vaie
employed. a further point rised by Rendall as that
Cottrell's calculations did not include 2 term for ths
thickness of the plateo.

The above theory introduces onec tentutive explunution

of a size effeect; other {actors involved will now be cxumined.

2.6, OSize ffeet

-

The existence of a sizz eflfect is noted at un curly
stare in the study of brittle fricture. tunton und Zutoon
(62) were probably ths first invecstiritors to take cuars to
cbtain true geometrical grsling, They testsad fivae siuce of
Charpy impact specimen, gseonstricsl simil-rity in the t .ot
viece and louding system being niwintuined tnronghceut. Thoir
results showed that the encrgy absorbed per unit wre: =t the
bottom of the noteh cxhibited o marked incrz2ce s the
specimen size wnae reduceu ecnecially in the eace of the 5 .
squure :3,01uens. Docherty {(52) confirmed that this eflcat wus
51111 present under conditions of slow bondins (in thiz case
Izod type rpecinens were uged) =nd also noted th-t the sncrgy
sbosorbed was increused by the speed of leading, provided thut
the specimen remainced ductile. It is interecting to note

1

here thut Tocherty mentioned the foet tucwt the cracking of e



largest specimens wis extremely violent, the broken halves
of the speeimen jumping several f.ct from th: taesting mochine.
These "apers und others huve been ravi:zwued by Tipper (6, 49)
cnd by “ells (50).

It ie¢ desirable, befors the effect of 2 noteh is
slscussed, to consider tho conse usnces of incre:sing

Gimensions in un unnotehsd speeinen wn.: scme of the neinte

— e s vt s 20 Bl 08 D e s T e i e S e S S

liuckenzie (51) took = larse number of s-mples of ship
and struetural cuality steels wnd from the results of V-notch
1

Chharpy impact toots at o given temneruature he founa thut the

e «ore clooely

el

energy absorbed and the fraucture appesr.n
dependent on tne tinickness te which the nlats had been finully
rolled, .unci lary investigations inaicatsd that thic sficct
of increaszd embrittlement with incresed thickness was
ascociated vith the lurgser gr.in size 2scoeivten iith the
thicker pnlutes. The incresased grain size is itoelf a

conse .

a

uence oi the nigher temperoture ot which rolling
finishes and n slower rate of cooling from thic temperature,

(2) Increase in the Number of Zefccts

Yeibull (52) postulazted that the aistribution of defects

in a material is such that o reluatively onall nuubor of lorg
defects nna o large number of small defccts exizts. Thus Tor
a glven severity of distribution the probability thuat s

particularly severe defect will occur in = specimen increns.s



v7ith snecimen gize. Irwin (53) showza that the fracture

silve effect of brittle materinls can be ropresasnted by a

t tiecal distribution of flaws s pronoscd by ‘eibull,
leo, since yield n: fraeture often begin on the surfuce of

a spaeimen, the larger specincens hroving o grenter suriucce aicva
i thus o grenter nrobability of curt ece Jlnvs, will tend to

fricture ot lover sirescec.

The strain energy vailable for sudden yielding or fox
fracture devends not only on the stiffness chairacteriastice
of the testing machine, but <lzo on the dimensions of the

speceinen,  Yhere is no doubt that thoe wv.ilable strain crnergy

)

plays zn important part not only in tine size effect in the
auctile-brittle trunsition, but ulso in the stability of

fraeture in general. This will bs scen 1ater when unotable

auetile froetures <re discusscd.

~lthough, so far, unnotched grecinichs have been
censidered, any concideraticn of defects in the material
implics the introduction ot = notch uanc the effent of noleh
type «nue geometry rmust no. bhe censidered.

The energy absorbea in stundarc imp.et tests Jdecrcuces
with notch sharpness until the root radius is about 0.010 in.
(i.e. the V-notch Churpy imp.ct test), beyond this voint there

omc uncertainty whether incrcacings the zcuity has «sny

bt
€3]
10}

sffect. It has been sugiested that the V-notch Chuarpy



cimen approaches very clocely the most severe conditions
that may be imposed in o stendare impuact bur (54). ilore
rzcent investigsticns (55), Lowever, huve shown that o

Tatigue cruack or arrested clesvage cruck can lover the

o

brittle fructure strenzih by 2beut 350 compared with
C.005 in. notehi. This liarge dilfderence jas only obe«rved
the large size of sveciuen anc it wng sugic=zoted that the
differcnce might discupoear olterether 17 relatively small
ted., It must of course ve roucmbered that

the zeuity of o given type of crucl will not vury with the

}J

speclinen size and thus geometrical similority in notched

joN

speciviens is no longer nalniained once o crack has forme
) i

the erack being effectively cnurner in thc lurger spacliwns.

-

iubahn, Lachs und their collabervtors huve published

W]
w

cries of pupers on the effcet of tenmpersture ana sise on
the notch strength und ductility of steels (c.g. 56 - 59)

and these have been briefly sumiarised by TGendall (47).
Lubahn found thut at room tenper-ture gruodual tearing was
follovwed by oudden or intermittent cleavage, denending on the
size =nd geometry of the specimen. He also neinted out that
both depth und width ars neccessary for catastrophie foilure
and th:t neither largc width nor large depth ulone is

sufficient to cause this size effecet, if the other dimensions

D]

srec smsll. Lubnhn tool cuore te distinguish between a frsacture

which was initiuted in u brittls munner unl onc which underroes
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considerable ploetic flow, cven at neoints remcte from the
»

notch bottom, bhefore brittle crock =nronacstion. The friclure

energy concldered in size effcet tosts of the Docherty type

Q

is of course the tcotal energy -ni is dependsnt on both
phezen,  lubahn considered th:t thore vus no size effcet as

sro2s initistien of fr-oture iz cencerned (5C). This was

-

bisod on the fret thet th: duetility ot freature, o inszed
by uireet mecsurements on 2 em2ll r~ouge length at the notch
bottom or by bend snzles, wac of the order of 4575 for both

3

ot
e

in, scuare and 0.4 in scusre specimens.

Later work by Lubahn and Yukawa (60), novever, ucing a
cycling type of slow bend tect on reometricully cimilor
Charny V-notch siecimens of nickel-molybdenum-vanadium steel
found thst the notch ductility a2t fraeture dcereaczed fronm

abeut 30, to 3% when the snecimen dinension changed fren
0.2 in. to 9 in. This sizec effect was fond to bo nore
severe in the cmallicr size ronse,

ells tested a series of geometrically similar notch-bend
specimens und wss able to confirm Tocherty's results, i.e
suprression of brittle fricture in the small sizes with a
gradual increase with size of the percentsge brittle area
in the larger specimens. He wlgo nsed measurements of the
tenner:ture wave set-up by the fructure tc ealeculate the
surface energy, .nd obtained o good comparison with his
calculatad value. “he surface energy values were found to

agereace with spocimen gize.

we may cxamine size effeet from the voint of view of
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fracture meccaanics if we toke an ceontion cuen woe &0 ,. “hen
at frzeture,

o
sin, 2 T, 7)¥

KC = o (¥ tan. Mo/ + C.1 7

o)

This i3 not strictly = trus eize efifecct since unit
thickness is rmintained throughcut, but it is geen thut if
the notch depth, i.e. the ratic a/7 is Yept conziunt
the vilue of o at fracture «ill depend on V. For cmull volues
of W, o= will hove to be lurges to give the desired valus o
Kc' it huo oalrency bheen notod that tho airect aprliczbility of
an egn . tion of the sbove type to ths ¢le veees Tracture of mild-
stecl is in comg doubl. Ludley nd Zruckor (51) uscd thedir
standard —comprevsion trewstment (42) to obtoin brittle
freeture initistion at 2 nowminsl stress below the original
yield stress in notched tenzile tesi siececc. o411 the sp.cimens
tected were fin. tihick cnd 10 in. leng, but the width g
vuried from 3% in. to 20 in. The results exhibited quite a
larze amount of seatter, but ne size e¢ffect wes oxhipited
those plutes vhich haid = . 1dth of 6% in. or more. The 3% in.
plates, ‘owever, did not fr.cture ut ull at noninal stresses up
to yield and it wus suggested that this could imply a cut—off
reet.  They concluded thut o Criffith-Irwin type of
theory wus not applicable. “he cxoet significance of the pre-
compression treatment, however, is by no mcans ccrtain, and
although such prior damuoc cun undovbtedly mnke the initiation

N

g thon vonld

ot a brittle crack poscible at o much Toucr sirec

=
L)

be possible in an undam :ged plate, it cannot be cate-orically
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gtuted that this treatment entirely eliminates the
"initiation barrizr" in mild csteel,

17 we consider tho G - 1R conccpt (seetion 2.5(b)) then
it il be seon thet whereac 6 ic a strain energy torn
depending on D3 (vhere D iz ¢ specimen dimension),R is a surface
energy torm dependin: on DQ. Thus the inctability point GC
will be reuached ot relatively lowver applisd stresses in the

lurger sizes., If, however, ¢ congsicer luhm'sz surgestion

then it is geen thut Esl is also a volumetric term andg it is
5]

only tpa which ie e D”. Thus sincc kc1>>kf¢ there would be
N ) e

little size e¢ffecet on this bacis until the temzerature
conGitions wers cueh thut an alnost entirely ilat fracture
ias ovtalnead.

In most of the theories of brittilc fraucture the yicld
stress 1s net ccenrzidered to be 2 quuntity which ic dependent
on the size of the sp cimen but only on such faectors as
stress syctem, strain rate, ond temper ture. Richurds,
hoviever, hus determined the yicld stress for mild stecl
speeilmens tested in tension (64) and in bending (65) and
from these results he hao surgested empirical relaticnships
between the yield etress and the specimen voluwe. In both
cases there was a conslderacble dres in yicld stress as the
size wus increused (e.g. tonsile yield otresc decreased
Tron 6C,30C p.s.1i. to 53,8550 w.s.1. Jhen the specimen

diameter w5 incresugsed from & in. to 1z in. ).



hen considering notched specimens, the yield stress is
affectsd by another facteor. XH-ray measursments have
indieated thuat the upner yield point of low carbon steels
mey rise abnormally high, up to twe or throe times the value
of the lowsry yield point, if the high stress is concentrated

in a very omull volume such o the elastic stress concentration

at the root ¢f 2 notch (66).
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CUCOTION 3 = PRILIVIVARY 0TS

camples of four .dmircliy pedigreed steels vwere avulluble

by
i PR

for testing (., B, U ana ¥V, see nef. 67), one it was nccousary

to s lezet tue of these which were lively te differ in their
senavicur with respect to struin rate in oraer that sultable
stocks for = testing prograumue night be obtuined. The nost
simple oy of intocaucing + veloeity erfeet was to enploy the
varioble vendulum releus. usngle uellity of the uvaillabice
impaet wichine (see Lsetion S.1.). . few specimens o) cach
steel vers tectsa ot witierent temper tures to give an
outiine of th. tommsition re.ion snu a ltenpersture vias

o . 1e

W

or wuoeh steel ot o polnt just 2t Lne lover zna of

i

O

Yons
the tr-nocition rungse. o soricoe of spocimens vere tested ot
this tomper-turve, the initi. L nsile of tuoe peudusum belng
decroasen for suetesoive wsoccinens until {(returs Jwil.od Lo
oceur. inuel Luese circumstouces the penaulum reboundecu and
cousi bz cuught with tne vwmilly onerated brite before &
second hlod tocx plice.  Whe wowddl measurcment ol cencrgy
Qbﬁo:bcg ciLLdWGC J0r enen wineolien Togetnzr with tne
cxonsLon at the stmicw 1.ce snd the contriction at the reot
o 1o notves.,  The results cnnblew the stecle To be aivided
into ©.0 grouns. ith one group, tue crnergy bsorbed oz

pproxzimutely conctont oitn wecrecsing initisal angie unvil
the tinctie encrgy cvuilsple o insus . lcicnt to cause

fracture. This is tne type of boiivieonr xhivited by stesl

~q



in Mig. 22. ‘ith the other group, however, specimens would
fracture with low energy absorption at high impact velocities,
yot absorb up to three times os much cnergy without
fraooturing at low imvact velocities, the behaviour being of
the type shown in Fig. 23. It appeared that there might also
be u differcnce in beh:ivicur between the two steels as
revealed by the lateral expansion measurements, but there

was a fair ameunt of scatter nresent and the rezults were faor
from conclusive.

Unfortunately, with the avi.ilable testing muchine, it
vas not nossible to vury the pendulum ma:s so that the
kinztic energy vuiluble at impaet might be hcla constant
and only the imp:ict velocity varied. Lven if the observed
differcnce beticen the two groups was only partially a
veloeclity cfveet it .ius de.med u oufficient basis, in the
abzance of other e¢vidence, to solcet two stecls, namely 's
and 'V'. The uctual steels cbtuinzd were in fact the
ordinary mild steel 'P', which was similar to 'ﬂ', and
Plate 2997, which was steel 'V' but from a different nelt
than the original sample.

N

Zimilor tests were then performed on the new stezls 'P!
and 'V' and the results obta ned ere those in Figs. 22 and 23.
These results do not in fact show the difference betvwcen the
two steels as clearly as did the exrlier tests and are

presented in preference to them mainly zs a logical addition
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t0 the other results which are all on the same two steels.:
In particular, the oriéinal gample of steel 'A' did not show
the "valley" in the curve of % lateral expansion against
velocity which is seen at low velocities in thé curve for
gteel 'P', The foimer was, howvever, tested at a lower

temperature (-30°C.).
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SLCTION 4 - SLOY NOTCH-BIRD TulTS

4.1. Apparatus

The slow notch-bend tests or all three sizes of
specimen were carried out in a standard 10 ton Zenison
testing machine, which had the advantage of possessing
a number of compuratively low load ranges (0.5, 1, 2, 5
and- 10 tons) together with 4 fairly rigid construction
anu a large loading area. The anvils and insulated bath
were located on the lower, weighing, crosc-~head whilst
the striker was fixed to the upper, movable, cross-he:nd.
The Dz2nison testiﬁg machines are sufficiently well-known
not to require a full description and it n<ed only be
said that the hydraulic system consisted of o vuriable
velivery pump with course and fine by-pass valves connected
in the input line to the loading rams. The desired rate
of cross-~head movement was obtained by adjusting the rute
of pumping. Once the appropriate ruate of pumring had been
set, the course by-pass valve was the only control re ulred.
“hen partially open this allowed the cross-hcud to remain
stationary whatever the rate of pumping ond, h.ving a
simple lever control, it could be closed quickly ana
conveniently to start the tcet. The fine by-pass valve,
which 1s empleryed for most routine testing, wuas only
required for calibrution tests. For the hend tests it was

found that a more uniform rate of cross~head movement was

obtained if the by-puass valves were both ¥ent closed Jduring
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the test. Another useful machine fuocility was a cross-head
movement limit switch which was adjusted to switeh off the
motor just after the gpecimen had been pushed through the
anvils, so that there was no danger of damage occuring by the
specimen being compressed against the anvil block.

The basic slow bend jig for stundurd specimens is shown
in Fig. 13. The striker and the anvil inserts were made of
"Microlin" utuenched and temperecd to approximately 500 D,P.H.
The anvil inserts were bolted into an anvil block of mild
steel, which was itself bolted to the base of an insulated
bath. To prevent excessive heut loss by conduction to the
lower cross-hecad, the bath wus pluced on 2 block of "Sindanyo",
which was located directly beneath the anvil block. =
clamping device beuring on the vertical tie rods of the
testing machine allowed accurate adajustment of the anvil
positicn with respect to the striker. The overall louding
system is shown in Plate 1.

The loading system in the slow-bend tests was recuired
to resemble, as closely as possible, that in the Charpy
inpact test., Unfortunately there asre ne universally
accepted standuard dimensicns for Charpy impact machines
und dimensions such as the nose radius of the striker may
vary considerably. The Charpy impact muchine vhich was
available will be discussed in grecter detail later, but

its dimensions were found to be in sccordonce with
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B.S.131, 1933. Thus the standard size jig was made %o

the same specification®*. To keep geometrical similarity
when teuting double and half size specimens, the striker
nose radius, anvil insert radius, and the distonce between
the anvil inserts were doubled and halved respectively.

The anvil inserts for the half size spccimens were designed
to fit into the standard anvil block, but the inserts for
double size specimens required a more massive anvil block.
Three separate strikers with the appropriate nose radii
were required.

To ensure uccurate location of the specimen two
locating stops were provided, (i) a buck-stop which located
the specimen at the mid-width of the striker, and (ii) an
end-stop which ensured that the specimen was struck
immediately opposite the notch. The latter stop was in
the form of a pin which stood slightly proud from one of
the anvil inserts. Care was taken not to use too large
an end-stop in casc of interference with the free bending
of the specimen., Yith the aid of these stops and a
locating tool, sp-ocimens could be guickly and accurately
located even when the anvil itself wus obscured by the
ligquid in the bath or by wvapour, which was generally formed
at the lower temper-tures.

*Note: The Dritish Standard Charpy impact testiﬁg machine

dimensions have recently been altered
(B.S.131: Purt 2, 1959).



(n)} Instrumentaticn

For the original slow notch-bend tests on standurd
siwe spoeimens, the rate of losding was considered
sufiiciently low tc employ o mechanical recorder, and the
aulographic recorder fitted to the testing michine was
nodified accordingly. The g¢tundard rocorder used a systen
oi belts =nd pulleys to convert the extension on u Ziven
cpecimen cauge length into = certuin rotaticn of a arum,
vhich wus {itted with small dogels to engaze in holes in a
APeT churt. !
recorder. Ghe looa ~us inulentod by & pen cliovped te the end
of a lizh~ rod, vhich was attached by a pin joint to the
Tinal lever of the testing muchine weighing system in such a
gJoy thut the totol pen toavel wcrose the gruph paper was
cauced by full ceale aeflecticn on the nuechine dinl.  The
sen roverient  uo constrainced by guides shich guve w losd
xie anrallel to the axis of the arum. or the slow netch-
bend tzuts, hosever, the movement of the ctriker and hence
the cross-head was receulred ana to provide this the crosa-
hend nooition indieuator, which was fitted to the machine,
WS utilisedi The urpver cross-head cuarried with it o rack
which engaced with a pinion fixed to a short shaft, the
rotation of which wus converted into horizontal movement by

me.ns of a screwed block sliding in guides und was finally

ine paper feed wuz from a recl at the back of the



indicated on a dial cauge. To drive the recorder, an eight
inch diameter pulley was fitted on to this short shaft and
connected to the recorder drum shaft by s flat belt drive.
The original extensometer fitting was not removed, however,
because it incorporated a tensioning device for the drive to
the rccorder drum and this was still regquired ana cun be
scen in Plate 1.

vThe drive from the new pulley had the effect of
rotating the drum in the opposite direction te its previous
notion and because of this it was necessary to provide a
device to rotate the storage reel and take un the sluck in
the paper. This was done very simply by wranqing a coxd
around the spindle of the chart reel and hanging 2 small
weight ~n the end.

No calibration of the load seale was needed becausce the
pen travel was directly proporticnal te the testing muachine
dial reading. The testing michine itself had recently boen
checked =rainst a dead weight load testzr an no further
cilibraticn was thought n:cegssary except te ensure that the
chart and mochine dizl reudings did in fact coincide. ‘he
deflection sculc wns casily calibrated directly against a dial
couge mounted on the anvils with the plunger bearing on the
top cross-head. The deflection of the cross-heads and, more
important, the virious nirts of th- bending jig, were taken

inte account by louding on a rigid specimen and tuking a



load-deflaction record, thus in ei'fect giving an inclined
lond zxis.

It wus obvicus from the records that the mecihianical
r_ corder was in error when a sudden sron in load occurrcd
due to a brittle crzck 2nua it wus suspected.that at the
fugtest rate of slow-bending (12,000 1b./sec.) the recorded
load night in faet be lugging.

A load eell employings resistance strain ;uuges wus
con.tructed and calibrated, and, as will be described later,
true lond-=-time curves werc obtained. o constunt epeced unotor
Jith reduction gerring s quroanges o arive thae recorder
arum .no thus reeorcs of T, nechminieslly dmcdentod lead
assinst time could be obtained. .o u check on the ~uper speed,
a time rmarker vwaco fixeca to the recoraer prosucing time moerks
at 1/5th. sceond intervals. Thus 2 trus lond time curve

1

-
¢¥)

3

could be superimposcd on the inuicrtwa lewd time r cora.
esults of slow-hend tests on two Chnrpy specinens a
different rates of loading re described in .owendix 'I'.
It wns apparent from these tests thst the dicrom ot the low
rate wus fairly acenrate and it was nossidble to aprly u
correction factor to those recorus alrendy taken. L1t the
higher lo:ding rute, however, 2 gquite conslderuble error .o
introduced and the recorder in ite exicting form was not
siitavle. It was ceclded to investisnte the vibeation

charucteristics of the final lever and veighing oystem of

2y
kvl
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the Senison Testing lichine.

By the methods desceribed in Anpendix 'D' the respons:
of the rccorder was greotly improved znd save no appirent
egrror when testing duetile specimens ot low rates of loading,
but at higher rates th:z error wis too great to be aecoptable

and it was decided to design z new recording system.

(ii) Eleectronic iccording System

—— e s - e e, T P G S St S St o it

Three sepzarate lood cells were mnde to sult the

A}

lond ronzes recuired by the three sizes cof spoeimen.,  ror the

dounbtlc sizez gpecimens o cylinarical load cell with three
longitudinal and three tronsvorse 1,500 ohn resistanee ctraln

rauges Uas employed, the longitwiinal snue tron. verse ~aw-es

L TEROD

4

wer

3 e s

forming two adjucent arms of 1 Lridge. 4o held the str-i
firmly in place it wne necessury te hiwve 2 nre-load on the
lood cell ond thie wi.s arvonged by lo . ding throeugh Zellezville
gashers to give 2 pre-lo.d of 4 ton (zeo Mip, 14)., It .us
n=cessary tce have this pre-lond apnlica through o eprine
systenm beesuse othsrwise the cirset lowu on the coli, by
comprescing the lowca cell, vould relax ths prso-loxd and cuuse
non-linearity. /ith the sv»rins systenm in place the si.11
amount ot comprescive deformntion that *the ezl unacroont

did not affect the wre-loud aprreciably.

