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STNOPSIS

Bxperiments have been made with the object of elucidating

the mechaniam of the cleavage of metals.

fince cleavage was known %o ocour in cortain body centred
oubie metals a.series of notched impact bend and tensile tests
have been cerried out on P -brass and two Al f —brasses down %o
~196%C to detormine whether a similar cleavage oeourred. The

-uoi- showed no indication of cleavage failure.

A study has been made of some of the cleavage properties
of pure poWdunm gine in simple tension and the effeots
of grain sige, temperature, strain rate nnd plactiec dofom;.tiou
on the true fmoture stress have been investigated. The
results obtained have been used to examine the various theories
proposed to explain eleavage phenomens and 1% is gongluded that
di slocation theory can be developed to amccoust for the build u;:
of large internal stresses from which cracks leading %o oleavn.q

gan be formed.

A similar investigation has been carried out on pure poly-
erystalline magnesium. The resulte are markedly different from
thoseibr sine. The theory requires to be developed in much
groater detail to accou:st for the diversity of phenomena be-

tween the two metals.

(1)
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GENERAL INTRODVCT ION

It has long been imown that metals can fracture in a variety
of ways. ot only do different metals fracture by apparently
different mechanisms, but a given metal can often fracture in
more then one way, depeading on the conditions of service or test.
ilowever, typesd fracture can generally be divided into two
classes, brittle and ductile, though intermediate cases can ocour.
It can be said that brittle fracture cecura suddenly and after
little, or no, plastic deformation. mectile fracture occurs
relatively slowly and after a considerable amount of plastic

deformation.

Pure metals usually fail in a ductile fashion at high temper-
atures and some, in particular the face~centred cuble class, rotain
their duetility to very low temperatures. On the other hand, for
several metals, brittle fracture ccours, perticularly at low tem-
peratures. It ias elther intergranular, that is, it ocours along
the grain baundariﬁ. or transerystalline, ocourring along e defin-

ite erystallographic cleavage plane.

The purpose and agope of the present work was to investigate
some of the feotors influeneing the odourrence of clesvage fmcture

and to attempt to elucidate the mechanian.

The desirebility of uaderstanding the mechaniam of cleavage
arises for two reasons. PFirst, a point of imnediate and great
practical importance, ie to obtaln a means of preventing the cleav-
age failuves of metals and particularly of steels whioh have on
several occasions been used in service with disastrous resulte.

gecondly, =ince °1:'“‘3' has been fouad in extremely pure metals,
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it might be expected that cleavage studies would yield valuable
presilts concerning the properties and more particularly the
structural mpomﬂlw- present in metals.

several recommendations which have recently been given should
eliminate, or at least considerably reduce, the fallure of steels
ander service conditions, particularly if adequate attention ie
paid t0 good design and the avoldance of sharp notches and other
stress goncentretors.  Recent research has aleo provided much
data on the effects of alloying elements.

However, it is st11l nocessary %o search for more fundsnental
results and as far &s possible o attempt to formilate s theoret-
jeal basis so that some guidance may be obtained br future woric.

A veview of the present state of theorstical knowledge has been
given ia Chapter II.

A point of eome aignificance is that cleavage has been found
%o ocour in ol - iren of high purity. Cleavage has also been ob-
served in molybdemum and ia tuigsten, which have the atme bodye
centred oubic nmm and eimilar plastioc properties to oL -iron.
The oleavage plane (100) is the same in all three metals and this
would indicate a property of the lattice or of the form of deform-

ation, or both.

In line with this, in the presest work an attempt was made %
induge clesvage in J ~brass and in two Al S-brasses of high
purity. Though J ~brass is an alloy it is of superlattice forn
and it possesses similar structure and plastic properties to

ol ~iron, tungsten and molybdenum. The experimental work and
results are deseribed in Chapter III.
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geveral other metals have been reported to show cleavage.
The cleavage planes have beon identified in biemuth, sinec, mnag-
nesium, antimony and tellurium, and a list has been given by
schmid and ma‘) . Nevertheleas, the fundamental problem -till
remains one of sccounting for the low cleavage fracture stresses
obtained for all metals whiqhvahm cleavage and which are of the
order of 100 %o 1,000 times weaker than the cleavage streas
values given by the classical oochesion theory for erystals, whiech
has been recently reviewed by Ovowan'2). In addition, little is
known of the effeots of alloying elements or of Mﬂed asige
and shape (except for steels). Likewise little is known of the
effects of grain sige, temperature, strain and strain rate etc.

on the properties of cleavage.

