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Shaptex.t
AVTRODUCTION

The aim of thés work was to investigate the effock
of the atxess state on the mechaniocal bshaviour of a medium
sarbon stecl and to xelate this to strustural changes thet
take place,

An early yefersace to sirain induoed damage in carbon
stoels was by Jenkins who notioced oracks across the pearlite
lunellae in the nedgbourhood of fracture surfaces of tenaile
toat pisces ( 1 ). These were found at demperatures mostly
below 250 deg. C and at mngles of about 45 deg, to the tenaile
axis,

Danko and Stout ( 2 ) carried out Chaxpy tests on
eutectoid composition steel and .fma. that peariite deformatien
ooourred by kinking ef the lamellas, some of the kinks
teing sharp enough %o csuse orackings The kinks bHecame sharper
as the interlauiellar wpacing decrensed. The deformation ef
the comentite, a usually brittle matexial is attributed to
the prosence of a looal hydrostatic pressure preventing
oracking.

FPutidek ( 3 ) found in a tonsile specimen of eutestedd
steel that deformation eccurred by slip parallel %o the



Janellae and by tho formabion of slip lines soross unfavourably
oriented pearlite aoloniom. Bleskney { 4 ) fvon tenvile towls
on a 0.5 C atae.’{. coneluded fron the appearénca of cracks
acreas the peariite colondes thet £inal frocture wes nuclested
theroe

Am o result of uforoscopic oxzemination of tensile end
Aumpact speolucns, Durng snd Pickewing ( 5 ) suggosted that ||
nueleantion of cleaveye eracks in fevwite wam rolatlvoly l \
ALfTicult bt propasation opoy ‘;vizémma in thoe peariite, .
anoloatlon was vagy bub propogstion difficult, |

Viork opexded oub o Glosgow bas condirned that the

type of defowmation demage produced dopends on the strosg
sbodo { 6 Js Fuether work ab Masgow wen concorncd with
govara tenglle sbvasa stabos ond bests were onerrisd oul on
sundl nobehed tensile spsoinens { 7. )s 3% wan Pound that
vory few defecds wore prodused beforp the spowinens fractuved.
The objoct of this work was B0 exbond bheme dnvestigations
inte the nffects of soevere tsusile slress niabes. Mhene
tousile shrons shabon were obbalued 1n nobohad bend tesbs,
the specizmens belvng made sulficiently levgs so that the cdnddtions
wore approximoboly plane gshvein in the contrve of {the specinens

at the notch roofs M alventoge of neboh tend desty Jo thal



¥he obress condidions at the ends of the aobelh wpprosdnato
o plano sbress and ave not ov gevere as ab the contve
go that finel fracture i veotarded Ly deformaiion telding
plose ab the onde of fdle nobteh wgotand 1% ls possible te
oxoniie oracking ab the ceabro hofore finanl fallurcs Plono
bend, tongile sod tovsion tests were slao cereded ovt %
compers the defotvation wnder severe conddtiong whih thei
wnden logs goveres Gurves haove been drema %o show the varlation
in duolbildity wiih sevority of siress stole ged an abbalnt wen
ngde k0 wssess the defect disirliution soudeglonbtibotively
snd welabe this Lo the abress atato, Uxpuination of feaoturon
was corvied oud and 4% was fovnd that the procvan of freotues
tonded $0 oduze opdndvng oub of the dotechus

Hodium cerbo stecls have the sdveubags that for this
type of work, the straln dundnesd dompde is ewsily vielile
waing opvieal nicrosoopys A diaadvaniage 18 tHab the poerlife,
hoving o lamollay sbevebune, is ivhonopensous ond scdsotropic
go that the stross felds ore nob wiform snd nay vary Lvon
grain fo gradne Fod thoe purposes of thin voxl, 16 hup beofi
susunedynovevery thet the gtrogs fields arve wiforn oy vovy
ag 4f the nsterdsl were ifsotroplcs Hakon over o nkubor of

grainge tHio agowipticon should not intvoduce tho great an
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ereoly the aversge graln dlameber being aprroxivetely
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The stross parsmetera to Le used arve the mean stross

and effective strems defined amaw

ozn stress o w 17 %705
3

e

Bffective strcss 6 n/%[(o‘,r.- 9‘2)3*(0‘;;9 9‘5)2“05-» ay) ]

o o & oy ave the principal strosses and both the
atove quantitiea are inverianis of the stress systen.

The uesn etress 1 the average of tie principal
atresses and can be thought of as the mean of the stresacs
acting noxmally %o planes of principal shear stress. It
ney e expected that as danage acoumulatoms on the sheax
planes during defoxmation, the normel stresscs, I tensile
will tend to prouote apening of defootms The mean strems
should thus influence the fraoture Lehaviour,

The effeotive stress is proportional to the root
nean sguave of the prxincipal shear strceses and may te thought
of oo a statistical measure of the intensity of the sheax
strosses which governs the deformation of the nmetal.