This simple type of loud call conld not be used for the

lover loads beecausc of the dunger cf buelling in very thin
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eylinders ani ring loud cells were derdgned instead. The

dimenscsions of the lozd cell for Loli =ize

=13

reimens togoethexr

5
o
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shorpn in Ji-. 15. The cylindrical boss
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noving cro-e-hesd of the Tenicon Tooting imehine in ulace
of the normal compression bleelk. Two 1,500 ohim resistonce
strain zauges vere Tixed cide by oide at cuch of the
positions Gl, G3, G5 sna GT7 (i.e. Cuuges Gl and G2 at
position Gl, Gauges 53 and G4 ut position G3, ete.).
sauges were connected as shoom in Yig. 16 te form a four arm

bridss. The loza cell for thoe stundard size speclmenl 7ns

Tollowing direncions

‘_
.
o
&

of exnetly the swme type, but Lud
for th. ring:- 5,025 in. C.l., 4.149 in. I.Z. wnc 1.43 dn.
wide. 411 suuges were couted with ".araldite” both ac 2

wateroroofing ssent 2na tor wvoteetirm wriinet zeellental

iyye o
GANLTT .

tondird size soeciizens a long duraelunin
cantilever of ©.500 in. % 0.139 in. croass-geetion was oLl ived
horizontally on 2 block fixed to one of tho rear tice rodc cf

the tupe

-ty

the t.ating machine. o spherically cupped serew o
uoced on dial saw-e plungers o cereviec into the cantilaver
at 2 vpoint 17 in. from the built-in =nd. The movenmeni o the
gtriker e transmitted to thic sere. by means of u risfid

arn boltaed to the striker. Hocictance girain sauges vierce
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fixed to the cantilever at a point uspproximately 1 in.

from the built-in cnd. Initially twvo 1,500 ohm fauges vere
usec, one on cach side of the vuntilsver, but two mo.e

vere 2dded later to increace the outwput. The sugen vere used
23 two z2djacent arms of o Tour arm bridge snd the bridze

output wus found to vary linesrly with deflection over the
range reyuired (ap-roximately 1 in.). The louzd producecd

by the cantilever vizs small in cemuurizon »ith the total load
o Py

Its

I-J
[
1

tiken Uy the strirer and the errer cuuse.  Jug than =%,

o

1.1

Thiz wis not true, however, .ien 2 cuituble ennt lever
Jae designed to measure the e lection of the hulf sise
specinens; in thiu cusc 2 conciderable ervor (7¢) would have
been introduccd had the sume zyc tem been employed. It wus
thereifore found neceosury to develop an slternative systenm
and @ curbon strip potentiometer device wus constructed.
A hal?y inch wide strip of pure curbon on a3 backing of
paxolin sas mounted n u verticul stecl Dlate curried by the
strilier (sce Plate 2). in insulated terminal was fitted at
the top of the strip and holec were tupped st varicus pairs
of points 6n either side of -“he strio so that small terminal
clipe coulu be screwed in to connect the strip to the steel
bueling plate. I° was thus pousible to apuly = votential
differcnce between the top of tie gtriv und eny tdesired point
alon~ its length. In the cuse of the hal? cize specimens,
I

it wus found convenient te anrtly @ potentinl of 6 volt:o

RN , 1 a4 O ks . P -
across a ly in. length of strip, 4 rigid pillar was
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a4

bolted to the anvil bloeck and curried =t the top a shoxt
ebonite arm which co:ld be Liveted in g horizontal piranc
ana olimped as desired. . opring-ilcudad contuct tus Jitted
at the end of the ebonite =rm so 23 te wipe olong
strip, md to cnsure 4 good contact wita tie oirip 2 smal
aemispherical platinum contuct Jnu used.
difference between tne backins nlate and the nmoving contact
gave a deflection signal whica vuried linearly +ith o
travel, This was a true mcasure of ths movement of the
striker relutive to the anvils und vius anafrected by t
deflection of the ring louwd-cell. 1t was convenient to
apply o bucking off veltage to thls cirenit so that the
resultant output from the weileetion sick-up was indiiolly
nesative ana rzduced to spproxi.ately zero at the point nen
the striker first made contaoet with the wpecimen, Wals is
shown in i'ig. 17.

This systen, which vas o onble of resolution uown 1o
at leasti 0.002 in., wais lse us-o for o Jew of the loter
tzste cn stundard sine specinmone ond o very similar Zyoten
(with tlhs steel buckine plate mountoe: directly on the roving
crosc-hzad) was used for w1l the tosts on doulle sigzge

specimens.,

calibration

The lond cells were ecalibrated dirscetly a.-cinst the

Zenison Testing lLechine. The Couthern Instrumonts briuge



764

unit employed contained a built-in calibration device which
allowed given resistances to be shunted across one arm of the
bridge, thus simulating 2 resistance change in the gauges
(see Pig. 16). This calibration was carried out immedistely
after the direct calibration in the testing machine, allowing
the indirect calibration to be related to the true load
éalibration (e.g. 0.5 megohm calibration resistance = 1 ton).
Thus at any stage during the test programme =z culibration
signal could conveniently be inserted as a check on thev
battery voltage or the gain value of the amplifiers; A
gimilar bridée unit was used with the cantilever type of
deflection pick-up, but for the carbon strip type which did
not need a bridge unit, only the supply voltage was checked
during the test. )

The direct deflection calibrations were carried out
using a dial gauge reuzding fto 0.0001 in. carried on a
magnetic base, The deflection of the anvil inserts etc.
was allowed for by loading on a triple height un-notched
specimen of hardened steel and recording the apparent load
deflection diagram; the shear and bending deflectious of this

specimen being calculated and a correction made.

Amplifying and Recording Gear

lfatched units made by Southern Instrumenis Ltd. were used
and the connections are shown in the block diagram, Fig. 18.

The output from the bridge units (or from the ecarben strip
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potentiometer when employed) wus fed into two d.c. pre-
anplifiers, which incorporated built-in drift correcting ampli-
fiers and hun correctors.k The latter were able to eliminate
any 50 c¢/s pick-up in the signal. The gain of these amplifiers
was only adjustable in three steps and a sultable bridge
voltage was chosen to allow as large a part of the total
amplification required as possible, to take place in the drift
corrected amplifiers rather thun in the oscilloscope amplifiers
or pen-amplifiers which were nof drift corrected. 4 limit

was placed upon this by au nmaximum output of 20 volts pesk

to peak from the pre-amplifiers. The oscilloscope used was

of the double—gun cathode-ray tube type with independent beam
und plate controls, and the loud and deflection signals from
the pre-anmplifiers were fed into the Y and X plates
respectively of both guns. The gain on one of the X-amplifiers
was made greater than that on the other, and with suitable
adjustments of the various gain values two load-deflection
traces were obtained, one trace showing the initial part of

the diagram to an enlarged scale. The camera used was-capuble
of continuous feed, drum, or single-shot operation, but for

all the tests only the single-shot faecility was required.

The shutter was opened manually just before the striker made
contact and was closed wuaen the load dropped to zero. An
illuminated graticule assisted in correlating the diagrams

with their appropriate calibrations. The load and deflection
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signals from the pre-amplifiers were also fed into pen-
amplifiers, which had coarsec and fine gain controls thus
allowing a continuously variable gain, and which gave a
sufficiently large output voltage to drive pen-recorders,
The twin channel pen-recorder was capable of a frequency
response of 100 ¢/s and paper speeds of 1, 5, 25 and

100 mnm./sec. were obtainable by means of a sclector switch,

operating a mechanical gearbox,.

(b) Temperature Control and lleasurement

“When temperatures .above room temperature were required
the bath was usually filled with water. It was found
necessary, however, to use o0il at temperatures near 100°cC.
because steam from the bath tended to condense on the load
cells. Twe small electric imuersion heaters were built in-
to the bath, but although they were capable of maintaining a
given temperature, they took far too long to hecat the large
volume of liguid in the bath. It was therefore found
convenient to heat the liguid to the required temperature
before pouring it into the bath. To obtain temperatures
below room temperature down teo about -75°¢C. the bath was
filled with petroleum—ether znd small pieces of colid
carbon-dioxide were added to reduce the temperature as
desired. The addition of liguid nitrogen at this stage
allowed temperatures of -100°C. to be attoined, but at lover

temperatures a smill bath was found to be desirable, A simple



insulated bath wis then fitted ineside the cmpty main bath
and this smalle? bath was filled with high cctsne petrol

which hud previcusly been cocled with solid cearbon-dioxide.

)
jon}

The adlition of licuid nitresen to this smsll bath enuble
temperstures of nearly —13000. to be attained betore the
vetrol froze. Jor the isolated tests ot -196°C. side picces
were fixed on to the anvil block anc sesled with "lHermatite”
te Torm a small tank. The continuous addition of livuid
nitrogen enabled this tuomperature to be muintiined during

~ test.

To meisure the specimen temnersture a copper-constantan
thermocouniec vis TLixea to tav woceimen ith "oellot pe" und
the thernmocouple voltaoge mewcurcd with o thermocouple
notentioneter. . calibrutior chart wus avialiuble for the
tliermocouple enmployed, but this was checkea nu w owmall
correction o te be mmde to the cuxve at tonmesiures
belov -100°C. The only towmier.tures czsily chceked in The
low temmer:iture rogicn wer. thozs of selid esrbon-dioxnide

o

and of liguid nitirozen, tisg Loimer ugreod ex:etly ith the

o+

calibr.tion curve wnllst the Lntter oo nprroxinntely
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the c.libr ticn curve wins ro uired, Lov ver, vos —-1307C. und
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4 10,

ut tei tomper ture the corructinnm wus only about 1y C.,

thus «any error was liizely to bo osuall.  In general temrcirutures

VI tea sy A e O L O
could bLe wugusured to cn we ey ¢f - Lo,

“



4,2. Testing Procedure

The initial dimensions of 211 tne spocinens te be
tested were carefully meusured using 2 ball-cnded microncter,
the critienl dimensicns bsing the width of the sp eimen at
the root cf the noteh nd at the point of upplication of
load. t'uetors such as the notch depth hid »reviecusly boen
check%ed on ench hatch of specimens after machinins, The

‘d
ali-nment of tiic bending jig g thoen chocked by putting a
light coatin» of grease on top of = spreimen, locuting it
in the Jiz wnu casrefully lovcring the strilicr until it just
made contaect. The position of th: line mude in the gresse
;38 then checked with & travelline microscope and any rcouired
auajustment wus mede., This metlou aleso dlowed any uncven
distributicn of lond to boe uetcetod.

The appropriste initisl eclibriti-ne 2o specifizd in
cection 4.1, were then performed,:¥ter which the fine by-noss
valve wus closed and the wesired rate of rumping set on the
machine. The zppropriaste pumping rutes hod been determinced
by prelininary iunvectigations using rough specimens.  he
varticular lo.ding rutesn chosen viere of no gpecinl
significonce and vere aerely soverned by the noxirun and
mininmua pumping rates which were availnble.,

Yhe bath co.d nov b drought to th: desired temperature
and 2 specimen, witan o thermocouple attached, placed in

position on the anvil nns llowed to soalr ot that temnerature
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for a Tew minutes vherever nossible. .. few other sp.cimens
sere placed in the bath at the sume time in oruer T Suve
time in bringing then to their tecting temperture when the
time came. The course by-puss control wus operited to bring
the striker to within u few inches of ths specimen .no dion
conditicns were wteady the volve oo clos:¢ to ot rt the test.
“Then th: elocronic rccordins gzeny +iog uscd, the nen rocorder
wuas startes and the oscilloccope cumsra shutter cpenca

manually just before the striler wodc centact. The

A\

determinatiorn of tho right merment fer this operstion vins

facilituted by the cross—nead movoment incicutoer posse:

ok

he testins richine. ihe pan roecovder wuo stoo cd sna the
shuttcr closed ao socon g the Leaw hwed drognea Te wiro.
Thne spocimen o8 then vemoved IJren the bati und eurcrully

wiricd, cxiuained and me.surec.

nothic way diagrms of louc-ueiloction — ang, lencver

=

b

) K on . SR e s e S A Cnq TR .
2l2CLToONIC XaCorualily a8 Wilu, OoF LOouua~=TudmeE ~ aGouve obv.iacd

over = Jange of temunerutures fer the tnres cirferent zives

of smecizen of both stecls. witionati tesis woere nerioriaad
st t oo © ootost cwvailuble o cdng oote on ooy sige
gpecimen:s oo woth otocla,  Yhone wiie be eollea"duut noteh-
bend taostst. The totsl temper-ture rangce enmployed us -19600.
C. The recorus obluined from the oceilloscope truce
dere a1l enlarsed by o factor of cx.otly Five in a Cilger

R

S e 2o e Tdeap Jcipaa o 393,0 s .y ) - T
seusuring Frojector and o T oing maae 0L i ShLarieucte.
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plani:i.cter allovwegd the corresponding indieated

absorbed to be calculatod.

4.3. Eocsults and Discussion

The meuasured rutes of loaliing, together with the

sugiested rates of elanstic stressing ot the noteh rcot in

the different notch-bLond teots, are given in v

The e criuentally weTzriined veluee o loows, o Tlectionc

.. Y e PREPURRL I ] . P T C s A 1
cnL onclyies ure lictes Lnosooenalx YA tesother ith the
NPT v ) T e e RN ! - crey e 3 ]
meeonwved valuacs of ;o CT ostouliinit e o LOT2YG sweension o2te.

biend reosults,  The reoulits ol Jlnca on nald
enceinens Lroe o sdiven in Dobloo Toand X0, sl 11 on
rezoectively.

The viorittion of thoe tyee o sutegronhic record obtuincd

oY TR, -5 o L . Pl - g N - —~ .o - ..
over tho toancition rong e Yo o7 oniord size slow notch-bind

NP : 1 . ] TS ~ 4 FEIN e M [eX] (200 VAU SO .
teots 1o shewn in Jiq, 24, oot 2 'P'. Tho hoerizentol
[ v B - b L~ o . T L T .
trnce, whiich cun we cuon v uomo roocras at the lover

tomne roturcs, io ths suncerinrorsed time-mriier.  The tecting

3

tonmuersture {dn “C.) io shom ~r o ach mooreduetion of the

dicogron ond the eorzecyending ohocryed [ oeryoiallinity of the



Fprooturs surfoce is noted beneath it. The diagrams obtained on half

5 (dsflzction

[a%]

cize swpecimens of steel 'Y arc shown in Figr.
increasing from right to left) superimpos apon the
corresponding tronuition curve. "o troces cnan be sewn in
each dingram; these ars both ¢ Toid=geflection but cne i 1o
a nsyomifica cenle.  The selile noee Tor the stoawara
the . me in o1l the aingoame,but the soeaie usea fer the
aupnificd troce io enlurgea bBoo £ ector of 1.05 in the
dioerome ot =72.490,, =100.3%.ana -196°%C.  cimilar c1.oTens,
ceain superimposed on the transiticon curve, 2rs shown in

fi., 26 for double gize ocpecinens £ oeteel 'V, Tho senle

of beth traces ie en. wrged by o Fuctor of abowt 5 in

T+ will be noticcd thoet, in the teuwverature runge viere
fr-ctures occur =fter the naximum ITownd, tac value of tuis
raxirun lond ineresced with cecrencing temperuture, the
ineraesce in naxiras lond belng ab cut 19 to 207 for 1009,
drop iu temper ture. This 7 o, LowWeveT, ir wenercl lean than
tha correstonding incrcase in the yiegld losd vhiech v of the
ordzsr of 507 (sez Section 8.7,

The noual ¢ erystsl.inity ond ensrgy transition cwrves
are shovm in Pics. 41 - 48 anl thes= will be dizcussed
together with the resulte of th: cther teots, with regwra to
o]

the cize =nd stroin rote offzete, in ection o,

It mav be scen from the T bles that the " 1ateral
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contruction has only b en neasurcd for the slow notch-bend
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teste on steel 'P'.  The contriction mensurements were ma

o~

with o polinted miecrometer unu the degree of zeourany

14

1N

b

obtuineble vias not high, esv cceially when the two broken
nilves nind fto be fittcd togoetier to ebrain o redine. It
nrs o been shovm by Turthover (69), novever, the Tthe marinun
luteral controctien {which @ o net 2lvays in the vieinity
e notelr root) 1o dirsetly »rocortional to tho lateral
sipanzion. e verilicd This on nony snecinens invelvines g

viricty of e

3
(o]
ot
-

lurgiesl variablos. The recults obiained on
cteel 'P' oexhibit contiderabls seaticr but 4o show the oome
trend (zee Mg, 27). In viow of *his ani of the nractisal
JifTicultizs invelived in ' socurnte measurcnent of

ST

conir:etion, it wig deeied to neasurs only th- oxpancieon
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SECTICN 5 = IHSTRUNLDITED IMPACT NOYCH-BUND TOS5TS

5.1. Apparstus
The machine available for instrumentaticon wvsg an old

French machine with anvils and striker nose radius
corresponding to B.0.131: 1933. The friction losses in this
machine were found to be rather high, but the machine had the
advantaze of possessing o vuariable pendulum release position
so that the velocity and kinetic energy at impact could be
varied. The pendulum rclease catch was mounted on a sector of
a toothed wheel driven by a worm, and this also allowed the
pendulum to be wound dovm slowly by hand during alignment 2ond
calibration.

The actual striker was a hardened steel insert 5 in.
overall diameter, which was a force fit in the mild steel
body of the pendulum (sce Piate 3) and to remove this insert
or to adjust its alignment it was necessary to enlarge
s1lightly the opening in the pendulum body by forcing apart
the two "jaws" of the pendulum. This was done by muchining
a small flat on each of the pendulum jaws and inserting a

small jack. Once the insert had been corrcetly set, the Juck
was removed and the insert appeared completely rigidly fixed,

but as un added precaution two clamping bolts were provided,

Load lieasurement

To measure the loads in the striker, four platinum-iridium

resistance strain gauges, having a gauge factor of 6, were
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fixed to the striker. The two active gauges were fixed
longitudinally on the tupered portion and the two dummy gauges
transversely on the full .idth portion,as shown in IFig. 19.

All the gauges were covered with a protective coating of
Araldite. To calibrate the system the pendulum was removed

from the impact machine and 2 stutic calibration was performed
in the Uenison testing machine. Czlibration resistors were
available in the bridge unit, as before, to allow spot
calibrations to be made in situ. In apnlying the calibration
load a standard Charpy specimen was placed between the
conpression block of the Denison testing machine and the

striker nose, 5o as to reproduce as closely as possible the load
distribution encountered in the auctual test., In fact the

aetive gauges vere so positioned that, according te Cotterell
(69), the load distributicn should have had little effect. A
few tects with uneven load distributions verified this. It

will be shown later that the durmy gauges viere scarcely affected
by the applied load and served only for temperature compensation.
Because the cauges were of finite length (£ in.) it was not

easy to detect individual stress waves, although an attempt

will be made to explain some of the recorded oscillations on
this basls. The arrangement, however, vroved quite satisfactory
for the main purpose of the tost namely, the determination of

the load-time and load-deflection diagrams.
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Deflection leasurement

To measure the defleection, two carbon strip potentioucter
devices were used and one of these can be seen on the pendulum
in Plate 3. These were similar to the one used for the slow
bend deflection measurements, a 4 volt accumulator being used
to apply a potential difference across a 2 in, length of the
strips. BSteel pillars were bolted on each of the hardened
steel anvils, as shown in Plate 4, and the spring-loaded
contacts were carried by adjustable ebonite blocks mounted
on top of the pillars, Thes. contacts were initially
positioned by stops on the pull-rods, but as the pendulun
swung down and hit the contacts the spring force on them was
transferred to the pendulun. Further pendplum movement
rubbed the strips along the contacts. OStrips of "Sellotape"
covered that part of the contact path on the pendulum which
¢id not includevthe carbon strips. This was not for insulation
purpcses, but merely to prevent wear on the platinum tips of
the contacts. The potential difference between the front
point of voltage application énd the contaet gave the
deflection signal. - It was convenient to employ an adjustable
backing-off voltage as shown in Fig. 20. This applied =
negative voltage to the ampliiiexr before the active part of the
strip reached the sliding contact and allowed the amplifier
input to be made approximately zero at the point of impact,

thus making the best use of the drift-corrected amplifiexr
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without saturating it.

By slowly winding the pendulum down a direct derflection
calibration was made against a  in. travel dial gauge
reading teo 0.0001 in. To avoid having to touch the Y-shift
control of the oscilloscope after the load calibration had
been made, 1t was necessary to provide an exira variable
input voltage which could temporarily be plugged into the
oscilloscope Y-input in plafb of the output from the load
amplifier, This allowed the spot to be traversed vertically
across the screen at each step of the deflection calibraticn.

It was arranged that, after pushing the spoeimen through
the anvils, the pendulun snapped a pencil lead fixed in its
path, thus breasking a relay circuit and energising two
solenoids. These solenoids were arranged to pull back the
contacts so that they were not struck by the pendulum on its

return swing (see Plate 4).

Iime-Base

The oscilloscope time-base was of a type in which the spot
movement was triggered by breaking a pair of contacts. Another
pencil lead was wired in the time-base trigger circuit and
arranged on the impact machine so that it was broken by the
pendulum just before impact, By suitable adjustment of the
lead position and of the oseilloscope X-shift control, it was
possible to arrunge for the spot just to have arrived on the

gcreen at the moment of impuct. To eulibrate the time-base a
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sine wave signal from an oscillator, which was accuratec to
within ¥ 27, was fed into the Y-plates and the time-base
triggered by hand. 4 signal of 2,000 ¢/s iras normally found
to be convenient.

The amplifying 2nd recording geur is shown schenatically
in Fig. 20. All records were taken using the same Kodak R.P.30
recording paper that was used for the slow bend tests, but it
is suggested that some faster film such ac¢ K., 60 would probably

be more suitable,

Calibrotion Routine

Although the basic calibroticns recuir.d vere in thenselves

[&)

perfectly straightforvard it wis very easy to forget to ulter
particular instrument setting or wiring connection when changing
from one calibration to another, “ith this in mird a calibration
routine was devised and it was found possible to use only those
controls with certain pre-set positicns (such 2s the gain
controls on the drift—corrected amplifiers). Thus thig routine
could conveniently be employed ot any stug. of the testing
programme without the risk of altering any of the culibraticn
values, The calibrution routine is described in Appendix '%‘,f

Part (1).