In the present series of investigations a systematic study
was made of the effects of several variables on the cleavage
properties of polyerystalline sine of high purity. A number of
new and interesting results have been obtained. These are pre-

sented and discuased in Ghapur Iv.

work was also carried out on the cleavage of pure poly-
erystalline megnesium since this metal was imown to have a simila:
(hexagonal close packed) structure to sine. The study of the
cleavage fracture showed results markedly different from those :
obtained for mine. The results for magnesium are given in Chap-

tor V.

Pinally, Chapter VI eontains some ecollected results which

have been obtained from the present work.
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I -~ PREVIOUS STUDIES OF CLEAVAGE

(1) HISPORICAL INTRODUCT ION

The fact that solids can often be troken easily along defin-
1te erystallographic planes has long been kaowm. This phenomenon
is imown as cleavage. The first observations were on minerals and
the fractures obtained were frequently used as a mmﬁ of identiy-
ing and elassifylug orystals. The abpence of guantitative
measurements of "cleavability" were mo doubt largely due to the
complex stress aystems which arose in the usual methods of cleave
1ag. '

with mieroseopie and goniometric studles, hovever, oheerv.-
 ations were made on the properties of freshly cleaved surfaces.
ndlom-mymrmdtobodmplmorlmmmd
high stomic density. The surfaces were smooth, flat sad of high
reflectivity though often not without deformation markings. n
addition it was observed that little energy was needed to cleave

& W“‘l.

The first systematic investigations into the influence of
erystal orientation and the direction of applied stress was made
by Sohuko(s) in 1869 on eodiwm chloride. For all orientations .
he examined, the oube plane (100) appeared as the fracture plane
and the results indicated & "eritical nomrmal :iress® law for cleav-
age. That isy the applied streas o = —:t;—i where N was
the constant oritical normal stress and X  the angle between
W cleavage plane and strees directlon. IHowever, this law was
not accepted as a general eriterion in later -nrk.(‘). lore recent
experiments have shown the law to hold for certain cases, though

it is certainly not applicable to all cases of cleavage. This
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remains a point of considerabls interest.

The early experiments reported by Smekal (5) showed conclu-
sively that constancy of the elastic energy required for fractur-
ing was not valid as a oriterion of cleavage.

The tensile strength values for the (100) plane of rook salt
were obtained between 200 and 600 gm/me° and the elastic extension
perpendicular $o the cleavage plane prior to fracture was of the
order of 10"‘ CMEe It was shown by Bwald and Pblwi(ﬁ) that ,
in the case of "perfectly brittle" frastures, the modulus of
elasticity remained very nearly constant right up to the point of
fracture. This indicated that there was no gradual weakenling of
the cohesive forcea of the crystal prior to fracture. Using very
small erystals of less than 1 m.n. diameter, J‘enolul(” observed
significant inoreases in tensile strength with decreasing cxrystal
sige. This was interpreted by ascuming that smaller orystals
were likely to have fewer of the defects which might be responsible
for cleavage. If additions of other substances were made,
Sohonf.ld(a) found that the tenasile strength was increased in much
the same way as the yield point. The work gave some indicatlon
that a conneotion might exist between the yield stress and the

cleavage streas.

Investigations have been reported on the temperature depend-
once of cleavage. Joffé(’) and others found that the tensile
strength of rook salt crystals was Wt-ly constant over a
wide range of temperature. Jowever, at high temperatures, or
when the stress was applied sufficiently slowly for a mariced
plastiec deformation to ocour prior to fracture, then tensile
strengthening was found to occur. From photographic studies the

¢ime to fracture has been estimated to be of the order of 16~ %o

10-4 HBCH. (10)
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Microscopic exeminations of metals which had shown brittle
fractures revealed in many cases that the individual otﬂtda of
the metal had fractured in the manner which was well established
for the cleavage of other materials. It waas apparent that
cleavage could ogcur in certain polyerystalline metals and spread
shroughout by the cleavage mechaniem. This type of fracture was
found to be the cause of a number of fallures in steel structures.
Hence the problems of the occurrence md' mechaniam of cleavage
fracture became of great practical importance in addition to %elr
intrinsic solentific interest. Thue there arose a neceasity to
devise tests which wonld show the susceptibility of metals %o
cleavage sad aleo indicate whether they could be safely used in

seyvice.