The measure of stradn whioh has teen found to descrile
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effective plastic shrein in the ﬂﬂb&@iw& 1o dod fined Lyim

[/9 [ fae,? = ae P)% « (ae F - f)% (ée;; - 4y ]

wWere &qu ’ aéé?? s e ;} are principel plastic streln
Inevonontse £, 19 & sealer gremblyy and ds alueys Uskoen
$0 Te pﬁgitive;
Tae dilebion component of the shrain anslagous o the
mean obress 48 not considored ap the volune chongs duwing

olastic dofermabion fis negilgidble,

i o tansile best, abd = ag,” = - ag/ 2

3
s giv 'e [Ja

. A}
o Pondppen:
=l g
Theve 1? wind 1(3 avo the £inal and initial lengths 0f the

SRecimohs

Ta Loxedon, de,ﬁ’ ss-.-as,f’ ammax;@m

The gtrein 1s normally unecesursd as the angle of twist ¢f
the spacinen O

The shear otrain ¥ = T 0

€p "‘—]%-



» Conotraint Fagt
A guentity of interest in demoribing the stresc

shate 1s its so oalled degree of triexislity, a fully
trhaxial state helng one in which the principel siropses
are equal eand have thes same sign so that the values of {he
shear sirossos are %ere and no plastic deformeticn can ogour,
Ag the principal stressos ave varied, the conditions dovizte
fron triaxiality and allow plestdic flow, the amount poscsible
depending ou the dogree of triaxiality end the fracture
susceptibility ¢f the material.

It has besn suggested that the degree of triaxiality
of a atress system could te répresanted by the guantity
L / & wmee for exomple ( 8 )e It can be meen by subetitution
into the expressions for nesn end effective strsss that if
the priéncipal stresces are squal =nd tonsile, the value of
the rotio tends to infinity, whersas in tho case of & pure
shear siress f.0. ‘; - - c‘ra 3 0'3 » 0, the value is 04

A suitoble nene for the watio ¢/ & would o the
oonstraint factor since systems of high triawdiality ave
umnally produced in rogions of moterial watch nro econstrained
from deforming ﬁy surrounding netorial under different

streoss astatos.



Por the tests cerrdod oub durdng this dnvostipation,
the constreint factors wers found as followsim
In borsion @, u-d} $ cé = Q

.
hus Gin =

I the bongilae %eat-ﬁefare plagtio instebility and in
the plone bend teet at the outaide wvrince, only one principal
sbross la acting and substitubion gives a valuwe of 1/3 for
the constraint factors Uhen nmacking takes ploce in the tonedle
test, theve 48 3 conconbration of astrosns snd the stress stebs
tocomon slightly more severes The constraint Tuctor can
be found using the fridenanm sorreobtion factor ( 9 ) s in
spnendix 1, Tn tho plone tend toot, a transversa compressive
gbress huilds up towerds the neutral axio so the consbraind
Factor hecones less velow the oulber surface of the lLenda

In the noteh hend ftont, tho conutraink Lacter at the

purface of the noteh oot wan ds2d as fractuve was seen to shard
theres In the centre of the root, for a speoimen of sufificient
widthy the conditlons approxiiate to those of piave straing the
ghrenses eoblag ayve avs d; along the bar and ﬁé along tho
notoel,y 6;5
covndary conditions

norimal to0 the notch surface boing zexo as o

A% the woot of the notob, ﬁé can bo wrdtton 8 oquul to w
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o 0 1 if the strain along the noteh root ig moroso veries

from apyroximately 0.3 for elustic conditions to 0.5 vhen

plagtic flow is fully developed.
The mean skress is

g, + O,
I T

3

- .3'%...(“«:«)

M - e 3 - 2 2 2
The effective stress is j % (c'_1 0'8) + 0‘2 + (:s:x

‘Aﬂ/'““*“g

For = 0,8 ﬁ'm/é" e 0,49

For = 045 ﬁ'm/f?" = 0458

lIl’ig. 1 shows the veriation of the constreintg
factor Lelow the noteh root for the caese of & hyperholic
noteh under axiael loading wnd plane sirain conditions, The
neterial s elastic ende = 0,3 (10). The coaditions gre not
strictly the same as for the Charpy noteh in an cla#tioc w
plostic naterdel but therve axe no suitsble solutions availaile

ag yet for this case. Fig.§, however, gives an indication of
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the stress veristion theb will ogours The comstretat faector
is seen bo dnovosse Pepddly jusl below fhe rooty the conditions

ol the sunface belng lens soverss
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Bals mgﬁ crials znd Drapbue:
The maberdal vsed for most of the tests was an
HaiaB plodm carbon sheol which ﬂantainediahaut-ﬂmﬁ to 0.5%
of corbon giving a miorosirmiciure with just over 50% pearlite,
The materdal was veceived in ope inch aquare secbions snd wom
out doto lengbhy of 1 £ prior Lo heet treatuents
Heat trewtment consisted of heoting to 900 deg.C
for three hoves followed by fumace cooling Lo roonm tonp.
This gavo a folrly cosrge ponrlile with mized intorlamollor
spsoings The bars were then machined into test piecen fox
notch bend, plene bend tenseile and lowvsion toslas
The noboh bend test ploces were 1£%« lang with a ¥in,
square section end were machined by surface grindlug to remove
scale and the smsll deceriuvised layevr left by hwelt troaztment.
A ptanderd Charpy cviter wes uged o machine & 0,20in. desp
noteh du the centrem of one surface of the bars, the aotch
having a Q.20 Yoot radius.
Tor the plone wend tests the specimens wore 1, long
and after heing surface ground were nililed to 1 in. ¥y 0.75ius,