Temperature Control

A gpenial loeating tool was mnde to transfer the specimen
from the cooling bath teo th: machine und this ensured that the

specimen was positioned both culckly and accurately. Botli the



specimen and the locuating tool were immersed in the bath, und
the temperuture change in the specimen in the short time
interval between leaving the bath and the moment of impact was
thus minimised. Tests werc carried out with a thermocouple
attached to the specimen and the temperature change in a given
time was recorded; by this means the actual temperature at
impact could be determined. This temperature correction was
not lnrge, there being about a 2°C. rise in tenperature before
impact when a spccimen was transferred to the testing nmuchine

fronm a bath at -75°C.

.2. Testing Procedure

The initial dimensions of all the specimens to be tested
were measured in the usual nmanner, and the olignment of the
testing machine was checked to ensure that a gpecimen which
was accurately located on the anvils would be struck exactly
opposite the notecn. The calibration routine was then performed,

The specimen could then be placed on the loecuting tool
and both immersed in the heating or cooling bath. Before the
pendulum was raiced to its release position, the power to the
solenolds was switched on and it vias checked that the contacto
were pulled back, because it was possible to damsgse the contacts
if the penduium was moved in the revers: direction while they
viere in place. Once the pendulunm wus raised to its maximum

rosition and held by the releasc catch the pencil leads could
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be inserted, cutting the povier to the solenoids and moving the
time scale spot off the screen. ‘hen the required temperature
had been reached the brightness of the two spots was increased
to the maximum value with the camera shutter still closed,

and using the locating tool the specimen was rapidly
transferred from the bath into the machine and the pendulun
immedintely released. 4n the pendulun descended the canera
shutter was opened m:onually and then closed again directly
after impact. The machine reading was recorded before the
pendulun was stopped witih the brake. The specimen was then
retrieved, dried, examined and measured.

i series of swnecimens of both steels were tested in this
way over a range of temperatures to cover the transition range
of the stecls. Simultaneous diagrams of load-time and of
load—-deflcetion were obtained z2nd the integrated area of the
load-defleetion diasgrams were used to give a measurs of energy

absorbed in the tests.

5.3. Results and Diccussion of Results

It has not been poussible to present direct reproductions
of the actual diagrams obtained because these viere rather
weakly defined, but reproductions (to a reduced scale) of some
of the traocings made on the Hilger heasuring Projector are
shovn in Fire. 28 and 29, Although leoad-time diagrans vwere
obtained in cvery case they were not usually employed to

deternine the indicated cnergy absorbed and viers therefore not
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always traced. TIor this reason they are missing on come of tle
reproductions. No scale is given because the scale employed

was not the same for all teste and calculations were made on
individual batches. The energies obtained from these diagrams
together with other relevant data, such as the indicated

machine energy, % crystallinity, ete., are given in Appendix 'A'
Tables 7 and 8. The general crystallinity and energy transition
curves are shown in Iigs. 45 tc 48 and these will be discussed
in relation to the other tests in Section 8. .

Increasing interest has recently been paid to the
interpretation of Charpy impzet test results and in the past
few years a few results (69 to 74) have been published of
loading records taken to supplement the normal energy or
crystallinity measurements. These results have, hovever, all
been essentially loaa-time diagrams obtained by meazsuring the
load on either the striker (69, 70, 72 and 73) or the anvils
(71 and 74). To obtain energy values from these records it
wag necessary to convert the load-time record into one of load-
deflection. It has been usual (69) to muke the assumption of a
pendulun velocity decreasing uniformly from the known impact
to the observed exit value. The simultaneous records of load-
time snd 1ééd~deflection presented by the author allow a check
to be made on the assumptions'made with regard to the variation

of pendulum velocity.
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(1) A Comparison of Load-Time and Load-Deflection Tiagrams

The diagrams obtained on a ductile specimen of steel
'V' were chosen for this investigation (testing temperature OOC.L
The load-time diagram was divided into ten equal time zones,
the velocity 3eing agsumed constant in any one zone. from
a knowledge of the initial and final angles of the pendulunm
and of the friction and windage losscs involved, it was
possible to calculate the impact and exit velocities. The
velocity at the mid-point of each time zone was then calculated
on the assumption of a linearly decreasing velocity and hence
for a given zone the time scale could be converted into one of
deflection., The 'initial portions of the two diagrams were not
well defined but were seen to be of the same form; a point of
coincicence was therefore taken just after the "upper yield
drop" and the load-time diagram was replotted on a deflection
basis from this origin (see Fig. 30). The error produced by
assuning an arbitrary origin at this point is not great
because the initial portion of the diagram accounts for less
than 10% of the total energy indicated by the diagram, and
thus any error'in the value of this portion will not greatly
. affect the total indicated energy absorbed.

It is seen that the area of the load-time diagram,
replotted on this basis, is larger than that of the load-deflec-
tion diagram. A check was made and, by taking pairs of

corresponding points on the two diagrams, the average striker

i

velocity over the region of the replot was calculatedland



found to be of the ssme order as the exit velocity (4.50m./sec.).
It was decided to assume some form of shock loss of energy at
impact and to replot the load-time dicgram on a deflection

base, this time sssuming a constant velocity at the exit value.
This curve is shown dashed in Fig. 30. 4 sinilar replot was
performed on the diagram for o more brittle specimen and is
shown in Pic. 31. Both results show that the assumption of an
instantaneous loss of velocity followed by o constant velocity

pucsh throush gives a degree of coincidence with the load-

A

s

deflection rzcord that is superior to the assumption of
linearly decrensing velocity. As a direet check on this
asgumption it would have been very desirable to have obtained
a deflcetion - time dingram from the instrumented machine, but
this only became fully apypurent at a later stage when the
results were bcins analysed and it was not practicable to re-
asgenible the equipment at this stage.

The only displacement ~ time diagrams for the impact notch-
bend test of which the suthor is aware, are those obtained by
Tanaka and Umekawa (70), who present diagrams of this type
corresponding to energy absorptions of O, 9.5 and 20 kg.n.
on a 30 kg.n. machine. No deflection scale is given with
these diagrams and their intervretation is far from clear.

If, however, enlargements of the curves corresponding to O and
9.5 ke.m. energy absorptions are'superimposed as in I'ig. 32,

then it might be suggested that an abrupt change of velocity is

revealed,
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(2). A Comparison of Inergies from the Machine Reading and

Fig. 34 shows that the area under the load-deflection
curve represented about 67% of the encrgy absorbed as
indicated by the tecting machine (after subtraction of
friction and windage losses). This was true at all values
of crystallinity and the same percentage was obtuained on both
steels. This factor is in fair agreement with Cé%terell (69)
who used the assumption of linearly decreasing velocity to
obtuin energy values from his load-time curves. Augland (74),
however, used a machine of 1argelcapacity and, assuning a
constant velocity, obtéined good agrecment betiieen the energy
obtained from the load-time curves and the muchine energy.
Good agreement was also obtained by Fearnehough (73) who used a
correction suggested by iugland to convert load-time curves
obtained on a standard capacity machine, This correction
wag as follows:-

)

4 (5.1)

Wy o= Wy (1 - ZV;)

vwhere WA was the corrected energy, Wt the energy derived from
the load-time curve assuming a constant velocity (Presumably
the mean velocity), and W, Was the initial energy of the
striker. It would appear to the author that the above
cerrection does involve some approximations, which could
introduce errors vhen large values of energy absorption are

obtained on a standurd capacity machine.



96.

It will be shown later in this section thut certain
dynemic effects can introduce errors in meusurcments obtained
with ordinary resistance strain gauges. Such errors cannot,
however, account for the differences between the results
obtained by the various investigators, since most of the other
invectigators have also used these gouges either directly for
load measurement, or indirectly for the dynamic calibration
of the load cell.

In view of tine different relitionshnips presented hetween
the values of energy absorbed,as obtuined by the various
methods, it was decided to investigate more clogely this
agpect of the test., Table 20 shows the various values of
energy absorption obtuined on the specimen of steel 'V', the
diagrams for which are chown in Pig. 30. (For Table see
following page.)

It would aprear from Wnble 20 ona from Fig. 30 that,
after the initial period of vibrution, it is o fair
approximation to assume that the velocity remains constant
at about the exit value. This can, ¢f course, only be an
approximation becouse it is not pocsible for the pendulum
to do work without losing kinetic energy aond nence velocity.
It would, however, indicute that a2 shoell loss of enexrgy
takes place at lmpact and the results will be examined on

this basis.
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TABLL 20

LNTRGY ke,

Inergy absorbed as indicated by the testing o
machine after subtracticn of friction and m
windage losses.

I
AN
-2
(Ve

“nergy absorbed cbiained Ivor load-lerlection| VW = 6.55
diagram.

Lnergiecs absorbed obiained from load-time

diagra

(1) Velocity constant at the mean e = 1.21
veleeity (5.0 m./sec.).
(Using iAugland's correction WA = 6.76)
(ii) Velocity constant at the exit Hy = 6.50

velocity (4.50 +./cec.)

(b) Zeplotting the loud-time diugram to a

bas: of deflcction on the asswmpiion of:

(1) Velocity decreasing uniformly with W, = 7.25
time (dingram divided into 10 time
zones )

(ii) Velocity constant at the exit W o= 6.54
velocity.
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Let us assume that the velocity - time curve is of the
form showvn in Fig. 33, i.e. impact at 'l' followed by a shock
losg to 'z2' and then a linear decrease in velocity to the
exit point '2'., Let Wl, Wa’ Wg be the energlez posscssed by
the pendulum at the noints 'i', 'Y and '2' resopectively.

Dashed velocities will be uced to refer to the centre of
gravity of the pendulum whilst undashed velocities will refer
tc the striker edge, which 1c opnosite the centre of
percuczsion, The two sets of veloeities ere related by the
geonetry of the pendulum so that V = nv' . (Por the machine
in guestion h = 1.085.)

m 3 . 7 7o 3
The machine energy, V. = VW, =V
o 164 ’ Jm 1 2

It will be assumcd that the various losses which occur
in the machine from many eauscs can be represented by tvo
factors, firstly the shock loss Ws = (Wl - Wa) and secondly
losses during the progress of the tect from 'a® to '2°,

* .-v* L3
represented by K. Thus if V¥V is the true work done on the

3 z . > 11* T < T *
specimen in this region then WV = (na - WZ) - X

Consider the linear porxrticn of the curve from ‘a' to '2°'.

adl = Pdx = P %Tt}g at = PVdt

dwt = V_Pat (assuming 2 constant mean velocity, Im)

Therefore 3%1 = %g at any stage (5.2)
It is not known how the secondary loss K varies from
.

O to X in the period from ‘*a' to '2', because the exact causes

of such a loss are not known. 45 an approximation it would
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seem reasonable to uassume a linear variation with velocity so
that at any point in this region where the striker velocity

is V then
V -V

K = (V§‘f‘vg) K" (5.3)

, . . . 2
(The alternative assumption, K varying with (veloeity); has
been found to have 2 very small effect on the follosing
calculations.)

“hus the truc work done on the specimen from 'e' to this

point is
we=258 (v . V2) - (13_:_;) K (5.4)
pe = @ (\a - 2)
- (v 12 _ 2 Vaz ' ‘
Now %_ =im (V) = m = (5:5)
vhere m is the mass of the pendulum
Dividing euuation (5.4) by equation (5.5) gives:-
v 1 72 (Va - 7) 2h2 ¥
T T TV Ty T e
a \'a (‘a - ) mfa
2.,%
Therefore aY = Wae gx + q2h 5 )dV
T(.- el -
V m a (Va VL)
or a¥ =W_ (=25 4 sK) av (5.6)
= g ;? >
a
2
vhere S = 22h
mVa (V - V2)

Hence from eguation (5.2)

d\‘,’t = W m (_ _2_V' + SK*)
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*
. . SK
e i v =¥ e
Therefore ( t)a o=V, V. (v2 + 5= ) av

o) 3K loe.

o Ta |52 v

bubstituting for W, from ecusticn (5.5) wnd Jor O gives:

ur —_ mV h ,'V o
(”'t)?" o = Ll (1_7“ V) = = “_* los v;. ————— (5'7)
h - ta 2 2

e

Now Vm ig a yuite arbitrury disgram convorsion factor and is
not rzluted to‘thﬂ mean veleoelity in ihe region 'a' to 'C'.

On the assunption thut Vm = ©,0 n./sce. vie have a value of
7.21 kg.m. for Vi, (see Table 20)., This does, however, include
the indicated energy absorbed during tha period of szvere
vibrations. The numerical value of this energy was small and
Wt nay be taken as approximstely 7.1 kg.m. for the region ‘a’
to '2'. Substituting these values in equation (5.7) together

with m = 22.45 kg., h = 1.085 and V, = 4.50 n./sec. gives:—-

* v
¢ I ~ K a
0.13 = [< la = 4.50) - 0.0524 y———55 105 ~7755-

where K is in kg.m.z/sec.Q.

It is not »ossible 1ith the available data to obtain an

explicit solution tc the zbove equation, but it is possible to
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define the limits within which US and K ¢an 7ary.

(62}

The first poscibility is that the losses uare entirely from
shoeclk couses =wnd thot X dis zero. In this ecaso V. = 5.231ﬂ¢%ec.

“
20,45~ 26.60

and Y_ = 20,60 kg.,a.  This niukes the zhock losc, ¥
8% kg.rz. ond makes the true werk done on the specinen,
¥ = 6.94 kg.m, which is starting to compare with the value of
6.55 kg.m. obtained from tie loud-deflecticn diasgrai.. In
other words, if this were true, therc is a shock loss of
2.85 kg, at impoet which would be dissipated in vibration
of the pendulum ete. follewed by a straightforward test with
the veloecity deereasing linearly from 5.23 to 4.50 n./sec. (i.e.
a mean velocity of 4.36 m./scc.), with no other losses
occurring.
Thez other extreme is the assumption that 7 is zero und

S

<+
that 2all the losses are contained in the ¥ term., This means

% *
L and o= (¥ - ,) - K = 9.79 - X . Cubstituting

these values in equation (5.7) and remembering that

that Va =V
Wf mast
now be taken as 7.21 to include the initial region sgives

X = 24.8 ke.m./sec.® = 2.52 kg. (force) metres
Therefore W= 9.79 - 2,52 = 7.27 kg.m.
(c.f. the value of Wf = 7.25 kgo.m. obtained by replotting the
load-time diagram to a deflection base on the assumption
of 2 linearly varying velocity.)

If the comparison of theloud-time and load-deflection

disgrams in section 5.3. (1) is corrcet, then the former
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agsunption would secem more neurly correct and it would seem
likely that K is small., Jimilarly, any attempt to explain
the difference betveen the machine energy and the indicated
energles from the diagrams from the basis of dynamic errors
in the strain gauges giving a2 load signal which 7as too small,
gencounters the same difficulty. If the load signal were too
low then the indicuated energies from the diagrams viere too
low, and hence Ws should be smaller ond Va larger. This
would mean that a nigher mean velocity would be recuired as a
basis for the replot and this is not in agrecment with the
velocity required for correlation of the two diagrams.

It is suggested that the best basis for the transformaticn
of diagrams of load-tine into those of load-deflzection is the

3 cx
is,

w

assunption of a constant velocity at thz exit value., 7Thi
hovever, presented as « working approximation and not as a
true representation of the physical behaviour. It is zlso
possible that the magnitude and distribution of losses nay
well be diiferent in another type of machine.

(2) Hecords Cbtained_with_Guuges_on Only one Side_of the
striker

A Tew tests were nade using only the gauges on one side
of the striker. & typical record of this type ic shovm in
Pig.35 and it is seen that the resultant diagran is very

different from the usual dilagram produced by all four guuges;

in fact the recorded stress in the striker goes well into the



103.

tensile region at some stages, This effect has also been
noticed by Fearnehough (73), who has obtained simltaneous
records of the load-time relationship in each of two gauges,
one on elther side of the¢ striker. The cancellation of this
effect when the two gauges are placed in oppocite arms of a
bridge or viired in series, suggests that there 1is 2 strong
bending stress superimposed on the direct stress systen.

. Cotterell, however, used only one gauge yet did not obtain
this effeect. This surprising difference nay of cours: be
attributed to the type of machine employed and, although

b

the pendulum-hecad of the author's machine was of a type which
resembled the Losenhausen machine of Cotterell far more than
it did the aAvery of Tearmehough, it vias found that a rather
high degree of torsional vibtration was possible in the shaft.
In this respect it was similar to the avery machine which is
gomewhat notorious for its lack of rigidity. The final portion
of these diagrams appears to be a series of oscillations of
deereasing frequency (2.4 to 1.7 ke./sec.) superimposed on

a decay curve. It is suggested that some form of torsional
vibration was sct up in the pendulum shaft causing bending

loads to be applied to the striker nose.

(3) C Comments on the Ctress “aves and Oscillations set up_in the
Specimen and_in the decoraing Lycteom

The stress waves and other oscillations obtained in the

rzcords may now be examined, but at this stage it should be



noted that the records obtained viere designed to give an
overall picture of the loads during the tzst and not
specifically to examine the stress wave system at impact.
Thus the times involved in the initial period of fluctuntions
could not be measured with gfeat seeuracy. The records were
enlarged on a Hilger lieasuring Projector and were traced if
required. Time neasurzments were muade to an appurent
acecuracy of 10“5 sec. The oscilloscope time base, howéVGr,
wags only accurate to within b 105 and the calibration trace
to within £ 2%, .lso the X and Y Plates of the oscilloscope
were assumed to be mutually perpendicular and any lack of
alignment could cuuse 2 quite considerable error in the small
time values measured for the initial stages. Thus it is
doubtful whether the tiﬁe values could be measured to an
accuracy greater than about 1.3 x 10~
To sinplify the snulysis the reccrd cbtuined ucing geuges
on only one side of the striker (Fig, 35) will be enployed.
Although dummy gauges were included in the circuit for temper-
ature compensation, they were fixed transversely at the full
t.ickness section (see Fif. 19). Thus the magnitude of the
sirain produced in the durny guuges, whether by a steasy stress
or transient stress wave, was very mch less than thct at the
active gange. Also, unless there were any extra truncverse

stresses produced during the test, only the cross-scnsitivity of
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the dummy gauges need be considered. It therefore seems safe
to conclude that the dummy gauges had little effect on the
bridge output, except to compensate for any femperature

changes. Thus we may consider I'ig. 35 to be the record of

the stress history at a single active gauge.,

(a) Initial Stress ‘ave tffects

Pirst consider a compressive stress wave which is
produced in the striker by the initial impact; this wave
travels along the striker until it reaches the interface i-a
between the hardcened insert and the main body of the pendulum.
The insert is a tight fit in the body but it is poszible thaut
some kind of air gap could exist. It will be assumed that
partial refleection of the wuve occurs. Thus a compressive
wave of reduced magnitude continues towards the frec face B-B
("ave 1) and a tensile wave (Vave 2) of an unkno'm magnitude
in reflected towards the nose. The calculated time taken
between the initial compressive wave passing the active gauge
and the reflected tensile wave returning to the pgauge aganin is
approximately 2 x 1072 see. This agrees vith ths measured time
of 2.3 x 1072 sec. between 'a' and 'b' on the load-time record
(Fig. 35). The reflected tensile wave, 2, reaches the nose-
of the striker and, uepending on the contact with the specimen
is partially or completeiy recilected as a compression viave.
There is sufficient time for this .ave to travel to A-i, retumm

to the nose, and once again travel to A-i before the initial
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purt of the compressive wave has returned to A-i after
reflection as a tensile wave from B-B. In this time interval
vave 2 will have superimposed fluctuating stress waves of
decréasing magnitude and increasing complexity upon the
compressive stress wave. No such fluctuations are in fact
observed.

If the interface wvere in fact perfectly continuous then
the initial compressive wave would continue unaltered to B-B
where it would be reflcected as a tensile wave of the sane
ragnitude, thus the stress at the'gauge sheuld drop to 2esro
about 7.6 x 1077 secs. after peak ‘*a‘'. This is not indicated
by the diagram.

Another effect which must be noted is that due to the
shape of the striker nose., If a compressive wave is pronagated
along the axis of a conical specimen then, becouse of the
change in section, it is followed by a ~ave of tension (75).
In a similar fashion a compressive wave approaching the
striker noue may be expected to develop a "tension tail". This
phenomenon adds considerably to the difficulty of intercreting
the recorded waves. ‘ |

It would seen pertinent to mention at this stage three
points which have been raised by Bloss (76) with regard to the
use of resistance strain gauges under dynamic conditions.

(1) The gmuge is of a finite length and should the wave length

of the stress wave be shorter than this, then 2 Talsely low
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reading will be obtained. (2) Installation technicues,
especially the cement thickness, may affect thc gauge response
aprreciably. (3) Some types of gauge generate a; e.m.f.
which is proportional to strain rate and this voltage nay
introduce a significant error under impact loading conditions.
Some investigators have measured the loads in the
specimen supports and not in the striker. In one case (71)
initial fluctuations are present, but the load drop is not
so severe, whilst in the other (74) quite severe fluctuations
are recorded, but there does not sccem to be any doecrease
before maximun load although the record suggests that the
'spot may have hesitated during the initial incresse., These
differences between recording methods only serve to reinforce
the fact that the recorded waves are those in the load cell

in duestion and not those in the specimen.

(b) Oscillations at Later Stages in_the Diagren
¥With regard to the oscillations immediztely following the

maximure load, Cotterell considers that they are entirely
mechanical and that they =2re gradually dumped out if
appreciable yielding takes place., The author's records
confirm this and it is interesting to note that the
oscillations are more pronounced on the standard diagrams
than on those with gauges on only side, The measured

frequency of these oscillations is 15 kec./sec. which is
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exactly the value which Robertson (77) quotes as the natural
frequency of an unbroken specimen, and also agrees with
Cotterell's cxperimentally determined value.