(2) TYPEs OF PRACTURE IN METALS AND TESTS TO DETERMINE THE
IBILITY T0 VAGE »

1t was found that steels showing a very high ductility in
normal tensile tests were often liable to show brittle fracture
in servioce. The problem then arose of designing a suitable
$ost whereby a messure of the brittleness could be determined.
It was observed that impact loading and low temperatures were
conditione under which brittleness vas likely to be revealed.
severe winters were imown to have ocaused n.merous btrittle frac-
tures of railway stock and rails ete. anithe most spectacular
epidamic of brittle fractures was found in welded ships during
the 19391945 var.

The easiest means of estimating brittleness in steels was
found to be by a bending test on notched bars - hence the term

motch-brittlenesa”. A rather more refined test was devised
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by 3.3, Russell(}l) 4n 1857, in which @ motched bar specimen was
broken by the impact of a pendulum hammer, the energy loss of
which measured the work of fracture. This form of test has been
further developed and most machines in present use are of the
"Charpy™ or "Izod" type. -

A very general theory of ™asotch brittlenesa™ has been devel-
oped andthia is discussed adeguately in a review by m(a).
From hypotheses due to Ludwik*2), brittle fracture was considered
to ocour if the trittle strength B" was less than the yield streass
Y. For an inorease in temperature, Y was thought to decrease
at a faster rate than the brittle strength B, so that at some
temperature, Y would be less than B and then the metal would
be ductile and give a fibrous fracture. The temperature, repre-
senting the change in the type of fracture in a given tesat, has
been termed the "Transition Temperature®.

This theory was not only relevant to the cases of transition
between cleavage and ductile fracture. It was also applicable
$o the transition between any otherforms of brittle mﬂm and
duotile fracture. A list of fracture types has been given by
ovovan(?).  The theory, then, was quite general in assuming a
brittle strength value B without specifying the cauce of hﬁttlh
ness. TNecause of this vagueness in the theory, it can tell
nothing of the cleavage mechaniam, but it will be presented here
in so fer as it helps in the understanding of tests to determine

the susceptibility to brittleness.

Ludwik first drew attention to what is at precent regarded
as the main direct cause of notoh brittle behaviour, namely the
triaxial state of stress arising on plastic deformation of speoi-
mens containing notches. This state of stress causes an effect-
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ive increase in the yleld stress. An ml;ni-(n ) has shown thet
the effective yield streass cannoct be inereased to a value greater
than 3Y, where Y is the "™umotched yield streas".

without explaining the details involved, the hypotheses
described are useful in a0 far as they give a picture of the mtch
effect and 1t can be said thati- '

If B<Y the material is brittle.
If Y<B < 3¥Y the material is "motch brittlev.
If B> 3Y the material is fully duetile even when notched.

These conditions are presented graphically in Pig.l, taken
from Orowan's roview. The graph, however, cen only be regarded
as presenting an outline of the phenomens and it will be seen
later that the problems of flow and fracture are much more closely
connected than would appsar from Fig.l. Neverthelens, this
representation indicates that a "transition tempersture” should
exist below which the metal i britile and breaks with little
energy absorption and above which it is duetile and reguires much
- energy in breaking with a ductile fracture. A typical graph of
the energy regquired for fracturing against the temperature is
‘shown in Fig. 2.  The above hypotheses also indicate that the
transition temperature ahould be dependent on the type of test
employed for a given metal, and this is one of the most important
feoatures found experimentally. They tell us nothing of the mech-
anism of the fractures nor do they give any clues o the effects

of many variables.

The Charpy and Isod types of test carried out over a range of
temperasture on both sides of the transition temperature give a
good indication of the brittle tendency. If the fracture is by
cleavage, bright, flat facets are seen over the fracture surface.
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Above the transition temperhture the fracture surface is dull,

rough, end does not reveal any eryestallosraphic characterioctices.

Whilat the Charpy, .I'od nnd simller testes are of great
practieal importence, the complex stresses set up during the test
maite it impossible to obtain precise quentitative measurements in
terms of the fundamental properties of the material. The only
alternative, however, in the cese of investigations on steels is
to ecarry out tensile tests at extremely low Mperatum'u vhich

. involves coctly and difficult technigue. ‘Phe firet euch investi-
gation wac carried out by ,‘!adthld(u). More vegently tldin and
Collins have rejorted an investigation on a stoel down %o 1201(15).
The steel was found to be gompletely brittle over the range 12 to
61.5°% and fractured without any reduction in avea over that range.
They found that the brittle strength increased with decreansing
temperature. Such prmduh, though, is umecessary in determin-
ing empiriocally the effects of metallurgical structure on steels.