cross secticn.
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The toncile teslt ploces were 0635 das. ddoneber with
o porellel Jength of 2 inges Tho onds uswe (.0 lug. diowetor
and sorew cube A fillet wadiug was cut bolween the ends
aud the parelldel porllon,

The btomeion test piscces wore (8 ings dlonoter with a
2&5 dns, pevellel longth, the ends wing eul to it the
testing noching,.

For compariscn pueposesy sone tosts were elso corried
out on o plein carbon sbesd conbelaing aboul 0.6/ eawbon
wlth & steucture composed of epproximately 759 of penrlitoe
The steel was hoat treabed bwolorve wachining by heating to
B850 deme U for three hours followed iy furnece ¢oolings
Sl Miechanload Toubing

The mochanical tesbing vith the excepbion of the
borzion lests wos corvied oul on en Towbwen TP {11) wachine

L3

calitwated dn mebeic mits aal of H,000 kgs copaocitye The
torsion testing was carweied oul on an Avery maehine of
15,000 doslog. capacitye

The »ig uweed Lo the notoh Lend testa is showa
wahemaﬁica&iy in £ige2e Four poind veonving was uwsed and the

»ote of defleotion of the centre of the spevinens was 0409

ompe poy minubte, load = doflaection curves Leing plotted
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by the recorder on the wmechines 10 wpecinens wore Lested, A
to AT wore stralned by &iffém@nt anountg up to the maximum
load, 48 & AS to tetween the marioum load and fracture and
A 10 to fracture.

The plene bend temts were carried out using three poing
Joading as four point loading produved loads and deformetime
outadde the capacity of the machine and test rigs Furthermore,
%o Fragture the T.N.8 bawy 47 had %o bo strained as faor ag
possible in three poiny bending snd further vent by plocing
3% on end in the machine snd oonpressing the two ends. Bars
off the 0.6 G stecd could be atroined to fracture in three point
vonding.

Four tensile specinmend of E.i.8 ateol were tosted, one
to fracture, one to the U.,T«H. and the other two to utramné
tetween the U.Tw8s ond fractures. Iload extension ocurves were
obtained using a straln gauge extensometer on a gauge length
of ¥ inch.

Porsion teats were carried out on both steels and as
thore was no recorder on the machine, load and angle mesmurcments

over the whole spacimen longth were made ol intervala of time.
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Bade, Sotinetion of Stoaing

Dade, Buflupkion of SEralld bon tosts were ssbimatod
usdng the emalysis in eppenddx 2 (31).
In the plane hend tentas, galgs narks approxinateldy
& inch apart vere ingordiied on the ouber gurfsce where
the deformabion wan approximgboly constand and wero cut so
thiat the longitudinal and transverae gtiraing could te
- neagurads dogsurenont of the displuceoment of these anrks
was cavided ouvh at low magmiflcation on a Vickers projoction
gioroscope uging the colitrated nlerometer sorews cn the
gpecinen stagae
in the caso of the specimena streined to fracture,

the bresks cccurred Leltween the gouge narks so the above
nebhod could not te useds The strains in these specinens

{ and obhers to serve us o check on the melhoed) wove Found

ueing values of the redius of cuxvature of tke ouwber suriaco
and the depth of the neubtral axiss 40 estimation of the
depth of the neutwal axis conld ve made by examinailon of
the pround surface of the ber, this sppeaving diller whore
the deformation wos falrly severe bl lesving a bright tend
near the centre, Thae popition of the neubreld axis wae token

%0 be ab the centre of the brighter band, this belng aboub
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1,4 nﬁs. from the outer surface in a fractured 1,N.8 specimen,
The measnrement of curvoture wos made on the projection
microscope by findlang the length of a chord en the oulside
of the bend and messuvring the length Qf the line frowm the
eentre of the are to the centré of the chord, these distances
being foud with the aild of lines ruled on the viewing soreen
of the nicroscopes
Straing ot ddfferont depths from the outer surface of

the plane bend speciweng could be found from the strein ab
the ounbor surface end the depth of the neulral axig using
the assumpiions thabt plene seoctione of the bars remmined plane
efter vending and that the atrain ot the neutral nxd e was
200,

In the tensile tests token into the necking wogilon,
the stroinsg at different parts of the neok were nmezsurcd
from the dlanetors, the axial strain across e pavrtiocular
gection of the specimen belng assumed unifoxm.

In toth the tencile and plane bend tests, the straine
wore expressed logewithmically.