Some records were nade to a reduced time scale and the
vibrations remaining after the load had drovyned to zZero were
clearly seen (Fig. 36). These corresponded te about
1.25 ke./sce. and are probably connected with the natural
frecuency of some part of the striker, because they are
cresent both after fractures which are ductile and also those

which are largely britile in nature.

(e) Zransient Strecses “ithin the Specimen

. s et iy i e St et et e et e St St

It should be noted at this point that the paximum force
between striker and specimen occurs at the moment of first
contact or soon after (78). This does not, however, mean that
the bending noment or stress is necessarily o muximum ot this
moment,

In the ncighbourhood of the impzet point the transient
stress distribution is three dimensional; the waves are not
only propugsated zlong the beam but are alse reflected from all
surfaces. The presence of the noteh further cemplicates the
wave distributicn. .1 greater distances from the impact woint
the stress will be more uniformly distributed across the wiidth
and the normal variation of bending stress in the depth
direction will be exhibited. This pattern will ~xztend to the

contact region if the load is removed. Ixperiments have been
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verformed by droppihg steel balls on to beams and measufing
the contact force and outer fibre strain at various points
with respect to time (79). The maximum central bending
strain has been shown to increase linearly with velocity of
loading. This agrees with tﬁe observztion of Cotterell

thst the initial pulse}due to the first impact is proportional
to the impact vilocity. an important fact whic hus often
bzen neglected is thut there are also shear waves prescnt in
ths specimen which travel at J%-x velocity of direct stress
ves, Thus, as is shown in T'ig. 37, the speciﬁen is
cffectively shorter thon its true length until the shear wave
has travelled to ths supports. This meuns that altheough the
central forece may reuch its naximum value the bending moment
may not do so becasuse of the reduced effective moment arm.
These shear waves will be reflected in their turn, but it is
a matter of conjacture how great a reflection will occur ot
the supports and how much at the free end of the specimen.

It may be concluded then that the stress system in the
specimen is extremely complex at the moment of impuct and
soon after, and that any attempt to ectimate the stresses from
a load cell on the striker or supports is likely to be very

nisleading.

(4) The Variation of Titgram Shape Over the Traonsition Qungs

“ith reference to Figs., 28 and 29 it may be scen that as

in the slow notch-bend tests the sudden dro» in load, whieh is
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taken to correspond with the massage of a brittle crack
through the test picce, occurs at successively earlier stages
in the test as thu tempersture decreases. At the lower
temperatures fracture is seen to occur on what would appear
to be the rising elastic line, although not before the
indicated drop in load through stress wave effects (e.g.

V247 at-73°C. in Fig.2%).

If we compare PS4 (+48°C. 70% crystulline) in PFig., 28
ith V244 (-16%C. 40 ¢ crystalline) in Fig. 29, it can be
secn how a given cnergy level (in this case approximately
4.15 Igome indicated energy absorbed from the load-deflection
diagrums) ecan be obtuined from <ifferent typas of record

cven for two classes of nmild steel.
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SLCTICH 6 — NOWCH TENSILD TL3TS

t.l. Apparatus

The 10 ton Zenison Testing Hachine was also uscd for
these tests and the specimen assembly, including the spherically
seated shackles, the lo2d cell, and thz temperuture bath is
shown in Fig., 21. The spherical seats from a pre-existing
picece of apparatus vere employed in an attempt to obtain
axial loading, but as will be seen later from the results of
the static yieldbstress tests, true axiality is very difficult
to obtain. The temperuature tunk was made in twe sections,
eacn cupable of being drained independently. ©h: centre
section could thus be druined temporarily to remove a fractured
speclimen and insert a new one without the tank unit as a whole
losing all its heat, thus saving some time in rezching the
next rejuired tempersture. ror the higher temperuture tests
electric he.ting clements were clamped around the tank and the
double tunk arrongement hud the uddea effect of giving a nore
even temperuture distribution in the centre ccetion. Low
temperuytures were obtulined using petroleum-cther, colid
c.rbon dioxide, and liguid nitrogen as for the slow notch-bend
testc., Two thermocouples were atiached to the opecimen at
cither end of the parullel porticn to detect any toemperture
gracdient, ane th: test was only periormed when uniform
conditions had been achieved.

The nmechanical rzcorder was opain uscd for these tests
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but as is seen in iz, 21, a load cell was included in series
1ith the shackles, ana this wos ecalibrated directly acainst

the testing nmuchine. The sume amplifying and recording gear
was used to give recerds of true load against time and the

rate of cross-head novement wags adjusted teo give the reguired
rate of loading. ¢ before, a time-marker was fixed to the
mechanical recorder, thus allowing the response of the
rmechanical recorder to be checked. Vo ap rociable ervor was
found tc occur un to ths point of fracture, md since for

both ductile and brittle fractures this occurred in an unstable

fashion an instantaneous reduction of load to zero at this

k4

noint cculd be assumed.

6.2. Testing Trocodure

Yhe general teceting procedure followed wis very similar
to that in the slow notch-bend tests. Ceme preliuinary tosts
Jere made to deterudne o rote of punmping Mler ould produce
the sane nomin«l rote of elustic stressing ot th. root of the
notch as in the slov noteh-bend taots, These tosts of course
reguired the recoraing of lond-~tinme diigrems to cbtain a

meamire of the loading rate, but for the routine tests only

he nechanical recorder vas roguilred,

£e3s Results nd Discussion of Nesults

loads 2and overall coxtensione obtuined from

=]
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the autographic load-extension records ure listed in
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Appendix 'A', Tables 13 and 14, together with the corresponding
7% crystallinity values. The % crystallinity «nd energy
transition curves are shovm in Figs. 49 and 50 respectively
and these ill be wuiscussed, together with the notch-bend
reoults in Section 2.

Reproductions of the autographic rccords obtained on

1. 'DPY are shovin, to i rcduced scale, in Pig. 38, It can

aste

@)

~

ha seen from these diagrams that a more obviocus yield is
indiented thun in the netch-bend tests which also employed

this recorder. Thig yield usually took place in two stuges,

.

degirmnated "yield 1" and "yield 2". These do nct correspond
¥ Vi

to the upver und lower: yia2ld stresses s indicated on a

0

nermal unnotched tensile load-oxtension curve, "Yield 1V
was the first noint of obvious non-linearity {(which was
usually a quite distinet point), whilst "yield 2" corresponds
to n short plateau, which was somstimes follouved by s slight
drop in load

The most outstanding feature of these records is the
instability exhibitod soon after maximanm 1oud; ir“oénective
of whether the fracture was fibrous or crystalline. A similar
instability wos observed in the records obtaincd on steel 'V,
It ins presumed that this was o machine stiffncess phenomenon,
and it vag verifisd thut the inetobility point occurred at a
stage when ths glope of the diugrum, as the lood fTell away,

apnrozched thst of the machine gtiffness line. The fracture
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which took place at this noint was very fast, and no
appreciable differasnce was observable between the load-time
records taken for fractures which were fibrous and those which
were crystalline in appearance. In other ways the diagrams
were straightforward, the yield load increasing as the

maximunm load also increased

w

temperature was decreased. Th
with decreasing temnerature until fracture took placevin the
region of increasing load. Thus a result cof the instability
is that the indicated energy absorbed to fracture may be
cregter in a specimen exhibiting a largely crystallins surface
anpearance than in one with an entirely fibrous surface
(compare specimens P2 end P7). This does not, of cburse,

nean that the true work done at the fracture suriace was
grester. It mercly means that the strain energy available

in the gsystem at the instability point was more than
sufficient teo ¢o this work =nd any surplus was dissipated in
other forms. The amount of the available strain energy used
in fracturing the specimen relative to the amount dissipated
would be greater in the case of a ductile specimen, but this
could not be divined from the diagram. The effeet of machine
stiffness will be discussed more fully at a later stage, but
this accidental instability serves to illustrate the caution

with which such indicated energy values must be enployed.
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SuCTION 7 — YIDLD STRESS ToSTS

7.1, Apparatus
Special axial loading shackles were fitted to a 10 ton

Puckton single lever testing machine for these tests. This
type of machine wag chosen for two main rcasons., rirstly,
because it was cne of the few machines in which three
cxtensomcters sct at 120° around a tensile specimen viould be
visible without obstruction by tie-rods etc., and secondly
becwuse the inhcrent stability of the londing system allowed
plenty of time for the extensometer readings to be taken.,
The shackles have been fully described elscwhere (80), but
consist basicully of two mutually perpendicular knife-—edges
together with o ball thrust beuring. The complete assembly
is shown in Plate 5.

The type of specimen uscd is shown in Appendix 'C!
Tig. C.3. The enlarged upper portion was necessaxry for the
low temperature tests to aveid yield occurring in the wvarmer
scction not immersed in the bath rather than a2t some point
within the gauge length. It was nacessury to use an adaplor
to muke the threaded end of the speccimen fit the bottom
shackle, and it was found convenient to make this adaptor
integral with the cooling tank.

4 specilul triple extensometer unit was constructed to
measure the extensions on three mutually perpendiecular 4 in,

goauge lengths at any desired temperature within the range
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+ 120°C. to -100°C. #nd this is fully deseribed in Appendix 'G'.

Teoupersture Control

4 sgimilar system to thut used in the notch-tensile tests
vias enployed, except that the desirability of a double tank
unit h@d not been discovered at this stage. Thermocouples
were attached at each cond of the guuge length and no test was
pervormed until the two thermocouples gave the same reuding.
Initially the temperature differcnce betwecn the two points
was often as much as 1OOC., but once the desired temperature
had been attained it was not difficult to maintain it without

a temperature gradient along the specimen,

7.2. Testing Proccdure

A geries of preliminary tests was performed at room
temper:ture to checlt both the acecurzcy of the cxtensometers
and also the uxiality provided by thé shackles. It was 2xpected
thit Cespite the special shackles there would still be
certain amount of bending induced in the specimen, and before
any test vwas performed the load was cycled several times
betueen about 10% and 80% of the ~xpected yield load in an
attempt to make the londing conditicns as uniform as possible.
The first results reveuled different values of -x-ensicn under
cach extensometer, as would be expected if any bending were
present. In addition, however, neither were the individual

lozd-.xtension plots linesr, nor did the points plotted for
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load decreasing fall on the suame line. The ncan value of the
three ektensions, however, did give a good straight lins plot
against load, there being no detectable differince betveen
the points plotted for load increasing or cecreasins. Uhe
nean line also QGVe a consistent value of 30.°5 x 106 pP.s.i.
for the modulus of clasticity for the specimen of steel 'V',
In view of these resultg it was suspected tliatl the shackles
riight be responsible. In order to check thig, the extensometer
unit was rotated through 120° and the test repcoted after prior
cycling. The unit was then rotated through 120° once nore,
again cycled ana u further test mado. The results of the
three tests showed thut it made little differcncc which
extensometer wos used to record th . extension on o given
nlane; much the same load extensicn curves viere obtained in
each cuse,

It wus concluded that the degrec of benaing induced
by the shackles varied as the load was incrensed, causing the
individual load-uxtension curves from ench cxtensoneter to
deviate from the eXpeuet:d straight line. Varicus adjustrnents
f the shackles were then tried and, although it vias never
possible to eliminute non-linearity in the initial portions of
the curves, the threec sxiensometers could be nmaae to give
straight linc plots for the majority of theirs iength.

These tests werc designed to determince the static lover

yvicld stress over a range of temperatures, and also if possible
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to give an -stimote of an upper yield stress at these
temperatures. Two methods have been suggested by which

upper yield stress values can be obtained from tests of this
type. The first was liorrison's mcthod (see inwmendix ‘G

part (2)) to calculnte the position of the plane of maximwn
strain, It was sugrested thut if one cxXtensometer were sct
on this plane, a linear load-extension line wquld be obtained
up to the upper yicld point, which would be indicated by a
sudden large increase in extension. The meximum strain and
the plane cn which it occurred vere duly calculated, and it
was Tound that with 2xperience the shackles ccuid be adjusted
to limit the smcunt of bLending strain to about + 4%, It was
unfortunate, however, that hen the shackles were adjusted Tor
the maximum exiality the planc of maximum strain occurred on
that sidé of the specimen Tacins the pillar or the testing
mzchine, thus »reventing any rending from being taken.

The second nmethod, sug.cested by ““arnoclk ind Brennan and
cutlined in Appendix 'G' port (3), Jas thereicre used for any
estimutions of the upper yicld stress.

“ith the shaclkles adjusted as so described , the tank
temperuture was adjusted in the usual monner, =fiter which time
great care wag taken to kesp the temperature az nearly constant
as possible, About fiifteen minutes were allowed for conditions
to become steady during which time the load was cycled several

times. after this some seale readings were taken as a check on
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the axiality =2nd, provided that this was satisfactory and that
the thermocouples were giving similar constant readings, the
test was started. 7The load was carefully increased in small
steps, a few minutes being allowed after the applicution of
loaa before the scule readings were recorded. This was
contimied until 2 sudden yield ocenrrsd. Tests of thig type
were performed at various temperatures over the range

+118%C. to -93°C. .t the lowest temperatures for each of the
two steels the lond wau decreassd s soon as unstable yielding
began. The temper.ture was then decreassd still further and the
load again slowly increased until yield =gaein occurred. It

was thought that th. amount of plastic {lo: which ocecurred
during the first yicld was insufficient to cuusc work-h adening
and that ths second yield was therefore a valid woint. The

latter results are shovm in purentheses in .npendix 'A' Table 15.
¥ DE

T.3. Results and Ziscussion of Hesults

At the time thnt the above tests were planned no other
results were available giving the variation of yield stress of
the two stecls with temperature or strain rote. It was
thought that a knowledge of the varistion of stetie yield
stresses over a rangc of temperyture would be useful in any
future analysis of the results, The suthor was aware thut
considerable doubt might be cast upon the upper yield stress
values as determined by ““armock and Brennan's method, but no

more suitable apparatus was then available. “hen the tests
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vere actually being performed, hovever, the author was notified
that a set of static and dynamic tests on the Admiralty series
of steels was planned and these results have very recently
been mode cvailable by Taylor (81). They give static and
dynamie, upper and lower yleld stress values over a range of
temperuture (see ippendix 'A° Tub}os 17 and 18). It was hoped
that the vsriation with stress rste would also be avsilable,

but this did not prove wmossible and only a small change in the
rate of dynamic stressing could be achieved (. ppendix 'A'

Table 19),
The upper yield stress values are largely governed by

experimental technique, in {fact the cxperimentally determined

b

may be as much s 1007 greater than the

9}

upper yield stres

lover yiecld stress if sufficient care is taken (82, 83).

6]

(This would not be predicted by arnock und Brennan's method.)
It would thus scem more reasonable to employ Taylor's results
for the purposes of any analysis since they were all obtained
on the same Hoplkinson b~ r michine. Tho author's results are
listed in Table 15 but, becnuse of the decision to employ
Taylor's results, the somewhat tedious calculation of upper
yicld stress has only been made in two cases, merely to draw
a commarison.

A few room teuperature tests at low rates of loading vere
also performed on niniiture Houndsfield snecimens in an Instron

&

testing machine 2nd the yield stress values nbtained are given
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in Appendix 'A', Table 1¢. Slight evidencs of an upper yield
stress vas obtained in two cases only. Although the machine
tested at constant rates of cross-head movement, there was
often a deviation from a linear relationship bcofore a true
vield occurrsd. It was thus not zluays nossible to cuote a
rate of stressing for these tests.

To cexsmine thoe cxwerimentsl results of the notch-bend
anu notch—-tensile tests in the light of some of the different

hypotheses, however, the yicld strecses (especially the

upper yield stress) are required over a wider range of siress
rates. ‘e have ualready roted that there asre in exictence

varicus theooretical oredicticns of tie upper yicld siress
(sec appendix 'B'). There may be disagreement us to the
validity of somc of the physical conecepts involved, but they
have been found to give fair agreement with cxperimentally
determined values over guite a vwide range of temper:tures

and stress rates. Let us tuke equution (B.3):-
1

Ogrd = ag; ((1 +4)C (')'/C'; ) T+d)

ow A.may be exvressed in the form do= ﬁ%

Let us take o, = 1.68 x lO5 PeSel. and Lo = 0.435 e.v. (ﬁhich

[¢V]

wag the value obtzined by Hendrickson und “ood (21) on a
0.174% carbon stecl). rlso tuke XT at 20°C. as 1/40 e.v.
substitution of Taylor's experimental values into

ecguation (3.3) allowved C to be evaluzted., It was nececsary
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to ascume 8 value Tfor the gtress rate in the static tests

3

by taking an arbitrary time to yield of & minute., There was
_ . ) '

of course a fair degreec of scatter,but the fcllowing mean

values were deternined.

tecl 'P', € = 1073 see.

n

For

y

For steel 'V', C = 1.5 x 1077 see.

The theoretical uprer yicsld stress againct temperature
curve at the two stress rates was then calculated using the
above constants, and is compared with the actuzl experimental
noints in Figs. 38 and 40. :he theoretical curves are secn to
be fuir aprnroximstions to the experimental points in noet
cuses but tended to predict values which vwere ruather too low
«t the lover temperatures. This is in asgreement with the
findings of Hendrickson und “ood. It vwas decided tc 2dd an
arbitrary correction factor to the curve. Thic was tsken
to increase linearly with dcecressing temper:ture from
0 at -20°C. to +12% at -200°C. The corrected theoretical
curve is shown dached in rFigs. 39 and 40, Zeuring in mind the
exverimental accurncy obtainable, the corrected curve may be
said to be a fair representation of tae observed values.

A similarly corrected version of equation (R.3) will thercfore
be used tc obtain any upper yield stress values which may be

k4

recuired later.
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SECTION 8 - GINERAL DISCUSCION

8.1. 4 Correlation of Tr:nsition Temperatures

‘y

v very large amount of research effort hus been devoted
towards a correlation of the varicus tests both with each
other =snd also with service failures. For =xzample, ulfferent
modifications have been made to the standard Churpy specinen
in attempts to develop an incxpensive wuy of predicting
bchaviour in wide plate tests. It will be apparent, however,
from Section 2, that the number of different factors that are
sltered in changing from test to tz2st ig often guite large and
an apparcnt corrclation may well be the fortunate calcellation
of vurious effeet. . The author's results will be presented
together with the results of Tipper and Van der Veen tests on
the s me stecls to show as far as possoible the effects of
changing some of the individual varisbles. This was intended
as o comparison betveen some of the stundurd enginec.ing tests
for brittle fracture and thus, although care .as taken in the
preparation of spocimens, no special attempf vias made, for
example, to prevent the formation of the residual machining
stressecs, To obtuin a strict comparison in the light of some
of the hypotheses it would have been desiroble to have
performed some controlled atmosphere hent-treatment to keep the
grain size/specimen dimension ratio comstant und also to
relicve residuél stresses. The tests being compared would not

then be the standard engineering tests, however unsuitable these
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may be thought. It was decided to accept the factor of a
constant grain size irrespective of specimen size, but
another variable which was unintentionally allowed to remain
was the machine stiffness factor, hich may have a stronger
influence than was thought (see Section 8.2.).

The charts, Tables 21 - 23, show how ths transition
‘t:mpernture as Jjudged by = given vercentuge crystallinity
criterion are affceccted by the three variables (1) strain rute,
(2) size, (3) stress system (i.e. notch-tension or notch-
bending ). In these charts the concentric semi-circles
rcecpresent the different sizes of specimen, the size increasing
w7ith the radius of the semi-circle from half size Churpy
notch-bend to full plate thickncess specimens. The centre
sector shows the notch-bend tests at o constant slow rute of
elastic straining. In the left hund scctor the elastic
stroin-rate is virtually unchinged, but tho stress system is
changed from notch bending to notch-tension. In the right
hand scctor the stress system is unchanged, but now the z:te
of clastic straining is changed in two steps to the impict
state. To distinguish the two stecls the viluesfor stecl 'V!
are placed at the right hand side of any compurtment anu are
underlined. The data shown in these charts is also presented
in a modified form in Tablc 24, +here the effects of the

individual variables are separated.

N
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TABLT 24
Lffects of the Different Variables upon the % Crystalline
Transition Temperaturecs

P N
20 50 80 20 50 80
¢, | Impact to Slow -49 -41 -37 -63 -54 ~36
£
= | Fast to Slow +2 -2 -13 -15 -5 -4
Half Ctundard +76 +79 +67 +24 +31 +37
3 | Standard to Double +27 +22 +23 +14 +7 -9
o |
“ | Double to V de V | +10 +16 +24 +17 +21 +35
Standard Notch-
Bend to V de V +37 +38 +47 +32 +28 +26
Standard Notch-
Tensile to Tipper | -2 +13 +36 -9 +20 +20
Slow Notch-Bend
=] to Slow Notch-
@A Tensile +18 +8 0 +36 +7 -3
o 0
P4V de V to Tipper | -21 -17 -11 -5 -1 -9 |1s
-13 -4 +3 -14 -9 -3 |Ad
ra | Impact Notch-Bend
Hlto Vde V -12 -3 +10 =31 -256 ~1011Is
3
E -9 -4 +5 -13 -10 +3 |Ad
A | Impact Notch-Bend
> 1 to Tipper ~-33 -20 -1 -36 =27 -19]1s
i~
/M
g -22 -8 +8 =27 -19 0 )Ad
© JIs = Isothcrmal Ad = Adiubatic
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. Before any discussion is made on the results shown in the
charts the degree of accuracy %vnilable must be clearly
understood. It is not always possible to define a precise
transition temperature for o given material from the results
obtained in a given test. Those tests which do not exhibit a
sharp clear-cut transition tends to shov scatter in the
transition region and since normally it is not practicable to
toukke more than a few points in this region the final transition
curve drawn may vary by several degrees depending on the
points taken. This is particulsrly true at the "elbows" at
gither end of the tronsition range, it is scen from l'ig. 42,
for example, how one or two e¢xtra points could alter the shape
of the curve in the brittle region quite considerably and with
it the 80% crystalline trancsition temperuture.