(3) METALLURGICAL FACTORS AFIECT ING THE CLEAVAGE OF STEELS.

mmamtwmm“mm.mmdtow

problens of eleavage in steels and many useful mi- have been
given(16) (37)(18)(19)(20); several valusble studies have been
made congeyning the effects of guantitios of added elements to-
gother with the best heat treatments for toughneas.

.

Investigations on mild steel by Barr sad Tipp&r(a)indtnattd
that steels with higher manganese contents had lower tranpition
temporatures. Further work by Darr and w(zz) oont/xmd
the beneficial effects of manganese end the practical recommond-

ation was made that for structurl steele for shipbuilding, the
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ratio of manganese to carbon should not be less than three.

In n.meércus researches austenitic steels have beon fouid to
retain their toushness down to the lowest temperatures of “tf‘
1% is %o be noted that these belong to the face-centred cuble
clasa of metals, which have, up %o the preaent, invariably shown

good impact properties.

studies of the effects of oxygen, silicon aad phosphorus in
stools at the Nationsl Physical Laboratory(23) have shown that
4hese elements raise the transition tempgrature and give fractures

which are part intergranular and art cleavage.

;mu:o:nmmmmimuumuu-
fluence on the {racture properties of steels. Larger grain sizes
have generally been found to raise the transition temperature.
Alloying elements such as vasnadium which reduge the grain sige

The effect of 13 alloying elements on the brittleness of
pearlitic steele has been investigated by Rinsbolt and M:(ﬁ).
The transition temperature was lowered by manganese end nickel and

raised by carbom, copper, molybdenum, phosphoruns and silicon.
The effects of the other elements were complex. with inerease in
carbon content the transition temperature was less shawrp, the
change from brittle to ductile fracture taking place over a renge
of temperature.

Hopkin and Pickmea(?%) have ctudied the effest of hydrogen on
steels. If the hydrogen vae Mot given time to diffuse during
tomueaf-nupmnmauhna low, but hydrogen
reduced the brittle strength of low alloy hardened Cr-Mo., Ma-Ho.

g

and ¥i-Cr-lo. steels. An extensive msn(zn has been pub-
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lished on the offects of hydroge: im steels. several cases are
eited where defegts can be eliminated by keeping the hydrogen
content to & minimum but in many cases there is mo proof that
hydrogen is= the only cause.

The results obtained, concerning the effects of metallurgioal
structure on cleavage, have enabled several recommendations to be
made whigh should eliminate, ur at least considerably reduce, the
failure of steels under seyvice conditiona particularly if serious
attention is paid to good design. ‘Uowever, in spite of their
great practical importance, the results have not received any theo-
retical interpretation. mphmwuu‘appugtobodm
complexity and for an attempt to understand the fundamental aspedts
of the mechanism it would seem preferable %o work with very pure
materials.

(4) CLEAVAOE INX NON-FERROUS MFTALS

Closely snalagous with the cleavage fractures in pure o<.iron :
are the cleaveges wnich have been cbeserved in twauu(as) and in
-oxym(”)(m). These metals all have body centred eubie‘
structures aan! Andrade has shown them to have aimilar plastie proper-
uu(n‘) if the effecte of temperature ave taken intc account. m
all three metals the (100) plane has been identified asthe cleavage
planes This gives some indication that orystallographically related
metals might be expected to show similar cleavage properties. The
relatively little work done on the frasture properties of tungsten
and molybdenum has no doubt been due to the relative unavailability
of the pure material in bulk fomm.
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p~brass, which is again of the same erystalline form and has
similar plastic propertiss to o -iron, tungstem and mol; bdenun,
might be expected to show aimiler cleavage. There is also the
advantage that this material oan be obtained very readily in a
pure form. In the present series of experimental investigations a

study was made of the frecture of f-brass and of two Al F-brasses.

The non-ferrous metals which have previously been used most
fregquently for studies of cleavage have been bismuth and sine.
The structure of these metals (rhombohedral and hexagonal close-
paciced respectively) being cossiderably different from that of
ol ~iron, they gould not be expected to provide a very close corre-
lation with it, mor to have immediate m‘ina on the pracstical
aspecta of cleavage fallure and its remedy. Nevertheless the
study of the fractures of bismth and sine has contributed oon-
siderably in the aceumulation of fundamental experimental data on

cleavage.