In the toxrsion test, sheexr strains were ncasured fronm
tan { =ngle of twist). The emgles of twist were measured

from the angle of rotation of the specimen end from the
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gugle of the misrostruetuves
Beds. Moroscopdend Nxandoabicn

ﬁlllﬁﬁaﬁimﬂﬂﬁ were gectioned and prepered fowv
miarom@apical exaninotion. To the cape of the votel bars
soctiong wore cut fron the contre pevpendiculay to the notoh
g0 that Yhe plane gbrein reglons could be exanined. In the
plane vend and bengile spocinmsas the seciions were cud faom
Foo centres of the bews in the Aivecticns of the pwincipal
ghtrainpe da the torsion tost, the region of maziuum gbhrain
was ab the surfeve so thoy were preparved by polishing &
sasdl smovat from fthe suriaco,

Btohing of oll somples weps covried oub in a 45
solution of nitele acld in ethaool aod exominstion ond
photogranhy carried oub uwing o V&akera‘yroéﬁoﬁi&n MLOVOTEONE
Ju all the photographs, the horizontal ddrechtions lie aloung
the lopgitudinal ares of the specliuens.

Thore exe two topes of slrain indueed dafect thol
ousur in posnlite, theso beldeg of The alip linc type as in £ig.
3 and the slip band typs, Tlge 4. Phe labttor ocour meatly in
cumpregasive gbress stedes altbgugh sone v weon in torgioci.

As bengile stress states sve teing cousiderad the slip band
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has heen ignored fov counting purposes.

The severdiby of the alip line tyve of defect varies and |
although there is no definite distinction, it is couvenient
t¢ claasify thew into two calegories, msjor defects as in
figs 3 which travearse a peariite colony completely mnd follow
ptralabt paths and minexy defects which do not traverse the
winole grain sand which often follow irregulsr paths across
the lansllaea

o defects of the major vaxdety were otmerved in sonpleos
of the vndeformed steel tud o numbter of winor defects was
presents As the material was strained, the nunber of minow

Al

doi'cots incroansed showdng that sonme of then were stvein induoced
as woxe ‘the najor defects, Sllp lines similay dn appearance
to thoe ninor defeots have been observed during the growth
of lamallay Mthiun flourids = godiuvm flouride oubectlcs
wiien the nuclel arse made b0 grow in uniavourable dircctions,
rotation of tie lamellec towerds more favourabie arientations
rosulting in the formation of shord aldip lfaues (¥2).

Po allow for the growth defocts, counts wore ocarided out
on undeforned mateorial waich yislded values of aboult % tu 6

defects por 0.01 40s Nuuse In this work, a figure of 8

dofacts pexr 0.01 sge mem. haos becn teken as representing
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plastie flow to hove occurrad In the materials The value
has been chosen rathor high =0 s to be definidsly in {the reglon
of plastic defornabions

Ag with other guantitobtive metallographic techniques,
the defeut counting cexmot be oladned U0 be agcurwbte but
it i hoped that sufficiently consigtent wesults bave toon
obbained @0 asg to glve a nicturve ol e reletive dlstvibubtion
of the defects.

Defect counting was caweled oub on the Vichers projection
wioroscope ab a magniflcabion of 2,000 tlumes uvolng an oll
inmersion lens, the dlivainstion belng provided iy a mervoury
vepour lamp end a green £iltewe The specinen stage was
Fibbed with mievometer sevews a4 wag clawped so that the
atagaAc@uld be moved v the diveetion of ond at ifhi
anglas Lo, the groumd zlass viowing scrcens The gpocimens
were clumped on the sthagk so that the lovglindinal axes lay
along the divestionsn of stage wmobion,

Counte of the total numbter of dofects, decs mijor +
ainoy wore nade ovey 0.0% sge mehls svcase AL The magnificetion
uged, the width of the viewlng seroen repressented s distance

on the specinen of 0,08 m.a, and the distence the field of
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viow wos braversed for each count was 0.125 m.n. making sn
aven Of 0.01 8qs Metse A line was insexibed seross the viewing
sereen sad the opwmber of defeots eyossing this line ovex
the widih of fthe screon as the Tiesdd of view wes tvaversed
s 125 mems was recovded for each vount. Uounting procesded
as tho [leld of wiew was traversed se g fivet imoression
count was mados. This had the advantage thet only the more
obviouy defects were notdced which probably alimineted a
laves numbgr_of growth defectde

Tor some gpeoimens, cstimates of the number of majox
defects alone were made, the results being expressed as
nunber per sge Meme 88 there were far fewsre The arves over
which the numbor was counted wos lexgery the leugth of {le
troverse heing several willimaetres and depending on the mige
of the smpocincne