Ths results for the Tipper and Van derVeen tests have been
taken from a rcport by the .idmiralty ..avisory Committee on
Structural Steel (67). The dats available in this report wus
collceted from eight different sources, although in fact only
thrce laborutories curried out the Tipver test and two the
Van der Veen test. Thus, although nominally the same steels
were used as in the author's test iA is ¢uite vossible that
variations did exist from plate to plute. Also some
laboratorices performed the teosts "adiabatically", cooling the
specimen to 2 suituble temper:iture below the desired fracture

temperature and then recording th actual temperature at

fracture; whilst others performed them "isothermally", the



specimens being immersed in a suitable bath. In general the
transition temperature for tegts periformed isothermally

were of the order of 10°C. lower than the corresponding
transition temperature for adiabatic tests. Since the
author's tests were all performed isothermally, the isothermal
values of transition temperature for the Tipper and Van der
Veen tests probably form a fulrer basis of comparison, and the
isothermal values have been used in Table 10 unless otherwise
stated.

It has been stated that thu élastic strain rate at the
root of the notch is the samec for all tests in the centre and
leff hand sectors., This igs true for all of the suthor's tests
and approximately sé tor the Van der Veen test, but for the same
strain rate to be achieved in the Tipper test the rate of
loading should have been increosed cuite considerably. At
moderate rates of loading, however, the c¢ffect on the transition
temperature is not gresat, as can be scen from Tuble 24 by the
change from slow notch-bend to fast notch-bend. Thus the
Tipper test results are probably only about five degrees lower
than the value for a true compurison, at least us far as
strain-rate is concerned.

Another point to be considered is the fact that the notch
in the Van der Veen test is a pressed notch whereas all the
others are machined. - Wgn der Veen has shown, from a limited

number of tests, that it would appear that the transition

temperature obtained with machined notches is approximately
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10°C. lower than those obtuincd with pressed notches (113),
and this should be borne in mind when using the Van Jer Ycen

results for any compuricon.

The Combined Iffoct of ths Viricus Fictors on the Transition
Tcmperature

(1) Ihe Strain late Effcct

The change of strain rate from impact to slow noteh-hend
coused a marked dscrease in tronsition tempersture, the
numerical value of this drop dzcreasing with the value of the
i erystallinity criterior; i.o. the chunge in transition
temper:ture vas greuter when judged by a 20% crystallinity
critcrion thanAby an 80% crystalline one. Shis wus true for
both steels although the numerical valuss of this decrease
were a little larger in the cnse of Gteel V, The results
obtained for the change fron fast to slowi notch-bend are not
entirely consistent because the uncertainty as to the cxuct
position of thc curve, particularly ot the tvwo ends, tended
to mask the small change invelved. It seems fair to say,
hovever, tht for the steecls tested o chunge in elustic
gtrain rate at the root of the notch from 2,02 x 105 to

2.7 x 10°

p.s.i./sec. csoused only about 5°C. decrease in
transition temperature.

It is perhaps unfortunate th:t the Charpy test, “hich
has developed from a cuite arbitrary test to study impudt
properties, is so widespread in its use. It vas pointed out

in Scetion 5 thot the stress system produced by the impocet 1s

cxtremely complex und the nominal rate of elastic strecsing

(5]
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9

of 17 x 10° vp.s.i./sec. derived in appendix 'L' can only be

a rough approximution. It may not be justifiable to consider
the change from fast to impact notch-bend as a simple;irain
rate cfifect bzcause, at leuast in the early stages, the rate

of increuase in stress 1s govcrned by the stress wave condition
48 are also the complexity of stress and the efTecetive length
of th: specimen. It vould seem that a controlled study of

the rote offcet in notched spccimens might be more suitably
performed on a long notch-tensile specimen in vhich an anulysis

of the stress conditions wvould be nore Teacible,

“here ig¢ less consistency in the results for the effect
of size, hich uroe shown in Fige. 41 anu 42. The results on
steel P show that the & crycstullinity eriterion chosen does
not muke 1 large amount of differcnce in most cases. DBut the
results on steel V are not consistent, the double and stanaurd
size curves croscing in the high crystallinity resgion (see
Fig. 42). It hos already been sugcestsd that this anomaly
may have been caused by testing an insufiicient nunber of
specimens in the transition region. The ¢ffeect of size would
appear to be nores severe in the smuller specimens as is shown
in 'igs. 51 und 52, vhere the transition temperatures as
Jjudged by various crystallinity criteria are plotted against
the specinen size. The Von Jer Veen sp- cimen was not
geometrically similar to the other specimens and so an

]
arbitrary dimension of 42.2 mm, equal to {cross-scectional area)
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was chosen for this plot. But the general shape of the curve
vould hsve romained unchanged had either the actual width or
depth been used instcad. If a correction factor of 10%C. were
to be subtracted from the Van der Veen transition tenperstures
to account for the effect of the pressed notch then it is
seen from Tables 21 - 24 that tihere is little differcnce
between the double size slow notch-bend results of the
author and the Isothermal Van der Veen test resultc, This
would imply that the curves in [igs. 51 znd 52 tend to breoue
almost horizontal ot the larper éimensiong.

For those steels which exhibit a sise effect, it sould
theoretically be possible to perform testo, at n given
temperature, on a serics of geometricaelly similar specinens

of differernt sizes. This was in fact su.ected in a
R Y

o

iscussion {(114) on Tocherty's slow-bend tcots (63). It is

e}

ossible to plotl curves of this type using cxisting resultco,
IT an arbitrary tenperature is chosen on the curves of %

crystallinity ugainot tempersture (Figs. 41. 42, :md

_—

also from Rci. 67), then the < crystallinity corrcsponuing

to each size of specimen may be recorded. Yhese "uvize
transition" curves are shown in Fige., 53 and 54. These curves
show How the transition size, as judged by uny given % R
crystallinity criterion, inereases with increacing temporature.
The exact shape of the curves is not kno.m ith uccurucy,‘for

only four points are available for cach curre one of which

(the Van der Veen) is only anyprozimate. fThe tyn. of curve
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expected, however, is indiccted and Fig. 53 would appear to
sugcest that the effect of temperature on the transition size
is more severe at the higher temperatures. In the same way
that figs. 51 and 52 were derived from curves of crystollinity
aguinst temperature, such as Fig. 47, it should theoretically
be possible to derive curves of say 50! erystalline transition
aize agzinst temperature frow iig. 53. On reflection, howvever,
it will be seen thut this would in fact be the sume curve as
Fir. 51, Thus the shape of rig. 51 say ccould equally well

be described as saying that the efizct of size on the 505
crystilline trunsition temperuture is riore severe at the
.smaller sizes, or thst the effeect of tzmper.ture on the 50%
crystalline truncsition size i¢ morc savere at the higher

temperatures.

8.2, The linchine Stifiness TTf.ot

“"he effeet of the stiflincs.of the testing machine on the
transition temper ture has been shown to bo small in nany
cascs, but the available evidence is somevhat conflieting
(108,109). It iz quite possible, however, to obtain ductile
instability in slov notech-bend tents (11¢) in 2 similur monner
to that describzd for noteh-tonsile specimens in Section 6.
Under these circunstances the tronsition temneriture, as
judged by 2 certain value of indicated snergy absorbed, may be
considurably altered. “hen the results of cone slow notch-

bend tests performed on specimens of stecls 'V and 'V' in a

Houndsficld Yensometer (111) were compared vith those of the
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author it was found that, whilst the crystallinity transition
temper:turcs vere unaltered, the energy - temper:turz curves

were entirely different. For steel 'V' the overall cnergy

—

¢cvel vas higher and the trancition temperature nearly 20°¢C,
lower than in the author's tests, whilst for steel 'P' the
reverse oas true (i.e. the overall energy level .as lower
and thoe tronsition temperiture 15°%¢. te 20°C. higher).

Thus sines, 2o far us the wuthor is +unire, thers iau no
evidence of ductile instability it seems thut the teuting
muchine may, under certain circumstances, have o considerable
«ffeet. Thic rualsss doubts as to vhether the comparatively
smull chunge in transition tomperature betueen clow ana fast
notch-bend tests might be duz to the nesking effeet of a
chinge in cffective michine stifinasgs, by the introducticon

of the ring-type loid c¢cll for the fast tosto.

lad

C¢.3. o Comprrison of Loado at General Yield in the bDifforent

Toots,

Bezfore aony criterion of brittle fructure is considered
the yield londs obtidined in the various teots vill be
examinod and the rolationships between them determined. The
follouing subseripts will b. used throughout:-—

snb. Stundard sisze notch-bend

hnb, = Hulf size notch-bend
dnb. = Touble size notch-boend
snt. = Otandard size notch-tencile
The sume shape of notch is employsd in =41l the speceimens

nnd therefore the elistic stress distoibution beneath the noteh
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is likely to be the same in each case and the yield stresses

will be given by:-

_ k'PL _k'P )
(onplya = ~777 amd (opydyy = 73 (8.1)

where P

]

Applied Load.

L = Distance between specimen supp;;t.

Z'= Section modulus of the notched cross-section.

A = Cross—-sectional area at the notched cross-section.

k'= A constant depending on the yield criterion chosen.
If the appropriate specimen dimensions are substituted in the
above ecuations then we obtain the following ratio for the
yield loads:-

Phnb. : Psnb. : Pdnb. : P

ont. =% #1340 7.5 (8.2)

If we consider the alternative case of the loads required to
N
produce a fully plastic notched cross-section then:

- . — A= 0w . . ____________(8.30)
P : Pdnb. : Psnt. =% 31 :4 :5

Phnb. * “snb.
The various yield loads have been plotted against temper-
ature znd are shown in Figs. 56 to 65. Fracture load curves are
also shown but these will be discussed later. Smooth curves
have in gencral been drawn through the plotted points for yield
loads but there is doubt in som< cuases s to the best
representation of the plotted points, The yield loads corres-
ponding to the different temper.tures vwere read off these curves
and are listed in Table 25 (pace 137). The yield loads obtained
at a given temperature in the different tests conld then be com-
pared. This has been done in I'igs.66 & 67, where the various
notch-bend yield loads and the static lower yiceld stress are

plotted on a base of the standurd notch-tensile yield lozd.

It may be seen that these curves ure difficult



TABLE 25

The Variation of Yield Loud

with Temperature.

137'

Tem::. Yield Lgad Steel P Yield Loud Cteel V
og. ions Tons
snt.|hnb. |{enb.|dnb. |Static| snt.|hnb, |snb.|dnb. | tutic
L.Y.D L.Y.C
104p51 ]O4p51
50 2,60| - - |2.17}2.94 - - - |2.483.54
40 2,65 - - 12.20]2.95 - - - 12.5213.56
30 2.69| - .404(2.24(2.98 3.125) - - }2.58]3.59
20 2.73].131|.42 | 2.28]3.00 3.22 [.123 - |2.62]3.62
10 2.82].135 .44 | 2.33}3.01 3.31 | .131) - |2.68|3.64
0 2.92|.138 (.46 |2.43|3.025 | 3.40 |.138] - |2.7213.67
-10 3.03|.1425(.486|2.58]3.C5 3.50 .146v.56 2.78]3.71
-20 3.17] .1479.51512.72] 3.09 3.60 [.153{.57 | 2.86]3.76
-30 3.31.1531.54212.86(3.14 3.70 [.161].59 | 3.00]3.82
-40 3.42(.160 {.575{ 3.00] 3.19 3.90 {.1607}1.615} 3.16(3.90
-50 3.67] .1675(.610{3.15] 3.25 4.11 | .176].64 [ 2.28[4.00
-60 3.91) .177 |.645]) 3.29] 3. 35 4.33 | .1841.67513.43]4.11
=70 - 1 .187|.690{3.44]3.46 }[4.56 |.192|.710] 3.57[4.25
-80 - |.198|.740{3.58]3.62 4.78 |.200].750) 3.7L]4.41
-30 - .210].795{3.72{3.85 |5.00 |.207].798|3.85|4.60
~100 - ].222( - - 14.20 5.22 |.215(.846]3.99]4.%3
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to interpret for, whilst the points for hnb. ind snb.
specimens lie within the limits for the elastic und fully
plastic relationships, those for the dnb. specimens lie on

or above the fully plastic line. .5 2 direct comparison

of the threc sizes of bend specimen the respective yicld louds
huve been plotted, on a log. busis, in Fig. 68. The cxnected
yield load ratios are shown as full lines and it is secn

thuat not only is the expected ratico hnb. : snb : dnb.

=% : 1 : 4 not followed (the experinental ratios bcing

0.276 : 1 : 4.25), but alsc a non-linenrity is displuyed

which follows the sume trend in both cases.

The stutic lower yield stress has also been plotted
in Figs. 66 and 67 und it is seen thut there does not appear
to be any obvious rclution between this strecs and the yield
louds in either the notch-bend or the notch-~tenuile tects.

If vie are to relute the uninxzinl yield stress 4th the yicld
lozds then we must concider (i) The value of the strain rite
at the root of the notch and (ii) The effective stress
concentration factor that is operative.

To obtain an estimate of strain rate, let us lule the
case of a specimen in which the curved ares, vhich mark the
beginning of general yield, have just formed. If the geometry
of the stundard size specimen is considercd then for a total
angle of bend 6°, initiully negleocting any indentation by the

strilier or Yy the anvils, the deflection of the striker may be
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shovm to be:-

(L - 2 sin. Z8) (8.6)
0= 1001 — T ERa=R) .
or, for small angles of bend
(8.7)

§= 10 © mm
Now the deflection at yield is of the order of 0.010 in., say
fmr.
.'. 8 = 0.025 rad. = 0.143°
and from equation (2.22) the C.0.D., 'b' is given by
b = 2.49 6 x 1073 in. = 3.56 x 10 %4in.
Therefore, for a striker displacement of 0.050 in., there is

a C.0.T. of 3.56 x 1074

in, ané, since thig displicemcnt is
calculated over a gauge length vhich is approximﬂtgly egual

to the notch root diameter, then the strain is 0.00686. “hus
for a rate of strilter travel of 1.5 in./mm. tho strain rate at

yield is 0.00686 x 536%5 per nin. 2 1 per min.

Some account muct wlso be taken of the indentaticn of
the striker, and, uas a very approximate estimuate, 1t will be

assumed that, at thi stage of the test, hulf the striker

=
)]
&)

movement may be accounted for in indentation and half in
bending the specimen. Thus the estimated fate of straining

at the root ot the notch at yield is approximutely 0.5/min.

If, in Table 16, the strain iz assumed to be equal over the
gauge length of the miniuture Houndsfield specimen (£ 0.65 in.)
then from a knowledge of the rate of crowgs-head moveument, the
strain rates at yield may be calculated. It coan be seen thut

the increase in the yisld stress at 0.5/min. over the statice
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value will only be about 105, Tven in the dynamic yicld
stress tests of Taylor (81), vherc the rite of pnlastic strain-
ing at the lower yield was estimatcd at 1,920/sec., the
increase in the lower yield stress over the static vilue vacs
38% for steel 'P' and only 15% Tor steel 'V'.

It is most unlikely thut the elastic stress concentration
factor is still effective ¢t the point of gener:al yicld, <nd
instcad the rigid-plastic analysis of Alexsnder uand Komely (40)
may be used to predict the general yield loud,

ror the V-notch Churpy specimen, taking into account the
circular notch-root they obtained o vulue for the constroint
factor of L' = 1.2979.

“here L' = £ (8.4)

ka

and Ii' = The Collapse .oment/unit .idth

a = Uepth of specimen below the notch root
o o

~%i (Tresca) or =‘J¥Q (Von iises)
3

The specimen geometry may be substituted in the above

k

equation to give:-

P 7
Bya (Foms) (8.5)

k¥ (p.s.i.)

‘here 4 has the valucs 0.72 x 1077 (Hulf Size), ..88 x 1077
(Standard Size) and 11.5 x 1077 (Double Siuze).

In general terms it may be stated that ~values of the
general yield losd caleulated in this munner vere in fair

agreement with the expe¥imental values for specimens vhich were
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just in the fully ductile range (e.g. standard size stecl 'V!
at -40°C.). it temreratures above this the predicted load
tended to be too low, and at lover temperatures the nredicted

lods were too high.

6
<
i

8.4, an Txamination of the ¢ ts with regurd to the
Hendrickson, -ood ane lurk lhivpothesic

It is necessary, first of all, to consider what
trunsition would be predicted if this hypothesis were in
fuet correct. They have sugrested thut the raterial may be
considered brittle i1f the plestic sones ure confinca teo the
vicinity of the notch roct «nu ductile .hen the zone becones
unstable andé spreads uwecross the specimen. There is no doubt
that such a transition does talee place ard Knott and Cottrell
(112), using Fry's recagent on a high nitrogen ctcel, have
obtainaed clear pictures of such deformaticn patterns, LYhey
found, however, thuat this truncition took pluce at 2 ruch
lover temper:ture thun the 20 I[t. 1lb. trunsiticn temrercture
in the Izod impact test, hica wis predicted by Hi-ndricizson,
Yood and Clark. Xnott and Uottrell veriormed »ure bending
tests on notched specimens, and plottsd the load ot yicld and

the load at fracture against temperature. They founua that the

temperature at which these two curves cross d ceincided ith

the taemperature of incipient instability of the plastic zZone.
Similur ocurves have been plotted from the author's results

and are shown in Figs. 5€¢ to %5. The loud at the first

brittle crack has been plotted for the fracture load and those

cr.cks oceurring afiter the manimum loud account for the oy in



which this curve falls away rapldaly at the higher tempsrutures.
It is, of course, not possible to obtain values for the yicld
gtress at temperatures below the point of intersection of the
two curves (unlike Knott and Cottrell who were able to turn
ithe specimen over so as to put the notch in compression), but,
whenever sufficient points have been taken in the low
temperature region, any point of interscction could still be
determined., The 1o steels usced did not recspond to Fry's
reagent but the surface deformution patterns of u few of the
specinmens were ¢xanined using the Schliceren technigue. This
is a reflected light technique vhich recuires vpolished
specimens :nd rsveals the doformed regions as elther light
or dark areas (depending on the kind of stop used). although
the gpeeclimens vere not as hilghly policshed as might be dosired,
the resultant pictures (see Plate 6) revenl clearly how the
nlastically deformed zoneco, chom as light areas, becone uore
ana more confincd to the vicinity of the notch us the temper-
ature is «ccreased over this runge. The white binds at the top
and bottom of some of the specimens arc only produced by a
clight bevelling of the corners during machining. “he surface
patterns may be tuken as indicitive of the doformation =t the
centre of the speeimen even it the actual pusttern differs
somevh t. Compuaricsons urce available of the I'ry's ctch pattern
at the contre snd the Schlicren surface photosraphs (110).
Thus, conziderablsz doubt is thrown on the deformation

patterns which Hendrickson, “ood and Clark oblained by menns
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of microhardness tests. For plastic deformation to be revealed
by a change in hurdness the metal in thut region must not only
have yielded but also work hardened,and yet one of the
ascumptions mode in the derivetion of the theory was that no
vork hardening took place before plastic instebility. It has
also been shown that, after the plustic ares hiwve spread across
the specimen, then further ceformation crm produce "wings" which
spreaa from the region of the notch root uw to the notched
surface, These wings are thus an indication of gross plastic
flow, 'nd yet such :. wing is shown in the divgrum of liendrickson,
food and Cluork which ig meant 1o illustrate roestricted
deformition (Ref. 23 Fig. 7).

The author's curves of the yicld and fracture loads do not
follow cxuetly the sumz form as those of Xnott. If we examine
those for the stunaard and double size specimens of steel 'P!
(Figs. 57 and 58) it is seecn thatl, ofter falling away with
decreasing temperature, th fracture curve apvears to rise again.
In fact, in Fig. 58 the tvio curves just fail to intersect st the
minimun point.

“hether or not this is truz for the standard size specimens
45 shown in Fig. 57 depends on whether or not yield has
occurred in the test at -106°C. It was thought that they werc
probably coincident snd the point ic so plotted, but if we
consider that the ratio of the yisld loud at -100°C. 4o that at
0%. isc approximitely the same as for the half size spocimens

then i+ is seen that yicld has probably not oceurrcd. Thus it



secems likely thnt the stundard and double size curves have
much the same form. 4 similar kink is obtained in the arve fo
notch-tensile specimens (although this time it does appear that
the two curvass intersect) and onc is also suggested by the
dashed curve in Fig. 59, for the fast notch-bend.

In a1l these cases the discdntinuity in the curve may
be shown to coincide approximately with the final disappearance
of any fibrous region, vhich usually means the shear thumb-
nail. In the cuse of stcel 'V' it could be argued that a
similar kink is exhibited in the curve for the fust notch-bend
tosts (Fig. 64), but this could with cqual justification merely
be attributed to seatter, The remaining tests on this steoel
ac not provide sufficient points to determnine whether or not
the curve risec aéﬁin. Tho correspondence Ath the disapnenr-
ance of the fibrous region may still be valia.

It is very much to be regretted that the desirability of
obtaining the surface icformation patterns was not realised
~hen the specimens were being mode so that suitably polished
surfces could have been prepared. The surface finish on some
. of the double size specimens was, hovever, udecuate at least
to indicate the type of deformation although photographing
the p.itte.ns sias difficult. Plate 7 shows three of the double

silze cpeceimens of stecl 'P'. General yield was clearly
indicated in specimen P.10 ot -85°C. und this is just
discernible as hite arcs in the photograph. For P.11 1t
-99°C, it was found convenient to show the dsformation zonas

as dark patches und it can clearly be seen that yield zones are



just starting to spread across the specimen; experience would
sugzest therefore that general yield has not cccurred at the
centre of the specimen., At ~125°c. only localised yicld
hus oceurred. The deformation patterns chown in Plates 6 and 7
would then seem to indicate that this kink in the fracture
load curve reveals the voint of vlastic instatility, irrespect-
ive of whether or not the fracture and yicld loads actually
intersect. R
It is interesting to compore the shape of these Tracture
curves with the tensile fracture stress curves of iHohn et al.
(13) (see Fig., 3) and with the compurison of similar curves
vith nomingl fracture stress curves by Knott und Cottrell
(see Gkef. 112, Fie. 6). No metallurgical cxsaminution has
been made, however, to investigate the possibility of the
specimen fracturing as soon zs it starts to yield by deform-
ation twinuing.
Heturning to lhe Hendrickson, Wvood and Clark hyvothesis,
it will be noticed thut no size effect is predicted. By a
theoretical cnalysis they calculute the nominal bending stress/
o~
yicld siress ratio at instability as Lb k, «nd 2t this
c}d - o
il

etress the maximum stress is given by tns equation = = kg.
For the transition point the meximum stress ig, wy hypothesis,
the critical britile 7ractur: siress oy, - The values kl = 0.8
wnd k2 = 2.41 are 1ikely to be much the sime for the Charpy
specimen as for the lzod, but their theoretical derivation is
independent of sime. Thus the only remaining term, by means of

vhich 2 sizne effoet can be introduced,is the yicld stress.