In bimmuth and gine work with single erystals has proved
sossible and many such studies have been reporteds The "Critical
Normal Stress Law" has been considerved to be valid for both
mua(m:”) but recent work by some of the author's colleagues.
has shown that it is not valid for mine(34).  parly work om
gine was also consideyed to show & "gegond best cleavage plane”
in the prismatic (101—0) plane as well as on the move usual basal
(0001) eleavage plane, but now it appears that vhat was regerded
as prismatic cleavage ie actually clesvage in the bmeal planes in
twins37) whioh have almost the same oriemtation es the prismetic

plane in the matrix.

Some results have been reported for the effect of temperature
on fracture stress. For biemuth there was found to be no detect-
able change between -80°C and 20°C. - For sine, Fahrenhoret and
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sonmtd (36) found mo change in fracture stress betweea -253°C and
-B80°C though the seatter of resulte was large. However, it
appesred probable that deformatlon increased the fracture stress
at -80°C, had no effest at -196°C and decressed the fraoture
stress at =253°C.  From several experiments on sinc it was con-
ocluded that & limiting shear stress could not be a eriterion of
gailuve.  Sehmid(37) found that smell smcuste of cadmium in-
creased the fracture stress of sine.

A survey of the literature indicated a rother surprieing lack
of fuzdamental data on the cleavage of pure polyerystalline sinc.
The sresent work gontalns an ageount of experiments tc determine

sone of the cleavage properties of this material.
»

In addition to the metals already mentioned, according %o
schmid and m(l) cleavage plenss have been cbaerved in magnesium,
arsenic, antimony and tellurium, though no details have been given
for the firet thres. Por telluriun Sehmid and Wesernsa(3®) found
that the eritical nommal stress law vas valid over & range of
orieatations, but outeside the range there wers marked deviations.
Tn their experiments, single erystals of hlluri;m frootured on the
(IGEO) prismatic piann,' and no overall deformation tooccpléce prior
to fracture.

To explain the phenomena associated with oleavage several
theories have been proposeds These will be dissussed in the next

Chapter.
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II - A BRIEP REVIEW OF TWEORIES FROPOSED TO EXPLAIN CLEAVAGE

(1) THE PUNDAMENTAL PROBLEM. THE THEORET ICAL
TENSILE STHRENGTH OF A FLAWLESS SOLID.

An estimate of the theoretical tensile strength of a solid
oan be obtained from considerationa of wne surface energy, as
has been shown by thnyi(”) and m(‘o). The energy re-
guired for fracture should be equal to the energy needed to separ-
ate two adjacent atomic planes.

If a solid is extended u:iformly, the excess of the attract-
ive forces over the repulsive forces acting across unit area
perpendicular to the tenasion, is indiecated in Pig. 3; the result..(
foree O should vary with the diatmo‘ < between neighbouring
atomic planes as showm. The extennion should be stable until
the maximum of the ocurve Lo reached, then fracture should ocour.

7 A is the surface energy
£ Young's Modulus
a the interatomic distance
o~ the fracture stress

then the elastlc energy between neighbouring planes in the stressed
specimen must provide the energy for their separation and thus
create two new surfaces at fracture. The elastic energy in the

T
speginen is 4 por unit volume, and the energy per
o & u_:l
unit area of two neighbouring planes is —ZF . Now the

value of 9 is reached when the energy between the two planes

&%
is ~ -3 , and since two new surfaces are created,

a o <
—;—Z:‘" is of the order of 2 (=2 )
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Hence the order of magnitude of the fracture stress ©,_ %o be

expected is given by:
2 XE
™ a

For many metals it is generally fouad that:

E ~ 10 % 10" aynes/on®
a ~ i'= 10"8 ons.

A ~ 10° ergs/m®

The value of o£ can be found ap,  oximately from the extrapol-
ation of surface tension measurements made on the liguid metal.
liowever, recent theory and experiments have provlded methoda for
determining oK for metals in the solid state, though up to the
present measurements have only been made on gopper. Uddin,
sehaler and Walff found that oL = 1370 ergs/om° for copper just
below ite melting point“l) . Between 800 and 900°C, mailey and
mtma(‘z) obtained the value of 1800 uga/nz. These results
are in reasonable agreement with the theory given by Muang and
wilie(43) whieh predicte a value of about 1820 ergs/en for sclid
copper.  Por the liquid metal o = 1100 e¥as/em® at 1100°C.
The pvesults indicate that for other metals, for which <K has no‘t
yet been measured for the ﬁlid state, the extrapolations from
surface teansion measurements on the liquid ere unlikely to be

much in error.