Febs D foct of Hteain Rote

Phe doformation beheviour of a material iv kaowi to
depend on the strein rabe aad in this investigatbion using
diffevent typos of test ond speocimen, the strain xotes have
not teen consbtants It has been found, however, that Tox this

materdial in the ranpge of strain rates used, thers il little



variation in properties {13). To coafirm thid, four noteh
tend bests were carvied out on 0,60 sicel souples at strain
rates differing by a factor of twenty and fairly similex
load = deflection curves wore given. Fisretu—f)
Bale Steadn Field helow Hotoh
Work done on the deﬂwmaatimn of mild stesl

has shown that the strained area cun ve etched nsing Fry's
reagent {e.ge 14). Aftor atraining, the steel is heated to
400 dege C at vhich temperveture, carbides are precipitated
in the stroined arcas which are suboeguently darkened on
‘ etchings in attenpt wos made to outline the strained sres
beneath the notch in bent ssmples but the smount of pesrlite
was too great fox any preferential etching of the strained
regilon to te visihle,

Hioro ~ hardness tests were also carxied out on the
nptched specimens to try and find the deformed vegion but

the scatier was too great for the resulis to have mny neaning.
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Chapter 4

BENERTUBNTA L, RTINS

Aol Hotoh Dond Teats

Mg. 5 shows the load = defloction curves for Loth
the E.d0.8 and 0.6C stecls up to the fracture pointe. The
elastic ranges are compavable hut the 0,60 stecl shows a
greater work hardening rate and does not show a maximua in
the ourve.

Tie, 6 48 g bending moment ~ deflection curve for the
Hells8 stecl snd is en average curve plotted from the points
to which the ten specimens weve tested,

Mioroscopical examination thet eracking in the noteh
root fivet ccourred in specinen A 4 and eppeared to he
initiated on the surface of the rook { £ig. 7). The strain
in the xoot for specimen A4 was trken as the strain to fracture
for the notched B.N.8 steels The caloulation of this strain
was nade using the anclysis of appendix 2 which assunes
linear elustic behaviour, this solulion having to te used
as there is no elastic — plastic solution svallable. Thias
approxination should not te expected to involve a great
error ap the rate of work hardening of the material as

shown by the tonsile curves is fadrly high. Flg. 6 wag used
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for the strain caleulation und the construction lines are
shown dottod.

From A4 until the maximunm losd was reached, the orack
longth dncrensed,sproading from the surfuce. The initial
crack was faivly wide and was intergranular. In AB and
A9 finer oracks could be seen continwing from the initial
orock which for the most part followed the ferrite =~ pearlite
houndaries. Fig. Qﬂahowa & network of fine cracks in the
ferrite pearlite Lounduxies =nd fig. § shows a crock
following ferrite Loundaries.and inclusions, Repid fadlure
then occurs and the fracture is trans - gronular,

The defects btelow the noteh were of tie slip line type,
by far the majority being minox wlip lines, a few major
defects such as those in fig, 3 from specimen A9, being
seen in specimens subsequent to A6. (ables 1 & 2 show defect
counts fron specimens A4 & AT respectively from points
welow the notch as shown.

AeRe Flone fiond Tost

Matle 3 shows the dogree of straining in each
off four specimens tested, Pl being the fraotured harv.
Table 4 shows a series of m oaurenents of the longitudinal

and trensverse strains made on 53 0 check that thoe stress



shate on the ouber surface of the btar during plastic
deformation was approyinately unlaxiole Ixam I the siress
wen uniazdial, the transverse strain would be half tie
longitudinal, thexes being no volume chenge during plustic
deformations From the table this can te seen to be approx.
true, the discrepancy for smaller strains likely to be due
to erroxrs in displucement nmeasursnents
The groin shape was wuch albewed by deformation,

wing olongated in the direction of siress application in
the donsile gide and deformed ab wight anples to this 4n
compression. In tengion, the defeots wore of the slip line
typo, the majority veing of the minor type tub with en
appraciable nunber of major defects in the.mors highl¥
strained naterials In compression, the dofects were of toth
8lip line and siip bond typee

The results of defeet counting dn the four bars
are shown in fig. 10, from whioh 4t appears that wost of
the defect formation oocurred over n relatively small strain
range after which the incresse in number Lecame slowers
A count of major defects is showm in tuble 5 end this too

shows algms of a saburation value veing reached but ot a
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higher value of tho streine. The count for specimen B1 also
includes tho oracking referrved to in the following paraegraphe
A Peature of the structure in the fractured specimen
wag the lavrge number of oracks in the pearlite slongslde
the frecture surfaces Figs 11 18 o photogreph of thosge
cracks in an unetched specimen and 1t.ii geen thot neny
of then appear t0 be wider in the centre than at their ends.
The angle of the oracks appenrs to Le moinly at 45 deg. o
the ddirectiom of straine: Mge 12 shows that cracking ocours
along najor slip iines. Normally the cracks did not extend
beyondk the pearlite colony in which thoy were formed.
Tons i

Bige 13 shows the load - extension curves to fxacture
for the B.di.8 and 0.6¢ steelas Table 6 shows the amount to
waich thoe four H«i.8 ténsile specimens were strained together
with the congtreint factors found o dn appondix ¥ U4 is
the speclimen stralned 4o Lfracture.