»
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For the standard size specimens of steel 'P' it is
suggeested that the instability point, s indicated by the
bottom of the kink in the fracture loud curve of iJig. 57, occurs
at approximately -106°C. The upper yi.ld stress at this
temperature, for the assumed rutc of elastic stroseing ot the
notch root of 2.02 x 105 D.S. 1., has been calculated by the
methods of Scetion 7 as 8.52 x 10% p.s.i. If k, is then

_
ssumed to be 2,41 the value of of = o7, is 2.06 x 107 p.e.i.

)

which is in good agreement .iith the vilue of II'ndrickson,

Wood and Clark. (It has bzen suggestzd by Snott ané Cottrell
that the critical tensile sirzs:s eriterion for fracture is
valid, but at higher temper {tures gencrenl yieild followed by ork
hordening io necessary boefore this critical stress can be
reached, )

Similar caleul tionsg were riade Tor the double size
gpecimens and the upper yicld oitress, bt the teniver ture
corraesponding to inct. bility, s found 1o be 7.15 x 107 L.nLi.
How this differenc: boetreen the yisld stresses at inctability
in fhe two uluzes of specimen omn be cxnluined »urely on the
basis of the c¢ffeet of sprcimen size uson the yicld stross.
rfrom the vwork of Richards on the yicld ciress in unnotched
beams (65) we would exspcet the yi«ld stress to decreuse by
15.4% for o change of specinmen =iz: 7vonm 10mn. 4o 20mm. il
the upper yield stresses, 9t a given temperuture and ctres

rate, vary in the same rutic /ith sicze, *hen this wonld npredict

an upper yicld stress of 7.21 = 10" o, .4, miluzly the
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predicted upper yield stress in the hulf =ize specimens would’
be 9.86 x 107 r.s.i. The temperature at which such a yield
stress would be obtuined hus been culculuted to be about
-130°C. It may be seen from i'ig. 56 that an instability
point at this temperature would be cuite consistent with the
results already obtained.

With regurd to the c¢ffect of strain rate, it can be
shown that, at the suggestzd rate of elastic stressing in
the impact test (1.7 x 107 p.s.i./sec.), an upper yield
stress of 8.52 x lO4 p.¢.i. would be atteined at 2 temperature
of about -80°C. The surfuce-finish of the specimens was not
sufficiently good to permit cxamin:tion by the Schlieren
method, but it may be secn from Table 7 that the specimen
first becomes fully crystalline at about -72°C. Thus it
might be suggested thut, within the limits imposed by
ignorance of the exact cendition of stressing, an instability
point has again been predicted.

8.5, Some Comments cn the Txplanation of Size-Iffect on the
Basis of 2 Conitunt idth of ribiouc rronc.

It has been suggested by Boyd (115) that there is, =t
a given temperature a constant width of “fibrous frame",
irrespective of the specimen. Boyd envisaged a symmetrical
frame (i.e. all four sides of equal width), a state of affuirs
that was not found in the author's tests. The appearance of
the impact specimen approached this most closely but it was
felt that it was only justifisble to compare the threc sizes of

slov bend specimen.
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Becauce of the unusual wuy in vhich the ¢ crystallanity
curves for steel 'V' cross over (see Fig. 42) it vwas decided
to use the specimens of stcel 'P' for the investigations. In
these specimens the fibrous frame consisted of the well-known
"Thumbnail" together with a somevhat sider fibrous band aleong
the struck face. There verc also fibrous edges te the Iframe
which tended to be wedge shuped, decreasing in . idth touwards
the notch. The borders of the frame wvere irregular =nd it
was not possible te measure them te an accuracy greater thon
O.lmm. It can be scen from I'is. 70 thit both the fibrous
thunbnail und the fibrous sdge nay be ¢wid to be approximately
constant at u given temner.ture, irrcspective of whether ‘a
standard or double siue specimen 1is consid:red., Considerable
scatter ras exhibited und the nlot hus not been continued
into the resgion of large shear lips, becuuse in thiz region
the crystalline surface is only prssent in isolated vnaitches,

In the half size specinens an enitirely different surface
appearance was obisined (see Fig. 69), only the fibrous
thumbnaill being present. ven a2t comvorutively low value
of % crystallinity the crystalline regicn was exhibited as a
band slong the struclkk face. It wus not pousible to e¢ffeet any
correlation of the half size gpecinenc wwith thoe stoandard and
deuble sizes by means of the chrar thambnoil eize, It may
be stated, however, that the change from a comnletely fibreous
surface to a full width crystalline bhand toolr place at a
temperature ap roximstely 10°C, below thot at whien the Tibrous

edge finnlly disappearcd 1in the larger speclnens.
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af

Attempts were made to estimate the varistion of the %
crystallinity transition tempersture with size on this basis,
but no real agreement was obtoined with the experimental
results. It would seem from the work of Bluhm (34) that the
width of the fibrous edre is likely te be constant a2t a given
tamperature, but that in tiie Charpy specimen this effect is

masked by thc end effects at initiaticn unda arrest,

8.6. Brief Comments on the Crack Opening Tislocation Concent

It was shovn in SBection 2 that the C.0.D. may be

exprossa2d in terms of the angle of bend © usi-
b = 2.45 8 x 10—3 (eguation 2.22)

and in Cection 8.3 it wus shown how an estimcte of 6, und
hence 'b' could bs made from ths value of deillection. It is
difticult to know wh.t allou=nce to muke for the indentation
of thc specimen, but 1t is interecting to m2ke & compurison
of the theoretical energy absorbea, zs estimited through these
concepts, with the nmeasured vilucc,

If fructure mechunics ure to be used to intcrpret data
from V-notch Charpy specimens then it would seem thut the
type of specimen most likely 1o conform tco these ideas 1s one

osse: sing o Tully crystalline surface uapoenrance and

5

o

preferably also one vwhich iractures before general yicld, If
L . - , . . ; 0

vie concider one of the fast rotch-bend spceimens, P 183 (~1007C,

then it is seen from TFig. 59 that not only did fracture tuke

nlace below the sugrested instability tenmperature, but alsgo
i g\__ ¥ bl
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below the clcarly indicated intersection of the yicld =nd
fructuré load curves.

If indentation is neglectcd then the derlecticon 2t fracture
(0.017 in.) may be used to calculute the angle of bend as
1.246°, Tow “ells (38) has suggested the following relution
for the angle of bend at fracture:-

o)

a] C.47 U

“here U is the energy absorbed in ft. 1b.

For the value of 6 = 1.246% this would predict an cnergy
absorption of 2.65 ft. 1b. or 0.366 kg.n. This may be compared
with the measur=d energy absorbed of 0.29 lym.m. The caleculoted
deflection corresponding to the latter value of encrgy is
0.007 in. vwhich would iwply a vilue of C.0L0 in. inuentation.

sn alternutive approach is to use the reliticn bet.oecn the
upper yilcld stress and Kic suooaoted by Hrafft cnd Sullivan (116).
This is:

. . 1.5
= Ko oo
ic “uys
“here i is a proportionality conctont, ubich for stesl 2!

= 10 *T 8l
would be of the order of C.2% x LC™°. Dow for the temmer:ture

4

and stress rate in guestion Ty may be 2alculutad as .02 x 10
*. vo
. . 3 - 2 - .
P.3.1., giving Kic a3 14,05 Ton/iu. Jln. Thic value may be

substituted into the reluticn K4o = B‘JU'Ton/in.“ Jin. (iicre

< L

U is in £t. 1b.), .hich was suorested by “elle, siving

T = 3.09 ft. 1b. or 0.428 Xg.m.
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If the value of indentaticn of 0.010 in. is correct then

S . O . -
the true angle of bend at fracturc is 0.988, which from
equation (2.22) mukes 'b' = 0.002%, +hich ig of the same order

as the critical displuccment susgested by Cottrell (cee 1.53).
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SECTION 9 — CCNCLUCICNS 4ND RUCOILIEZNDATIONS FOR FUTURE
TURK

Lxperimental evidence has been produced which allows
the relative importance of some of the individual variables,
thuat control the transition temperature in a given test, to
be estimated. The results sucgest that, for the type of notch-
bend specimen considered, the vuriation of the nominal rate

7 p.s.i./sec.)

of stress within moderate limits (say up to 10
does not have a strong effect on the transition temperuture.
It is only at rates of loading approaching impact conditions
that a marked change in trunsition temperature seems likely.
It is suspected, however, that under these conditions extra
complications may be introduced into the stressing system
other than pure rate effect.

The effect of specimen size is shovm to be considerable,
but the experimental evidence points towards a possible limit
to this effect in the larger sizes. It has been shown that
the stiffness of the testing system, originally thought to
be of minor importunce, may have a strong effect on the
transition point, whether or not ductile instability is
present. It is suggested that shonld this programme be
continued, in order to complete some of the other links
indicated by the vacancies in Tables 21 to 23, then efforts
should be made to ensure th:ut any variution in machine

stiffness is minimised.

A fracture criterion of the leondrickson, Yood and Clark

type appears to be wvalid, but it isisnown that the transition
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point predicted in notch-bend specimens is nct the 20 ft. 1lb.
transition tempersture vhich they suggested. The transition
point is in fact at the fully brittle end of the curve, and
corresponds with 2 discontinuity in the fracture load against
temperature curve. The discontinuity itself has been shown,
by means of Schlieren photographs of the deformaticn patterns,
to coincide with the onset of fracture at general yield. This
nart of the investigation could only be performed on steel 'P’
and the valuable confirmation of these findings might be
obtained if the tests on steel 'V' werc extended into lover
temperuture rcegions. It is further suggaested that any

future specimens, which are intended for tests in this low

temperature region, should be polished, at least on one side.
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TABLE 3 STANDARD SIZE SLOW NOTCH BEND STEEL P

®

Spec— Temp. % Maximum Load 1st Brittle Crack Yield - | | Inergy kg.m. ¢ % |
imen | og|Dxpan- | 1oaq [Deflec- | Load  |Deflee- | Loud | Fibrous | Befove | After |Before |After Oyt o fon
. Tons tion Tons tion Tons Maximum [Maximan | 1lst. 1st. Total
in. in. Load Load Brittle | Brittle
Crack Crack

20 +28 14.8 1.032 | .127 -~ - .39 - 2.66 3.58 - - 6.24 T 1.1
11 +18.2 15.1 1.064 | .125 - - 455 8 2,72 4.17 - - 6.89 1 12,5 ;
22 +11 14,8 1.077 | .080 1.070 .089 <435 - 2.84 1.16 3.095 |0.91 4,00 50 12.6
23 +5.0 14.0 1.068 | .133 0.962 .;73 L415 - 2.93 1.51 3.92 0.52 4.44 45 12.9
12 0 12.0 1.07 . 065 1.07 .065 .36 0.7-8 1.72 0.95 | 1.72 |0.95 2.67 60 -

13 0 11.4 1.102 | .131 .962 L177 . 465 2.0 2.94 1.74 4.04 0.64 4.68 55 12.9
24 -5.0 11.9 1.064 | .117  |1.064 117 .46 - 2.535 | 0.595 | 2.535 | .595 3.13 65 6.75
14 -10 9.5 1.114 | .124 1.114 .124 .51 1.0 2.78 0.17 2.78 0.17 2.95 80 10.1
15 -20.6 7.3 1.038 | .092 1.038 .092 .52 0.4 1.92 0.31 1.92 0.31 2.23 85 8.6
16 -30 7.7 1.09 .097 1.09 .097 .55-6 0.2 2.155 .255 2.155 | .255 2.410 90 6.6
17 -50.2 5.8 1.09 .085 1.09 .085 .62 0 1.85 .07 1.85 0.07 1.92‘ 95 5.3
18 -70 4.1 1.06 | .058 1.06 .058 LT 0 1.24 .015 1.24 .015 1.255 | 100 3.8°
301 -82 3.6 0.988 | 0.052 0.988 .052 .68 0. 1.05 0 1.05 0 1.05 98 3.5°
302 -106 1.3 0.884 | 0.0105 | 0.884 .0105 .884 0 0.17 0 0.17 0 0.17 99 0.04
306 -118 - 0.900 | 0.0095 | 0.900 .0095 .900 0 0.15 0 0.15 0 0.15 100 -
307" -196 0.25 1.094 | 0.0065 | 1.094 .0065 - 0 0.13 0 0.13 0 0.13 100 20

* Fracture

occurred on Linear Scction of Loud- Time Curve



TABLE 4 STANDARD SIZE SLOW NOTCH BEND STEEL V
Specimen| Temp. % Maximum Load lst Brittle Crack |Load mm. Energy ke.m. %
No. og Lxpan- at Fibrous Crvst—
* sion Load Deflec—-| Load Deflec~- | Yiela Before After Before After al{ine
Tons tion Tons tion Maximun |Maximum |{1st. 1st, Total
in. in. Load Load Brittle | Brittle
Crack Crack
138 +9 14.73 1.01 . 089 - - 0.58 8 1.96 4,45 - - 6.41 0
139 -10 15.33 1.098 .099 - - 0.565 8 2.28 4,78 - - 7.06 0
140 -20 15.4 1.093 .102 - - 0.565 8 2.34 4.71 - - 7.05 0
141 -30 15.87 1.109 .116 - - 0.580 8 2.70 4,37 - - 7,07 0
142 =40 15.8 1.130 . 107 - - 0.63 3 2.58 4,52 - - 7.10 0
143 -50 15.94 - - - - - 8 - - - - - 2
144 -55 15.5 1.137 .095 - - 0.72 8 2.34 4,52 - - 6.36 %
146 ~57.5 19.64 1.197 L112 1.145 131 0.70 1.3 2.80 0.68 .42 0.06 3.48 90
145 -60 10.22 1.136 . 097 1.01 .138 0.68 2.2 2.39 1.24 3.55 0.08 3.63 T0
147 -66 12.2 1.158 .097 0.54 .176 0.70 2.9 2.41 2.28 4.64 0.05 4.69 65
148 =70 16.5 1.171 .105 C.12 407 0.68 6.8 2.67 4433 6.97 0.03 7.00 15
149 -74 12.58 1.184 .101 0.912 <177 0,714 3.5 2.64 2.14 4.75 0.03 4.78 60
150 -74.8 [8.88 1.149 .1085 1.136 .118 0.625 1.5 2.84 0.35 3.10 0.09 3.19 90
306 -105 8.1 1.198 .070 1.198 .070 887 Ced 1.33 .0 1.83 0 1.83 g5
307 -120 8.1 1.248 .066 1.248 .066 .946 0.4 1.74 0 1.74 0 1.74 g5
309" ~196 |0.5 0,794 | ,0065 0.794| .o065| - 0. 0.06 0 0.06 0 0.06 100

fracture occurred on linear section of load-time curve
.
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TABLE 5 STANDARD SIZE FAST NOTCH BEND STEEL P
Specimer| Temp. % llaximum Load 1st Brittle Crack Load mm. Energy kg.m. %
Number oG wxpansion at Fibrous cryst-
° | Load Deflec—- Lozd peflec—| Yield Before After Before After alline
Tons tion Tons tion Maximam {Maximum | 1st 1st Total
in. in. Load Load Brittle| Brittle
Crack Crack
187 80.5 14.68 1.099 .1215 - - . 500 8 2.44 4.10 - - 6.54 o |
186 49.4 16.1 1.065 121 - - .536 8 2.62 4.30 - - 6.92 <1
185 29.4 15.1 1.09 .128 1.065 «155 575 8 2.88 3.56 3.68 2.76 6.44 5
157 16 14.8 1.11 127 0.478 . 3115 .598 8 2.80 5.31 6.75 1,36 8.11 7
158 10 14.45 1.14 .143 0.749 271 .641 3 3.32 4.99 6.60 1.71 8.31 12
159 3.8 10.97 1.13 .139 1.053 .194 .616 1.3 3.16 2.10 4,67 0.59 5.26 70
160 -0.5 10.3 1.148 .138 1.148 .138 .67T5 .6 3,22 0.50 3.22 0.50 3.72 80
161 -8 10.24 1.159 .132 1.15 .140 .661 o7 3.10 0.49 3.34 0.25 3.59 g0
174 -9.5 8. 30 1.165 .136 1.165 .136 LET2 .4 3.26 0.14 3.26 0.14 3,40 - 95
162 -15 8.73 1.185 .129 1.172 .140 .698 .4 3.14 0.47 3.51 0.10 3.61 95
163 -21.5 8.94 1.19 .129 1.179 .1406 < T15 .9 3.15 0.43 3.51 0.07 3.58 g2
175 -28.5 T.22 1.155 .1105 1.155 .1105 .696 e 3 2.59 0.06 2.59 0.06 2.65 97
176 =40 4,22 0.965 .051 0.95 .0536 . 760 trace 0.99 0.07 1.04 0.02 1.06 = 99
178 -50.5 4427 1.033 .056 1.033 .056 .798 Trace 1.15 0.05 1.15 0.05 1.20 99
179 -60 3.08 1.06 .043 1.06 .043 .901 0 0.97 0.05 0.97 0.05 1.02 100
181 =T72.5 1.65 1.025 .023 1.025 .023 . 995 0 0.42 0.01 0.42 0.01 0.43 100
182 =77 .254 1.017 .018 1,017 .018 £1.0 0 0.30 0.01 0.30 0.01 0.31 100
184 -155 .178 .840 Not lmown - Not known - 0. Not Known - 100
183 -196 0 .694  |Notknown| - Not known - 0 Not Known 100
193 -~100 .87 .890 017 .990 017 - 0 0.29 0 0.29 0 0.29 100
194 -127 .79 . 994 Not kown| .994 Not kaown - 0 Not Knowvm 100
190 ~196 .18 .84 Not nom | .84 Not known - 0 Npt known 100
192 ~196 .15 . 719 .0061 .7T19 - - 0 0.056 0 0.056 0] 0.056 100




TABLE 6 STANDARD SIZE FAST NOTCH BEND STEEL V

Specimen | Temp. % Maximum Load lst Brittle Crack Load at| mm. Inergy kg.m. %
Number | °C. Expansion | Load  |Deflec- | Load |Deflec—| Yield |Fibrous |Before |After | Before | After cxyste
Tons tion Tons tion laximum | Maximum | 1st 1st Total
in. in. Load Load Brittle | Brittle
Crack Crack
190 77.4 14.0 0.986 .0869 - - .547 8 1.80 4.14 - - 5.94
188 49.4 15.01 1.035 .0951 - - .604 8 2.01 4,31 - - 6.32
152 16.4 | 14.79 | 1.13 115 - - .734 8 2,60 6.39 - - 8.99 <1
153 -15 14.86 1.122 117 - - LT13 8 2.72 5.19 - - 7.91 <1
158 ~20 14.9 1.126 .0967 - - .745 8 2.25 5.10 - - 7.35 0
168 -32 15.1 1.17 .108 - - .78 8 2.06 5.10 - - 7.16 0
169 -42 15.0 1.20 .0992 - - .865 8 2.44 5.35 - - 7.79 3
171 -50 16.3 1.22 .0973 .41 . 300 .875 8 2.53 6.94 6.77 0.70 T.47 6
174 -52 14.3 1.21 .095 .66 .232 1.01 4.1 2.43 3.29 5.65 0.08 5.72 50
175 -53.5 15.61 1.20 .0956 .12 .385 .854 7.1 2.51 5.00 7.39 0.12 7.51 8
172 -55 8.45 1.20 .09-.11 [1.20 J113 .89 1.0 2.97 0.26 2.97 0.26 3.23 92
178 -58 14.05 1.17 .093 1.11 L114 .88 8 2.46 3.80 2.99 3.27 6.26 15
181 -63 14.84 1.23 .104 . 365 304 .01 8 2.36 4.94 6.87 0.43 7.30 12
179 -70 8.54 1.195 .087 1.145 .0953 .92 1.75 2.26 0.97 3.17 0.06 3.23 90
182 -76 .8 9.6 1.215 L0765 |1.07 .1355 .96 2,2 1.93 1.83 3.70 0.06 3.76 88
183 -82 5.96 1.27 L0762 [1.24 .082 1.02 0.7 2.01 0.26 2.22 0.05 2.27 96
170 | -196 0.18 | 0.56 |2.0065 |0.56  |3.0065 | - - |20.04 | O 20.04 | © +0.04 100
191 -97 1.32 1.045 .013 1.045 .013 1.045 - 0.31 0 0.31 0 0.31 100
187 -100 2.16 1.220 |Not known|1.22 Mot nown| - - Not known 100
192 -125 1.22 1.04 .015 1.04 - - - 0.24 0 0.24 0 0.24 100