Vefect counts from these specimens ave shown in
toble 7 and, as can be seen, saturation values ssem to have
been reacted in sll cavos. fs with the plame hend test, four
gounts have teen made at each strain and averageds To {trxy and

estinate stroins at which defects are first formed, a jHapered
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tensile specimen was toabted and the wvardation in the number
of defeots with stroin plotted in fig. 14,
4.4, Torsion Hegt

Figse 15 shows the torgque » twist diagram foxr the
HelleB tomsion teat to failure, the angle of twist beling
nessured over the specimen length. Table 8 shows values of
tho stroin measured from the angle of twist and the mioro -
gtructure, these values heing comparveble. Yrom £ig. 16w§f the
fracture of the specimen, it im ween that the sirain is
Jocally higher ot the fracture surface ond this strain
measuroed from the angle oi' the miocro - structure has teen
taken as the strain to fracture.

ihe defects were counted on a section cut obliquely
to the surface of tle bar so defeots ot differunt strains

could ke counted. The regultm arc in fig. 17.
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Lhapter 3 ;5

Pigs 18 shows the constraint factor dﬁ/&', plotted
againet the sirein to fracture foy Loth B.N.8 ond 0.60
stecls and demonsirabes a marked decroase in ductility
with increasing severity of stress sitate; the lower carbon
gteel showing the greater ductility as expecteds The effect
of constraint factor on duetility could also be seen by
examination of the notched bars benk ¥o neay fracture.
Cracks were scen in tho centres of the bars st the baee of
the notch root whove the conditions approximated to plane
gtrain, these cracks being absent near.the ends of the noteoh
where the conditicns were not mo severe, plastic deformation
in the forn of &inpling ccourring instead.

Counts of tie total nunmber of defects, major + ninor,

Indicate that in the plene tend, tension end torsion tests,
a sgturation in thenumber occours, the saturation dmlue in
the tensile snd plane btend tests heing greater than in ftorsion
pexrtly due to some of the deformation in the latiter occurring
as wide slip bands a8 well ag slip lines., In the noteh bend

test, it ig difficult to determine whether soturation is
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zonched, table 2 from specimen A7 indlicating that it may
have teen as walues of the defect number are gimilar to
those fron the plane Lend and tensile tostsm. It mecms that
mogt of the defects are formed ab & low sirain ond it is
possible that further deformation involves the growth of
exigting elip lines. Altbough the number of major defects
continues o inorcase with the sirain, ‘mem, are indicationm
in table 5 thet these toc may veach a saturation value.

It ik prodable that the principal mode of deformation
io by elip parallel to the cementite lamellas and slip linos
are only seen in grains that are unfavourably oriented
with respect to the dirvectionsg of maximum shear strein and
which aro unable to rotato to more fowourable ddrections,
The slip lines lie near to the dirvcotions of maximum shear
streoin d.0e ot ghout 45 deg. to the principal siresses.

In nmost caves, the slip lines meke un ongle of 45 deg. ox
morce with the directions of the cementito lameline, In
aost of the tost pleces thers were maximun shear strain
dimections at 90 degs to one another so that the maximum
mis = orientetion of the lanellse is 45 deges S1ip lines

ccourring at angles greater than 45 degs 0.8+ those in fig,



% and having lamellae parallel to one direction of maximua
shear stress, yet slipping on another, are probably due o
losal constraint dn the surrounding material preventing
slip parallel to the lamellas.

Pig. 19 shows a plot of the constraint factor amainst
stroin at the onset of defect foxmation,; this being taken
av 8 defects per 0.01 sqe mmes This strain depends to an
extont on the stress stebe hut not nearly to as groat a
degrea ag the abrain to fractures A point was obtained on
the curve for each of the plsne hend specimens due to the
roduction in constraint fector with dietance fwom the outer
surface of cach bar as s compressive stress builds wp
towards the neutral axis.

Althoupgh the stress stofe becomes more severe bhelow
the noteh as indicated dn fige 1, fracture appears to start
from the notch suwriace, fig. 7. This 48 due to the strain
below the notch being insufiicient to couse fracture even
at the severor stress states, The strain falls off wvery
rapidly below the noteh, hecoming avout 4 of ite suxface
value at a depth below the notch of approx. the rook radius.
The exror involved in calculating the strain in the notoh

root at fracture may be fairly high due to the approximations
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uged butk a feotor of § only brings the atrain to 0.1 and
nokes little diffovence o figs 18,

In the plene bend and tensile tests there was no dndication
in the form of surface cracks eto.s that freecture was about
40 toke places. In tho plene beud fest, Lfoilure wonld have
oocurred first at the surface vhere the strain and conetraint
faotor were grentest. In the tensilo test, failuve was
probably indtiated in the centre of tho bar as has beon
phagrved previcusly.e.gs (15),mhere the constraint factor
ie o paximunm but the effeciive strain slightly lesa than
at the surface,

In the torsion test, fracture was initiated at the
suri'ace and slongside the madn frogiure, there were s lavge
nmunber of smaller orascks as in fig. 20y the crscks having
originagted from machine naxks in the specinens The cracks
appoored 10 Lo ossocisted with regions of hipgh doformation
as in figs 21 and this sugpests that fallure 48 due to the
Pornation of ragions of loeal instobility. The cracks in
torsion saened to follow lines of major dofcoln aoross
pearlite colonies and it id probable that the defeets hove
played a lorge part in the nuckation and propagation of

Qracks.



Tremination of major defoeeto such ae in Fige 3 shows that
the lameliae of ferrite snd cementite ave combinuous across
moat of the defeet Jlues vub in mone of them, especially
in more highly strained specinensy sSome of the eemenlhite
lanellae apposr o have been byoken and these wuld provide
& ool erack nuclevss Only in the bowvsion begd couldd cracks
be ggen Forming on major defects bub it is prebable thab
freacture dundtiation in the other tests ocourred din o similar
mannere In the plane bond and Tensils topts, the fracturces
wore wholly itransgranunlusr and evacking probably followed
major defect lines acyross the ye@rgita a8 thoso wore plentiful.

Teaoture of the notched bmré was rather diffevent
pavily becsuse the nmumber of najor defects was less than
in the other testos. Tue 1o the higher mesn stress, 1t
wonld be expected that onee a mejor defect is formed, it
would be move liloly to propagabs, thus accounting for
the small number present vefore final Lracture ocours.
Although cracking may stert from the mejor defects,thore
are dnsufficient foxr the eracking to follow defeot lines
g0 the initial stable orack tends to follow the forviie wm
peariite boundaries as in figs. 3 & 9, thess boundadies

belng wogker or subjected to higher local constreints than
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the rest of the matexrdal.

Then the crack Lecomss unstable in the nofeh bend
test, its neture gppeavs o chenge, beconing transgranuior
cag in Pigs 22 vnich also shows asone subvsidiary pearliie
crocling. In one of the 0.60 stecl spocinmsns the uvastable
fracture wap arvested before troversing the specimen due
probably bo the shear Iip on the surfaces reabraining mobien
of the crack in the centre ( the crack bod iravelled further
in the centre than st the ofzen)s Bxaminstion of the oveck
$ip ot the ceontre of the bar showed thet cracks aovess the
pearlite lamelliae preceded the naly fracturveifigs. 83 & 24.
Host of thoese orackd wers across the lamellze ot augles of
A5 deg. ox mowve with the lamellar ddrection, The material
thrdugh wodch the oraclh was propagabing at this stege had
been previously deforvmed oniy 4o a slight exbent and thorve
wore no mayjor defecty in the surrounding pesviite.

The oraclns seen in the B.N.8 plave bend and hensgile
testa sppeaved to e due bo splitbing opem of major defects
noay the frachkure surface snd figs & Lrom the plane bond
tost ohown thet the dstrivution of the ceacks fellows a
sinilar pobbera o the distrilubtion of najor defects,

ravks such as these were ouly seon in the fyucteved specimens



w B2 -

and none were obperved in sypecimens strained to near fracture.
fable 3 shows that specinen B4 wos strained to 0.58, yet

from fig. #5 for specimen BY, thers were about ?0 oracks

per Sg. mite 2 this strain wnd none in ¥4, Sinilarly no
cracking was seen in B2 or 13 although these too were strained
to where oracking was seen in Bl This effect was also present
in tho tensile tbests sud from tuble B and Tige 26 it con he
seen that wide cracks were present in the fractured specinen
™M in parts of the neck thet were sbtreined tho seme amount as
apeciven T4 which showed no ovackinge This crscking secns

to ccour ot fracture and counld be due to the pupsage of
stress waves through the materiels Gracking of this type

is not seon in the torsion or noteh < Lend tests, In the
former cose this is probebly due to the nmuch less sudden
energy velease ak fraocture pod dn the lattor cose to the
relatively low number of mejor slip lines. The cracks
observed 10 the 0,60 notch hend specimen shead of the main
orack avd described previously are sinmilar in aprearsnce

t0 these, the main difference heing thet the formex ocour

in watericl that has had very little prior plastic deformetion

ek both eould he due to a mimilar cause, The resson for the



pearlite failing first could be due to it being mére susceptinle
than fervite to the high streia rate any strogs wave would

have as it ig more brittle. ITn the notoh bend test, thig

effect could lead to the trapsition fyrom dntergranuvlar

to tronsgrenuler failure as the crack accelerabos.
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The ductility of the materials testod has been shown
to depend %o a large axtégt on the degrees of trhaxiality
of the stress state which has been ropresented by the ratio
of the mean to effcotive stress.