TABLE 7 STANDARD SIZE IMPACT NOTCH BEND STEEL P

[
Specimery Temp. % Maximum Load |[lst Brittle Grack Energy kg.n, o &3 Load at| %
No. o ngan— E 2} 1st, Cryst-
. sion Load Derlec-|Load Deflec~ | Before | After Cgrr;ct- @ 5w | Reversal alline
Tons tion Tons tion 1st. lst .| TOTAL | 15 C &
in. in Brittle|Brittle! Rt B:/EN
Crack Crack | Ml E
99 +91 18.5 1.16 .028 - - - - 6.38 9.89 64.6 . 707 1
96 +68 17.7 1.002 .0138 - - - - 6.16 9.60 64,3 . 766 7
97 +60 17.1 1.010 0167 0.984 .1225 2.72 3.08 5.80 8.91 65.0 .+ 702 20
94 +48 13.72 1,043 .0128 | 0.980 .0930 2.13 1.97 4.10 6.21 66.0 .678 70
95 +32 11.2 1.195 .025 0.981 .076 1.56 1.66 3.22 5.06 63.6 .5157 75
100 +9 4,04 1.108 013 1,025 .023 0.52 0.46 0.98 1.89 51.9 .778 90
101 0 3,42 1.164 .013 0,999 .022 0.43 0.22 0.65 1.29 50.4 . 740 92
102 -21 2.04 1.188 .012 1.188 012 0.28 0.09 0.37 0.63 58.8 750 G
103 =55 1.05 1.039 .014 1.039 .014 0.27 0 0.27 0.41 65.8 . 761 99
104 -T2 2,34 0.603 . 010 0.600 .013 0.19 0 0.19 0.55 34,6 442 100
106 = =100 0.82 0.868 .011 0.868 .01l 0.21 0 ¢g.21 - - .778 100
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TABLE 9 HALF SIZE SLOW NOTCH BEND STEEL P
gpecimen Temp. % ‘ Maximum Load 1st. Brittle Crack Load at mn, Energy kg.m. cr?st—
umber | O, Expansion Load |Deflec— | Load Deflec— Yield |Fibrous wBe?ore %ftgr Before After 1 alline
fons | tion Tons | tion B ™ bt tt1e | Dorttle|
: : Crack Crack
I +80 13.5 - - - - - 4 - - - - - 0
E ‘+16.5 20.4 .254 .085 - - .132 4 «451 1.182 - - 1.733 0
F - 0.5 | 13.7 .281 .088 - - .144 4 .482 .708 - - 1.190 0
G -20.5 | 14.1 .276 .085 - - .149 4 «455 .721 - - 1.176 0
H -40 13.7 .284 .086 - - .159 4 . 485 . 700 - - 1.185 0
d =51 13.9 .294 .098 - - .166 4 .564 153 - - 1.317 0
K ~61 13.9 .310 .093 .142 .184 .170 4 .523 .725 .914 <134 1.248 15
L -68 14.0 . 300 .087 .085 .222 .189 3.0 .519 .701 | 1.220 0 1.220 25
i ~T4 14.1 . 302 077 - - .132 4 L427 .843 - - 1.270 trace
A -85.4 | 12.7 . 300 .0605 .291 .091 .205 0.5 . 386 .239 .625 0 +625 90
B -32.4 | 13.2 . 308 LOT7 .297 .102 212 0.7 .506 .187 .693 0 .693 90
C -108.3 | 12.2 . 316 071 .313 .078 .232 0.15 .480 .059 .539 0 .539 95
D -196 1.3 .223 .0076 .223 .0076 - 0 .022 0 .022 0 .022 100




TABLE 10 HALF SIZE SLOW NOTCH BEND STEEL V
Specimen | Temp. % Haximum Load 1st Brittle Crack | Load Fnergy kg.m, %
o °c. gggin- Load {[Deflec- Load |Deflec- Yizld Before | after |Before |After g§{?t'
Tons tion Tons |{tion Maximum | Maximum|lst. 1st. Total ine
in. in. Load Load Brittle |Brittle
Crack Crack
C 18 18.5 242 075 - - 124 372 .760 - - 1.132 0
D 0 13,2 . 260 .082 - - <137 445 JT74 - - 1.219 0
B -24.5 18.1 .270 .069 - - .153 . 390 .810 - - 1,200 0
F -35 17.3 . 260 . 069 ~ - 142 372 .818 - - 1.190 0
G -44.5 18.9 .285 .070 - - .1685 422 877 - - 1.299 0
H -49.6 18.6 .284 .078 - - .156 . 469 .847 - - 1,316 0
J =55 18.8 .284 . 0695 - - .182 422 .838 - - 1.260 0
K -59 17.5 .289 .067 - - .183 .392 .906 - - 1,308 0
L -65 16.6 .298 .068 - - .187 . 425 .816 - - 1.241 0
M =70 17.7 .294 .068 - - .192 .425 .T10 - - 1,135 2
N ~75 17.5 290 | .057 024 | .328| .201 | .350 | .912 |1.258 | .004 [1.262 [2LTC
0 -85.4 17.6 . 315 . 068 .0615 .211 . 2095 <433 .T16 1.087 .062 1.149 5
P -30 18.6 .288 .063 .1075 .184 .200 . 388 .646 1.034 0 1.034 30
R -105. 17.4 294 071 240 .118 | .204 450 .323 0.773 0 LTT73 75
S -10QA 0.9 .267 .00 263 .001 .041 0 .041 0 041 100




TABLE

DOUBLE SIZE SLOW

NOTCH BEND

STEEL

P

Specimen Temp. % Haximum | lMaximum|Lozad at | Deflee~| Loud L% nergy K., ,
% T foms  |tien  |Beitete |1st | viena | T —T Cryst-
Tons Cr§§¥ Loud Loud Crack Crack
8 +66 13,28 3.72 .203 - , = 2.10 16 15,51 23.67 - - 39.18 0
9 +56 12.58 3.91 .199 - - 2.21 16 15.91 27.50 - - 42,41 | trace
7 +46 13.04 3.74 . 191 2.18 . 354 2.156 7.5 14,61 26.01 31.02 9.60 | 40.62 T
6 +32.8 |11.10 3.36 .193 3.92 L2245 | 2.2¢4 2.1 15.32 12.77 18.50 | 9.59 | 28.09 30
1 +22 8.95 3.95 .202 3.G3 214 2.28 1.3 C AT 24 F4e 3 18.55 | £3.0 =21.5 T0
2 +11 3.36 4.02 . 200 4.02 . 230 2.325 c.8 15035 =1.5 16.55 | £1.5 218.0 80
3 -12 7T.29 4.08 .162 4.03 .162 2.655 0.6 13.50 0 13.50 0 13.50 30
4 -38 5.6 3.96 122 3.96 .122 2.92 0.1 .50 0 ¢.90 0 9.90 95
5 -50.5 2.92 3.42 .049 3.42 .049 3.32 0 2.87 C 2.87 0 2.87 98
10 -85 2.53 3.67 .019 3.67 019 3.65 0 1:42 0 1.42 0 1.42 100
11 -99 2.04 3.89 .008 3.89 .008 - 0 0.41 0 0.41 0 0.41 100
12 -125 1.40 - - - - - 0 - - - - 100
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TABLE 12 DOUBLE SIZE SLOW NOTCH BEND STEEL \'

Speciren| Temp. % Jlaximum Load let Brittle Crack | Load mm., nergy kg.m. %

To. 0y Exvan- at FPibrous Cryst-
¢ sion Lioad DJeflec—-i Load Deflec- Yi«1ld Before aTter Be fore after alline
Tons tion Tons tion Haximur |laximam | lst | 1st Total
in. in. Loaud Lo 3 EBrittle | Brittle
Crack Crack
10 +64 12.54 3.70 .172 - - 2.40 16 13.24 22.84 - - 36.08 0
9 +46 12.54 3.72 .155 - - 2.50 16 11.90 26.00 - - 37.90 0
1 +15 12.9 3.79 .158 - - 2.64 16. 12,10 24.48 - - 37.58 0
2 =12 13.12 3.94 . 142 - - 2.785 16 11.78 27.20 - - 38.98 2
3 =21 13.24 3.94 «173 - - 2.87 16 15,01 =23.4 - - =38.4 0
5 ~44 13.4 4,21 .162 1.50 445 3.22 16 14.19 =24.5 36.00 | =2.7 238.7 10
6 -51 11.34 | 4.15 | .169 4.00 224 | 3,20 [FO M4 09 | 18,63 | 20.23 |12.69 | 32.92 30
1

7 -60.5 10.6 4,36 .1495 3.10 . 307 3.48 6.5 13.92 15,88 29,80 0 29.80 62
8 -7 9.82 4.44 .147 3.69 .268 3.66 5.0 13.69 12.95 26.64 . 0 26.64 67
11 -9 8.59 4.15 .075 4.15 075 [23.52 3.0 | 6.69 | O 6.69 0 6.69 | 80
12 -96 5.40 4.24 .044 4.24 .044 =3.94 0.2 3.84 0 3.84 0 3.84 98
13 -112 3.75 4,11 .026 4.11 .026 - 0 1.07 0 1.07 0 1.07 100
14 -123 0.94 3.28 .007 3.28 .007 - 0 0.40 0 0.40 ‘ 0 0.40 1OQ




TABLE 13

STEEL'P' STANDARD SIZE NOTCH TENSILE
r
'; Jvonimen | Temp. Liaximum | Deflec~ | Load at | Deflec- Yield Load Energy in kg.m. %
’ Loud 1 2 Ifnximum | Maximum Total
% 2 +54.3 4.21 151 3.97 177 2.60 3.05 13.81 2.84 16.65 0
L -
' 3 +35 4.22 .152 3.85 .193 2.74 3.22 | 13.45 1.48 | 17.93 10
L S
f +30.5 4.28 .168 4.09 .1905 2.65 3.15 15.25 2.24 17.45 45
; y <M_-bm:io.4 4.43 1725 4430 .190 2.86 3.34 15.90 1.97 17.87 80
; 6 ~ -6 4.57 .1675 £.35 .187 3.02 3.63 16.70 £.30 15.00 55
5 7 -18 4.63 172 4.59 .182 3.25 3.75 17.05 1.13 18.18 85
{7 - — -31 4.75 .155 4.75 .155 3.34 3.95 15.20 0 15.20 95
? é -50.5 4.65 115 4.65 .115 3.71 4.31 11.78 0 11.78 98
§ 0 -65.5 4.13 .030 4.13 .030 4.08 - 1.53 0 1.53 100
g : -89 4.54 .031 4.54 .031 4.54 - 1.89 0 1.89 100
? : ~111.5 | 5.41 .0195 5.41 .0195 - - 1.194 0 1.194 100




TABLE 14
STEEL'V' STANDARD SIZE NOTCH TENSILE

Hreeiver T Tl Teflec— Tond ub “eflec— Yield T.oad fnercy in kiente e
e hoar o, Teod tLian ot Trochure | Lion ot Crvste—

e " ~

S e Tefore Aafter :

Aoy Tructare 1 2 N .t Total alline
Towrd Maxinun HMoaxinun
R . - .- -~ 2 - H

233 o PLlhy ho10 L.1G% 3419 ¥ 3«08 13.00 2.50 16.50 0

) tLTn - ke - - 3028 - - - 0

K -1l %.66 0,172 heti© T.171 Te 37 Je21 17.062 f.22 19.22% 0

5 -17,0 15T n.137 "o 0.103 TeD3 be12 13.82 331 17.19 o

* =-an ho0 Nolnh NeflT £.1233 5¢ 683 5.2 | 158,19 2.4n 10.63 20

o ~T0 LN o7 7 t,1a0 Ben0 £.1500 301 hel3 17.05 2.3 1%. 32 20

7 -"1 heT? n.101 Lt | Cel1073 Je00 %27 17.11 2,69 12,00 2%
S =5¢ BT | £.0735 Kl 2.000 el3 helT 13452 3.08 16450 45

Q -60 S n.n72 hono £.125 . ha 3k ha3T TT3 5.30 14%.20 h0

. Ld

10 -7 P - F.00 - heGR LTk - - 7106 90
173 - YT 0,056 eD3 0.00806 Sa.11 5412 700 ¢ 7.06 95 -

1 -100 .08 G030 SN0 0.030 5440 - 2,87 0 2463 100
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TABLL 15

STATIC YI LD SYRLSS V.LUNS OBUAINZD BY T, AUTIIOR

. . e e 4 .
Cteel Ternpe r-ture Yicld Ctress (107 p.o.i.)

] T .
C. Upper Lo.ier

L
|
L
O
[
(o8 (OS]
-
(@)

(-103) - (4.325)

v +118 4,27 3.46
v +192.7 - 3.92
v -30 - 3.82
v =74 - 4.48

v (-99) - (4.69)

TAZLI 16
YITLD SVREIST VaLU.'S OBL.INTD IN TIH INCTRON jL.CHIN™

~ ~ N ~r e - ~ [ . N
Steel | Rute of Cross—| ¥icld Otress (107 n.ail)| Stress Late

Head liovement (ihore app-
in./min. licable) . 5.1

.

Upper Lo

6]
H

SCC.
P 0.002 - 116 _
P 0.01 - 3.33 -
P 0.10 - 3,44 -
v 0.002 - 3.78 -
v 0.01 4.0L 2.99 5. 30
v 0.10 4.11 4.10 4.2 % 107




TABLE 17

(A1l stresses are in 10

- SES

TIPS

4

™

n,a.i.)
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TABL:S 16 TO 19 ARL YIRLD SUi1.s0 ROGULAS OBTAINED BY TAYLOR (110)

Tzopzrature

Dynamic Yiola otress

Static Yield Stregss

Unper

Lowuor

Upper

Lover

+15

6.61
3.46
10.30

3-85
£.255

5.69

374

Y.42

-186 11.65 10.77 13.0 12,066
T.BL: 16 - STUIL 'V
Temgerature Dynamic Yicld Stregs | Static Yiceld Strors
C. -
Upper Lover Upper Lover
3.14 (5.33 -

1 o 202 4. L .64
Lo 7036 (7,46 19 "ok
-17 9.19 6.65 H5.34 .15
=70 1.2 G.29 7.10 .09
~-136 15,58 13,52 | R 12.56

TABLD 19
DYITal.IC UPPLER YIZLD SUTRLSCUS OF OTL LS ' ND P

AT DIFFURINT RATIS OF STRVSSIVG (+15°C.)

- - R N = /o "l . -
ot of Direseine in (100 ~ oo

Steel i, omer seel)
I'g S o] -
L’./’:) . 0 1_,.6
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APPENDIX 'B?!

TIT YIZLD POINT PHINODNA IN IILD STEEL AIND THEIR
ViRT L TTICN ITH TOIPTRATURY T OTRJIN ROTT

It h:s becen noted that in goeneral the body centred cubic
nmetals exhibit 2 sharp yield »oint, discontinuous yielding,
and v delay time Tor ylcl ing under a constunt rayidly applied
streas (22, 5b). slthough some of the hexngonal close packed
metnls may nlso oceasionally exhibit this behaviowr, 1t is
ravely found in fnee centred cubic metoler, in explonation of
this hﬂy be found in the concept of dislocaticns being lecked
by "atmospheres" which are csused, for examdle, by large solute
otons in the lattice.

Cottrell and 3ilby (85) have uscd this ideu to explain
the uprer nnd lover yield points snd ~lso strain ageing, and
more recently Cottrell (44) has xpleinsd radiation damage and
its effecet on brittle fracture from o similar viewpoint,
Various methods huve been enployed to use the above concepts
in a guantitastive sense and +tvwo examples are shown below,
differing mainly in the simplifying assunptions which are made

in their derivation.

1. The Theory of Campbell and Duby (86)

Cottrell and Bilby'c theory wus used for the uactivation
energy, U, and it wac proposed that yicld oceurred when the
density of released diclocutions reached n certain critieal
valuc. Using Yokobnri's (87) approximation for the activation

energy, Coampbell (24) surested that ;i=1ld would occur at a
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ol oL
J’ Elj)~ dt = constant, C (B.1)
o]

vhere the stress Tollo el o relition o= £(%)

4 3 OT
the yicld ustresc ot 07X,

and o
0

A= a dimensicnless constant.

st 2 constunt siresc rute & this giveo

& e
tpo= | (1 ed) o ()T s (5.2)
o

1
or LTI
Ca=Gl1sdk)cg (2.3)

0

und the delay time to yield at constant streze

o -
= L.4
td_c(_o__g) (L.4)

Canpbell compar:d.the above theor; with the resulis of tests
at constant struin rate, constant stress, and nlso inmnact
tests., These results gave good agreement with the theory at
low loading times but were not sutisfied at londing times
greuter than onc cecond. These results together witn the

faet that there appesrs to be a static yield stress, which is
independent of rite ol strain, led Cumpbell to sugrest that
when the time of loiding becomes sufficiently greut some other

mzchanicm must come into oper.tion. Campbell and Duby (86)



therefore modificd the hypothesis by introducing a strain
ngeing process coused by the diftusion of carbon atoms and

sug ested that esuation (B.1) be repliced by:—
1t
1

exp. (- btl) J o exp.(bt)dt = ¢ (2.5)
o
“ihcre
1/b = iesn time to relock a dislocation
c = COF&-
o}
By means of this modificutior cuite good ugrecment s obtained

with the cxperiment l reoculte,

Campbell and jarsh (22) continued the investigation by
considering the delay time, td’ whicli they deiined as the time
elansing before the ons 't of gross yield mensured from the

time wlien the appliad streso renchoed the otatie yield stresc.

Both the 2 ~lier okt of Compbell und 2lgco that of Keafft nind

3

Sullivan (£9) indicuted that Tor rapid lo.ding the lornrithm

of the dole, time varies linearly with the losarithm oi the

applicd stresc, Yhe experimental results of Comnbell und [iorsh
confirmed the volidity of t.is rol iticnship For delay times less

then 200 millis conds. They 2lso confirmed (in the range

t 200 millisee, ) the relationship bet.oeen the applied stresc

d

and tdd3, nroposed by Rugssell et al. (30) 2nd derived the

C‘J

reclationship

_L
o OC(tddB) & (B.6)

“here d = mean givdn Giameter.
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2. Hendrickson and Wood's Theory (21)

This theory employs the model of a yield nucleus presented
by Vreeland, ood und Clurk (91) and =lso Fisher's
approximation (92) to the sctivation energy. From this
buois Hendrickson and ‘ood derived o rather complex sxpressicn

or the upper yield stress as a function of the constant
npplied stress rate, and compared thelr cxperimental results
with this theory and +lso with that of Cuaapbell. 4dn general

the cxperimental points lay betueen the two theoretical

carves. They ulsc developed nn zzoression fer the delay time,

ty = 2a6/ Yoexp. (B/cT)

“‘here
G = Chear nodulug
a, B, VY arc constants
T = absolute temperuture
It was Tound that both thisz cruation and Compbell's
»
expression for tho delay time save good agreement with

sxperimental results ot higher temperatures (+250°F. to ~75%F.)

but at very low temperwturesthere ias cori divergence.

Lxperimental Yield Utress Values

The marked cffect of temper:ture upon the yield stress has
been studied for co:2 time ( 93, 94 ) as hac also the effect of
strain rate (79b, 94, 95- 98). luny of the more recent
tests have combincd both effects und investiguted the variation
of the upper and lover rield stress values over a range of

temperatures (21, 81, 99-1(1) ond also the variation with



erain size (102). Increased emphasis has also been placed
on the yicld delay “ime (20, 81) and its varistion with

grain size (88, 103 1.
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APV NDIX 'C!

TLATTRIAL STLCIFIC. TION AV Ti PRUPARARICY (F TPOOT TS

1. Material‘

The two stecels employcd in these investigatlons viere
chosen from a number of pedigreed steels selected for toeting
by a ressarch panel of the .admiralty .sdvisory Committee cn
Struectural Steel snd detuiled nropertics ars avullable in the

reports to this Committee (&67). Both stesls werc obtained

in thz form of 1 in. thick plates. The general descriplions,
h =

"

con:itions snd properties ol the tuo strels were as follois:i-

¢

Steel 'P¢
An ordinary ml*; steel,ceni-killcd in the zc rolied conditionm.
analysis
18%C. 0.54n. 0.05%Si. C©.039%S. 0©.028'P., ¢,10,i1.

0.024%8n. 0.1C:.Cu. C.070%Cr. 0.00%,5 coluble al.

Ferrite Grain Size 39 G*u1n°/Ln. at x 100.

115,/1/11/9C  (See Ref. (67))

Steel 'V

A semi-killed, normalised ctesl.

analysig

¥ 4s . ~ Eea N Y e 1 =
0.15%C., 1.19%n. C.08;vi, C.032/48. C.G20%f. < C.005xAL.

LIS f_)

Ferrite CGrain Size 80 Croins/in% at = 10C

Location of Plates: 2007/1/ii/IC, 2957/2/1i/1C, and

2097/2/1i1/IC (See Tot. (67)).
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Ylechanical Properties (Stresses in Ton/so.in.)

T.abL
Steel | Direcetion of Yi lea 0.3% Procf | 7.7.3,.] Reauetion
T o0t Ctroon strenss of ..rroa %

P Longituuinal 4.7 17.5 27.4

1
I

Transverse 14,0 15,3 26.5 53
v Longitudinal 16,1 15,4 2€.7 60
Transverse 16,7 16.98 26.0 47

IHHerostructure

The microstiuctures of the tvo gctecels wra chom in 1. tes §

snd 10, Plotes T(a) wund 10(:) shod the microstructure os
vieved Trom on top of the plote (Tircetion o in .. C.l.),

5. 9(b) and 10(n) cho: the microstructure of the

Sy el s e X D a4 o ™o vy
ENas 00X TAE suécLrens (ul.L‘GC J10Mm L In Lig, \J.)_.).

2. Tyves of Unecimen mvloyed nd their Proncration.

Yhe bhehaviour of these stesls in the various staundurd
tests revealed a quite strong dependence of the propertics

upon the orientation of th: specimen in relaticon to the final

[eH

rolling adirection of the stecl. Because of tiis,exzch of thoe
. 9

arkza in mony ploces te show the reclling

5

pedigread plutes was

23

direction, =nd grest carce vas taken ot all stoges of the
various machining operntions tc remembor the exact oriantation
of the specinen blankc. .1so flame—-cutting operantions were
reduced to a minimum to avoid any voscibility of henwt treating

the fracture zone. Tlame~cut*ing was only used to roduce the
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HALF| STD. {DOUBLE}

\l, 4s°
(-4
R i A l 2 a

A%
+ Tm B

C 5 10 20
D 30 60 120
R 0125 |0-25 {050

MILLIMETRES
| <—
B NoTCH-BEND sPECIMEN
- b . FULL SIZE
FIG.C.I

FIG.C.2

£
.ﬁL NOTCH-TENSILE

[ I ] SPECIMEN
I ScALE I/2
\/\ ‘4u
2 65 33 2"
\/\ : i ‘54
O
T 'ﬁuwmt/
STATIC YIELD STRESS SPECIMEN SCALE 1/2
FIG.C.3

DIMENSIONS OF SPECIMENS EMPLOYED



platzc to manageable vwroportions and tho heut affectod zones
vere cither reroved by moohining, us in the notch-bend
specimens, or located in‘unimportunt nlaces, such as the
threaded ends o7 the yicld stress specimens.
(a) Notch-Bind Speceimeng

The dimenvions of the three siges of notch-bend speeinen

T

are siven in Fiz. C.l,  The mothod of wrenaraticn was puch

the same in all cases sxespt that three half clsce specinens
could be machined from the plate thickness, tvo stand.rd size
spaeinens ond only one double size snecinen.  Yhe portion

of plate wac cut into rough blanks ith a bandsaw ana Q

viteh of blonks wus then nachined to slizmatly oversise con a
shuper., 1hc blunké vere then ground to the final dinension on
all four sides, a tolerance I 0.001 in. being specitied.