The deformation of fervitewpaariite sixructures is
accompanied by the formation of slip line defects across
the pearlite lomellem and %m deformation is severe, sonme
cracking ccours which can act es a nucleus for fractuve
initiation. The number of major defects required %o promote
failuve 48 very much leps when the siress state is severe
and denonstrates the effect of o high mean siress in causing
defects $0 open and propagato. Under less sevore stress atates,
the number of defcots aﬁpewa t0 veach a saturation wvalue after
& cortain amount of strain,

there therc are a large number of defecis, the final
fracture seens to be transgranuler, btut in the notched temts
where the defcota are few, the crack in its initial stages
is dntergranuler becoming transgraculme as its speed inoreases,
An wnstable crack seems to propegete Ly nuoleating smaller

eracke ashead of it, these cracks being for the most part
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acrous the poariite lanelluo,

Defocts dn the bighly strained peexlite near the
frocture surfaces in the tensile and plane bvend tests
appear o have heon opened up when final Lfrseturo cecurred,

indioating some effect due to stross weves at fracture.
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% nay be of practicosl vee to compeve the ductilitkes

of differeuny makerdals on the bapin cﬁ.‘ curves of congbvaink
foctor ageinot strain to fellure. Such curves could be
nued o dndioote the velative noteh sensitivily of the
naterdnls.

ihe work could be extended te include other fnetors
influencing ductility such as the strein rate end
Yenperature and the intersraletion of eachs

Po form a complete picture of deformation and fractuve
nechanisng in cerbon stesls, the demage to the fervife
phase should be iovestigated, vbich would dnvolve

electron microscope work to evaluate dislocation
configueations eto. "

Fardher woyk is requirved on the mechenisn of frecture
propagation in peprlite snd to ;}’.nv&atiggata' the sinilarities
and difverences between the dansge produced shead of a
moving oreck in previously undeforned matorlal and the
poerlite oracks alongside the frscture in heav:i.iy

deflormed graing.
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P kst o

i Suter radiug  Depth of Neutral — Eadius of
of Bend omg,  axis from outeide Neutral Axis ons,
of bend cnms,
B1 Jeb 1.4 21
B2 Ted 1.0 . 6.4
B3 6.4 1.2 5.2
B4 4ot 1.3 28
Gauge lorks 2adius
B - 0.64
B3 04255 Q.23
B4 0.489 0.52
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Test Picoe B 3
g en | |
0 | 0 0
10,450 | 0,027 -
12,900 0,043 -
14,000 0066 -
15,700 0,086 0,015
17,600 0,113 0,048
17,400 0.166 0.058
16,500 0.191 0,086
15,700 0223 04104
14,4000 B - 0,113

135,400 04255 Q131
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Mojor Defoots spguinet Strain

Specimen B 1
Stra Defeots fmn®
0.64 214
0.56 . 220
0.49 250
.41 200
Qo35 : 163
028 €4
0. 23 10
0.19 0
3} an 0
0e21 Ba
0020 0
Specimen B 3 o P 10
022 0
Specimen © 4
0.50 70
Oe44 89
0.38 120
0026 a5
0e20 12

0.19 0
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Zable S
Rensile Tost
Constraint Factor st centre of bar in necked regim and
maximum plestic deformation in the neck ( see appendix 1)

T4 0340 43 0.371
T2 0.36 14.8 0345
T3 0,37 19.8 0.342
T4 0.41 o 0.333

Specimen  Tnitial dis, [4nal dia.  Elastlo Steein

Smg, [y, 2m( agl a, )
T 1 0.875 0.08 d.SQS
P2 0,832 0u72 0.414

ARRR T 4 0862 0.82 0.154



Tavle 7

Y

1 Ta

Mumbor of slip line defects in pearlite expressed as
”
number pexr 0,01 am”

fOE
)

Digtance fron
Negk root mm,

QQQ

1.0

20

3.0

4,0

640

8.0
Specimen 72
T 040
1.0
2.0
Fa0
4.0
5.0
640
7.0

Spocimen T4  (Strained to U.1.8. mo no neck)
145 113 123 143 16
165 113 113 123 10

HNoy of Defects

14 3113 173
103 113 103
113 23 9
123 163 9
103 23 135
123 B3 133
143 73 103

193 158 9
10; 125 8
fis 11y 123
9% 113 103
Ty 133 B4
N 912
102 105 113
9 93 8

12
10
10

a8
10
15
11

13
7
8
7

10

10

14

10

13.5
10,3

9.8
115
10.3
1240
10.5

12.0
9 3
10.5
23
95
10.0
1.5
9.0

12:7
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ZIghle 8
Zorgion Tesk B.N.8 Speoimen

Speoimen Dismeter = 045 ins,
Parsllel length of specimen = 245 ine.
Aogle to fnilure o @.95 voddansg

Strein to failure from avove data » 0.80
" # a " merostructure m (.81

Shear strain at fracture fron miorostruoture = 2.1

Bffeotive atrain = O £t

= toi}
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NO OF CRACKS

PER SQ MM. FiG 25 | .
50— CRACK COUNT FROM PLANE BEND TEST
X |
8O o .
, X X
X X
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Appendix i
Jorvection for Btate of Bbrass in Neck of ¥ensile Spocimen,
This wmalysis was carcled oub by Pridsmann (9) and io bused
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A solution to the provlen of an watounded vlastie
naderisl contnining two fnfinite hypertoide nokehes is
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contre of the noteh ond v, Yodsoon®s rotio = 0.5 gives
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