A gpecinl jig was set up in a niil unich both muchined the onas
of the specimen snd cut the notch in one operation, thus
ensuring beth the accurate locnition cf the notch ana also

thet there as no verdstlion of dimencions beticen specinons.
4ll burrs cere corefully ramoved by hand so th t thewrce choulad
be the minimum of bevelling. Iiis uos dinpertont in cnswuing
the eoxaet Location ol the speciven on the ben.oinz Ji-; snl lso
e acenrcte moacurcnent of cceciien Je¥ertation. Cunecinl
nrefile milling entters vere oblined to cut tue varions
notchos ond the recultant notch dexnth wmd noteh profile were

checked on a Hilger i.easuring Precj: ctor.
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(b) Totch-Tensile Specimens

In the case of the notch-tensile Specimgns it was
considered satisfactory, provided that sufficient care vas
taken, if the profiled edges (see IPig. C.2) were machined on
a copying shaper. The other tvo fuces were ground to size and
the two holes for the loading pins reamed to ensure a good fit,
The dimensions of the specimen werce intended to follew as
closely as possible those of the standard Charpy V-notch specimens
Thus the parallel portion was the same length as that of the |
notch-bend specimen as was also the cross—sectional area beneath
the notch. The notch was cut with the same milling cutter that

was used for the standard cize notch-bend specimens.

(e) Yield Stress Tests

ot e i e s 9 e i o S, i Sl D e e S G

The type of specimen employed in the static yield stress
Atests ig showvn in Pig. C.3, Despite their length the blanks
for these specimens were still sawn from the portion of plate
so that there should be no suspicion that flame-cutting had
alteredvthe material properties. & copying lathe employing
a steady was used to tﬁrn the specimens dovm to about 0.005 in.
oversize and a profiled grinding wheel was then used to obtain
the final dimensions, two steadies being required for this
operation. Care was taken to cnsure that as good as possible a
surface finish was obtained. The axiality of the threads with
the gauge length was checked on the measuring projector to
ascertain whether any eccentricity of load were possible from
this cause. The check showed that an cccentricity of loading of

0.003 in. was possible.
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APPUNDIX 'D¢

INVESTIGATION OF THE ClLLP.CTTRISTICS OF THD
m

DENISON TUOTING 1L.CIlTE

Using the methods dezseribed on p. 71, tiue loid tine
records wvere obtulned and comnpircd Jith the valuss incicuted
by the mechanicul recorder. %he r ccord obtuincd a2t the
fastest rate of cross-head movement (2 20 in./min.), vhich

corresponded in the standard test to a raute of louding of

. A sinilar record was

(@]

12,000 1b./sec., is shown in Figs. T.
talkken ¢t the lowest rate of crosuc-head noverent (% 1.5 in./min.
but, since this used the same 1 .te of naper travel as the time
scale, it is far too long for convenient r:production here.

The error in the v.lue of the maimum lcad was, howcver,

only sbout 2y7 und it was possible to srodict o nercentase error
st a given stage of the test., It did scom tht the dumping
applicd to the spring systen 'as somovhut cxcessive and the

follo/ing investigation was performned.

(a) Thoory

The final lover and veighing system of this machine is
shoun diagramaticslly in Fic, (2.1), wma for the purpoces of
analysis may be represcnted by the system shovn in Fig. (L.2).
It is convenient to consider this system to be concentrated on
the axis of the main vcighing spring.

The mathematical analycic of such a system is as follows

(112),
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Let x

Displacement from the equilibrium positicn at time t.
S = Restoring force per unit disnlaccement from the
cquilibrium pocition.

¢ = Damping Torce per unit velocity (Damping Coefficient).

The equaticn of motion may bc written:

W a2z ax (D.1)
E;G?-—SX—CH

wnich may be rewritten

d2x 2}4@5 + %% = 0 . (D.2)
wt at - -
at
“here 2}* = Q%
92 = §_5
The soluticns to thce above equations are:
(1) Eor Heavy Damping; H>¢
2 2 P 2
wo nel R AP — 0t o (CA - RT = o))t
= AeTmt |, po-mot (D.3)
where
2 2
n = M- pe-w
> 2 . o _
m2=/-£+r -w ..ml+m2_2}i
(2) Critical Pamping; U = @
(D.4)

x = (A + Bt)e'/("t




e"f*t(c cos. J(° =H2)t + D oin. J(0° - p2)t)—(D.

‘here
(A + B) anéd D = j(A - B

- s i (D.6)
“he periodic time 3?—————75)
(c.f. Periodic time of undamped vibrations, tp = %F )
r pt N
Yhe ratio of successive amplitudes is e
or

a

3 2Tf4 (D.7)

log.,K — = tp
e a, K J(M 2

(b) Ixperimental Determination of the vamping Constants

The dashpot was disconnected‘from the systenm but since
some viscous damping, due to vindage, was still present the
gystem could still be represented by Fig. (D.2). The constant
speed parer drive system was set up on the recorder and the
lever given a displacement. ith the paper running at constant
speed the lever was releasad and the pen traced out a record
of the type shown in Fig. (D.3).

From records of this type the natursl frequency was
determined to be 3.081 ¢/s
1e€Ce tr = C.3246 sec.

Also the ratio of successive amplitudes was found to be 1.185.
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Hence from cquation (D.7)

10g.e 1.185 = .3246/1

e = .5234 rad./scc.
Also from equation (D.6)

2T
(wo= 52347

'tp = .3246 =

2

.. (0% = .274) = 19.36

e W= 19,35

(i.e. virtually no chungs Ffrom the undamped Srequency)

The dashpot was now receonnceted and o eimilar tect was

carrica out. In this case instantaneouszs releasce vwias noct

important, and this wag achicved by tyins the lever buelr dith

a thread to give the initial dicplucement and burning the
-thread to rslcasc the lever. o
those shown in rFig. (D.4a) were obtain.d. It is gzen that
this is heavy damping 2nd equation {(L.3) will apwnly.

it
+ Be 27

(A9

soon w5 t becores

{

Fov age will be seen later, n,>11y and 2
[

all large e T2t — g

Henece after point P say

R §1
X = Ae .flgt

Consider any tvo points 1 and 2 on the curve after P

Ae—mltl

*
Xy = Ae~m1t2
. : ~-m (t1 = t5)
. xl/x2 e 2

-+

Thus by measuring %1 and Xy, 1 and T (takineg an arbitrary

at



™Y
D]
s

a

origin at P) the value of Iy could bo caleulated. Thus since
w is unchanged the vulue of b may be calculsted from

m = H - (R F - 0%
The wvaluc of}i was found to be approxinately 45.
For critical damping we require

F = W= 19,4

The ¢xisting piston of diasmeter 1.113 in. was rzplaced oy
a piston of 1.108 in. diameter =nd sinilar tests were corried
out giving}x = 22 rad./scc. Cce rig. (D.4b)

A further 0.001 in. wac romeved frem thie new plcten and
the teots repeuted once mors. It wus obvious rrow the roecora
(Pig. {(Dede)) that the damping vas Just legs than eritical
and the recorder response could ve lmproved no nore Jitiout

the danger of over-shoct.
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TSx

Cclx'
dt

FIG. D.2

SPRING SYSTEM IN THE DENISON MACHINE

FIG. D. 3

VIBRATIONS OBTAINED
WITHOUT THE DASHPOT



PEN DISPLACEMENT TIME CURVES

FIG. D.4

72.

TIME lIN, = I/100 SEC.
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APPENDIX 'L°

AN ESTIMATION OF 9HE EL.SH5IC STRESSES AND STRESS RATES
AT THL NOTCH ROOTS OF THE SPECINENS WESTLD

1. DNotch-Bend Specimens

The nominal bending stress at the root of the notch is:i-

_IL
%nb = 32"
where P = Applied load (1b.)

L Distance between spccimen supports

Z2'= Section modulus of the notched cross-scction.

i

Therefore, if k is the elastic stress concentration factor,

the true elastic stress at the notch root is given by:-

o= kog, = kPL (E.1)
42"

There is some doubt as to the value of k for the V-notch in
question and estimatces as ndgh as 5.5 have becen made, but the
value of 3.71 which was calculiated for ths Izod notch by
Hendrickson, Wood and Clark (23) will be used.

Substituting the various specimen dimensions in equation (E.1)
gives:—

For the Stundard Size Opecimens o = 224.4P p.s.i.

Similerly the rute of elastic stressing at the root of the
notch is given by:- _

o = 224.4 P p.s.i./sec.

where P is the rate of applied loading (1b./sec.).

For the Half-size Specimens ¢ = 8.97.6 P p.s.i,

For the Double-sizec Specimens o = 56.1 P p.s.i.
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The meosured utes of loudins and the resultant estinated

rates of stressing are shown below.

(a) %“osts cn Size-Iffeet in Slow lotch-Bend Tests
2 > C‘. - - - /’v - i _— j 02 bid 105 b « 3 / 1R a
Half size: P = 230 1lb./secc. o= 2. X D.eS.dl./s0C2.

’ } . * - 5 - /
Standard size: P = 900 1b./sec. o = £.02 x 107 p.s.i./sec,

Double size: P = 4010 1b./sec. o= 2.25 x 105 n.o.il/sec.

(b) Tests on the Lffect of Jtrain-Rate in Stondard Size Notch-

bend Tests

S5low notci-bend: P

Faet notch-bend: P

900 1b./sec. o= 2.02 x 1O5 p.s.i./sec.

12,000 1b./sec. & = 2.70x10%:.5.1./sec.

\0

70

- i . - . - 3 / . o)
Impact notch-bend: ¢ = 1.7 x 107 p.a.i./sce. (see below)

It is cxtremely cifficult to estimate the stress -ate at
the notch root because, 25 ic wointed out in Tection 5, the
lozd gauges indicute the stroin in the etriker nosc ané net
neceasnrily the lotd spplied to the spaeinen. 4lso the
conplex stress wove effects within ths specinmen itsell produce
o systen vhich is very difficult tc onalysc. although an
cotimition of the stress rote froo externnl ccnditions may be
groocly misleading thercis,at present, ne slterhotive,

Hollomon (105) used the impuet velocity *ccethsr sith an
el vetic analysis connceting the curv:iture of th. beam and the
strain ot the outer fibres ani obtzincd an elwstic strain rate
at the notch root of 600/see, {Thic value of 600 = 102‘8/590.
gave rise to the frecuently gquoted vilue of 103/sec.). Since

1

this cnalysis doec not, however, tokc into 2cccunt any specimen

indentation it would seen more rsasonable to take the rotios



N
-]
oy
.

of +the notch root stresses in the impucet and fast notch-bend
tosts to be in the same ratio as thelr striker velocities,

1 >

This gives 6 = 1.7 x 107 p,5.1./sec.

2. Hoteh-Tcnsile Cpcecimens

The nominal celustic tensile stress at the notched cross-

a

3

seticon 1s:i— ¢,

e

P .
o;l_t - K I}.-’Jol.

wheres P = ipslied loza (1b.)
. . . . .2
A = Cross-sectionzl urea 2t the notched section (in.%).
Thus the truc elastic stress at the root of the notch is

_ _ kP (£.2)
o = ko;lt = =

—

41

The notches emvloyed in ihe notch-tensile specliens ‘ere

identiecal in profile und depth vith the stindard Charpy V-noteh,
cnid it will be assumed thot the stress Ccnceqtration fachtor is

also the sume. OSubstituting the cpecimen dimensicns in

equation (1..2) gives:—

L d
o = 20,92 P r,s,.i./cec,
The measured r.te of loading wus P = 6,500 1b./sec.

r pd EEEN /

The refore & =-1.95 x 107 r..i./ 500,
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APPENDIX 'I'!

CALIBRATION ROUTING FOR THII INSTRULNTED INPACT TDOT
Cee ri-, 20) '

(1) The external Y-shift voltage supply was connected
to amplifier No. 2 and the unplifier gain zet at 10, The
deflection calibration was then performned using the external
Y-shift to traverse spot No. 1 (zero brightness on spot lo. 2).

(2) The oscilloscope Y-plate input was siitched from
amplifier Nlo. 2 to the oscillator and the brightness increased
on spot No. 2 and extinguished on spot Ko. 1. The time-bace
calibration was then perfomed. |

(3) The oscillator was replaced by amplifier No. 2
once more, this time switching the amplirier input from the
external shift to the load-cell. The amplilier gain was
increased to 250,

amplifier No. 1 was then discomnected and the time-buse
wag commected to Xl’ as wvell as X2 the course setting on the
time~base being adjusted to give a slow traverse across the
screen, This traverse was used in conjunction with the built-
in calibration resistors in the load cell bridge to give a
load calibrationfor each spot in tumm.

(4) The coarse time-base setting was returned to its
operational position and amplifier lo. 1 reconnectcd to Xl’ in
place of the time-basce. The brightness of the two spots was

then recduced to zero until the next test was ready.
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Correcctions for Friction and “indage lLosses in the Hotched

Impact Test,

Let the initial position of the pendulum be the point 1
and let 2, 3 and 4 be the positions of the pendulum at the

end of each gswing.

I7 the ensergy lost in swinging from 1 to 2. 1s I

1
+hen t " " " " 1 to P % ::_ i'il
and if " " " " " 2 to 4 is E2
then " moo " "2 to P2 4R,

Thus the total energy lost in swinging from 1 to 2:(%El+332)
Initially the pencil leads vere removed and the deflection
contacts held back. The pendulum wvas released from its
mazimum position ‘md alloved to oving {reely, the friction

pointer being continually wrzsct tc allow the noints of sving



through, such as 2, 4, 6 e¢te., to be reod and recorded., Thus

A%

the value of El could be cGetermineda from the initial swing,
and by plotting the noints ofAswing through aguinst the number
of swings the value of EZ could be calculated for any given
Tinal angle.

“he losses due to friction of the contacts on the carbon
strips 2nd to energy absorbed in breaking the vencil leads,

bl

Lp, vas determined by releasing the pendulun from 1 and

recovrding the final angle. She diffcerencse bet jeen the

indicotced energy absorbed and 31 guve EF'

Th

@

results obtained viere agc folliovis:

-3

™

-\Jl = 0035 kg-m-

oo

]
3

e

E2 0.16 to 0.37 kg.m.

EF = 0.18 ks.m.,
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APPENDIX 'G!

FURTHER DETAILS OF THE ST.TIC YILILD STRESD TIITE

1. The Triple Txtensornetery Unit

i

This unit was designed to measure the extensi-ng on three
4 in. gwuge lengths set at 120° to each other sronnd the
circunference of the specinen., It was capable of perforning
this with the entire gause length immersed in o temner:ture
bath, & single cxtensometer is shown in Fig. G.1. Ag chown
this has, of course, no means of support, but when all three
units were fixed together the elamning Toree of the snrings
held the unit firmly in place., The locﬂting vin P ensured
that the Vee Iknife-cdge corricd by the top nart 4 and the
straight knife-cdge cnrried by the bottorm pnrt B were initislly
4 in, apurt. The three gouge lengths were checked Jith a

+

travelling microscope nd ouncd to boe aeenrate withirn - 0.001 in

A mirror wvias carrisd on the accurately ground roller R vhiceh

w

separ.ted the end blocks of A and B. Cnce the ﬂxtenspmeter
vas set up the locating »in could be removed. Any extension
of the gauge length cuucad relotive rction betvecn A snd D,
thuc rotatins the mirror. The chunge in temver:ture bateen
the room temperature vhen the unit vas ussembled sand the
testing tempernture cuused 1 differential exvansion (o
contraction) beatween the tuo parts. Those narts of A
and B above the ligquid lovel suffared the same amount of

expancion, but the srecoter imgersed length of steel tube

in part A caused part A to zxpand more. 'the vwhole of any



-y I3 d Ty a4
xtension = §- (=)s vhere d = Holler win.
at - B < e
o Llrror - culc —istunce
5 Seqle eading

')
A ; MIRROR

ROLLER
B O.150 IN, DIA
\ / p

ot

==
L

)
— 0

4 IN. G.L. J

FULL SIZE

1'© 'Sid

ONE UNIT OF THE TRIPLE MIRROR-EXTENSOMETER

" 182
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one test, howcver, was carried out ut a constant temper-ture
and thus the only effect of the differential exponsion wns
(1) a slight ch.mge in gauge 1engfh (less than 0.1% for 100°C.)
vhich had 2 negligible effect, and (2) the necessity for a
zero adjustment of the mirrors before the test started, wnich
vag usually nscessary in any case., The entire urnit was made
ag light ~s possible, the end blocks being made of duralunin
connccted by thin stainless steel tubes. The nife edges,
however, werec made of hordened steel.

0 assembles the unit the tvwo purts of esch cxtensoneter
vere clumped together temporarily wiith the loeating pins in

spacers viers enployed to set the extensoneters

1631

place., Spzeinl
in ploce nround the sweclinmen 2nd then the nine springs were
clipped cver doviels on the end blocks of the extenscnsters.

K SN,

she el-mns d spscers could Tien be removed und the mirror
rollers md 1dler rolizrs ecarefully s=lippad into pluce. The
sseenbly ig shown in Flute (11). also shown in this photograph
ia 9 deviece wkrich enabled tie wmcle unit to be rotated through

any devcired angle. The tuo nvarts of each cxtensometer .iexre

elammed together as bafore, using ocmall tocl-maker's clonps

e
[

ana tiwe grdasted disc lowered on to ther. Slots had hoz
rmilled in the underside of the dise anl the tops of the
cxtTencometers wers o 21iding Sit inw thoss sleoto.  Thus

retutine the disc rotated ull three oxtensoneters at ti: same

time, the uepth of “ths slot ensuring that there vas ne toisting
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r.
of the extensometers during rotation. By this means the

s . . U S ¢
pocition of the unit could be uset to wiithin - 27,

WYhen not
in use the dise screved on to the upper part of the specilmen
as shovn,

Thrze telescopes and scales were used to measurc the
rotation of the mirrors and hence the e¢xtension on cach of
the three gauge lengths. For small angles of rotation the
zxtensions conld bhe nessured to an sccurucy cof 10—5 in, The
method of calculztien is shown in Fig., G.1.

2. liorrison's llet:0d to Letermine the Plane of HHaximunm
Stiain (106)

Let AB be a cimmeter of the specimen (Figs, G.2) such that

A is the pogiticn of the minimun strain ind B that ol the
maXimwia., Let O, - und ¥ be the positions of the three
extensoneters, set mutuolly at 1200, and let the measured
struins at thecze points be x, (x + ¥q) and (x + 32)
respnectively. The trizngle (JIQ shows the dicstributicn of strain
across the spreimen.

Tho 2verwse strain is 1/3(3x% + Yy + y2) or I + 1/3(y1 + y2)
and the maximum strain will be x + 1/3(yl + ¥,) + h.
Yihere h is the height NQ ac chown.

¥ 7
But mh = E%'z E%

and LP = V sin. ©

g
<
i

V sin., 6 + V cin.(60 - 6) = 1/2 V sin. 6 + 3/2Vcos. ©
2v

N = /7-3—
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Thererore h = rp ¥, = J (1/sin., o) Yo

19%] [ NI UST V)

VByg cosec. & —(G.1

3
2

Yo coscc. 8 =

v
11luo zl = 1O _ V sin. © +%%'V con. 6 _
Sy, T IR -

~

cot, ©

nojH

-+

of W

—(G.2

. A . 2 2. .
Using the transformaticon 1 + cot.“® = cosec.“6 euuation (G.2)

2 '.1§‘
may be rearrunged to giveJ3y2 CosEC, & = 2(y§ - Yq¥po + ya)“

combining with equation (G.1) gives:-

J_l‘._l

2, 2 ] 2.2
ot = '3"(-3’1 - ¥y7p + ¥3)

r

o . . 2, .2
oo dastimum strain = average strain = E(yl - J1¥o + yg)

1
5

3. Yarnock und Brennon's Construction for the Theoretical
Uscer Yiold Point TIOT)

6]

“hilst the lover yicld point of mild steels is in soneral

cunvrliccted by the shape of specimen the upver yield point is
reconrded an an experimental phenomenon., If the stress
concentration due to the shape of the soecimen ¢ to *he
eccentricity of lovding is just greater thon thit due to locul
yieldine, then the upper yicld point will vanich and the siress
at the limit of'pxoporlionulity will be equal to or lcss than
the lower yicld strose,

Mo, Go3 hos beon exugierated to illustrote the stures in
the deformation of a mild otecl in tension up to thz end of
plastic yield., The rute of loading is assumcd to be so slow
thut there is no speed eficet.

The graph LEABC represents the ordinary tensile test in

which 1ittlo precaution hus been taken to ensure axiality.
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Prom & to = elastic deformotion only tnkes pluce. At A, the
limit of proportionality in this case, local yiclding
cormences aAnd produces a conuition cquivalent to a stress
concentration at the yiclded portion. At B gencral plustic

yielding commences uand continues to C. By reducing the
stress conceniration due to tho specimen shupe ete. the
stress—strain curve may be raised to some point F, or with
creat cure gtill further to G, At P ound G the maximun stress
in the specimen hws reached o valuce suliidceicnt te comnence
the provagation of yield 2long the gauge length, cnc the
externul ctress {.1lls rapldly to B vher: general yleld may
be said to comence,

“he ideal situstion with ne ctress concentiution at all
is shovm by ths stroight line ©aD. at &4, the theoretical
limit of upper yicld thne uniferm siress in the specimen has the

same volue a2s the maxdrum otrous due to the stress

concentrutions at points Iy G and E&.
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