Using the above equation to caloulate o , it is found %o
be of thé order of 3 x 10') dynes/om?. This value is of the
order of 2,000 tons/sq.in.

- The value theoretically obtained for o is fouad to be

100 %o 1,000 times groater than the highest cleavage stresses
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which have been experimentally measured. This represents the
fundamental problem of cleavage fracture. Purther it is found
that cleavage occcurs at very small extensions. The theory pre-
sented would require fracture to occur after about 30/ elastic
deformation, whereas plastic flow ocours at low extensions,
usually much less than 1f.

Two gquite different interpretations have been suggested to
account for the great discrepancy between the experimental values
of cleavage stress and the values obtained from cohealon theory.
One approach has been to use the general methods of thermodynamics,
with certain added assumptions, for stress caleulations. The
other approach, which has been much more completely developed, has
been to assume that flaws, or other forms of inhomogeniety giving
rise to uh'-is concentrations, are present whieh provide the
necessary high internal stress so that o is in fact reached
locally.

These two different lines of approach and the theories result.
ing from them will now be disoussed.

(2) THERMODYNAMIC THEORIES OF TENSILS STRENOTH

From thermodynamic considerations it has been suggested that
a relation exists between the energy required for fracture and
the energy required for melting. n‘ém(“) has proposed a theory
based on the theory of melting developed by )en“s ). by regarding
the process offmimmakindofmlﬂncﬁpomwm.ml
forces. The form of melting is visualised to take place at
relatively low stresses and this is the reason why tle theoretical
cleavage stress O, is not attained. Ty this theory the tensile
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strength is found %0 be of the oxder of magnitude which is fouand
by experimeant and the theory does not need to assume any details
of the fracture mechaniesm.

To simplify the treatment of the problem as far as possible
‘Purth conaidered an ideal homogeneous and isotropic material,
completely elastic and with nmo plasticity. If an applied stress
is increased gradually then it is assumed that a stage is reached
where oracks or holes are formed inside the body and cause frac-
ture immediately.

If o— is the tensile streagth o
&  the energy of melting unit mass
e the density of the mmterial

then the approximate conditioa for fracture is o— ~ Qf then
a more detailed tmmod treatment is applied which con-
eiders more completely the energy changes in the system, then the
fracture oriterion is found to be given by the equation

(—2)

T o PO B My

where )V is Poisson's ratio for the material.

Furth discusses the experimental conditions under which the
formula could best be tested and concludes that the umc_t_
approaches to the idealised material envisaged in the theory are
pure unworked polyorystalline metals tested at low temperatures.
Howsver, the results he gquotes for comparison with the theory
have unfortunately been taken from ultimate tensile stress meassywe-
ments for metals showing high dustility and not from true fracture
stress measurements, which are the guantities which would be re-
quired for a valid test of the theory. In the relatively fow
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cases in which they can be and have been measured, values of the
true fracture siress of pure polyerystalline metals have been
shown to be strongly dependent on factors such as sige and geo-
metrical shape of the specimens tested and on grain sise ete.
The formula thus includes oo little detall to be tested direotly

by experiment.

A_ closely analogous thermodynamic theory of mm which
agrees in essential details with the Purth theory has been
" developed by saived(¥0), ms nas sttempted 1o cover the cases
where some flow precedes fracture by ineluding some of the proper-
ties of the strens - strain curves. Nevertheless, the formulae
derived do not take into acoount the chief factore influencing
true fracture ctress and so it ia difficult for valid comparison
with experiment to be made. It appears that the formulae can
have little, if any, practical utility.

These theories, whilst pouﬂ:l;.v suggeating reasons for low
fracture stresses, do not contribute further to the understaanding
of fracturec. The ohief oriticiem against the theories is that
they do not take into account the observations from a great many
experiments that fracture is essentially a structure sensitive
phenomenon. Seits and Read 7) have further advanced the argu-
mente againet thermodynamic theories in the form in which they
exist up to the present time in that they assums a uniform strain
energy density which is not likely to be present throughout the
materiai and that they do not indicate how elastic energy can be
converted into heat.

Tt would appear thet the thermodynamic theories must inelude
much more detail if they are to be of any use in uaderstanding
fracture. Some of the present results will be discussed later
in the light of these theories.
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(3) THE QRIPFITH THEORY OF FRACTURE

In marked contrast to the more recent thermodynamic theories,
a very succensful theory was proposed by m-u‘nu(‘s) in 1920 to
explain the low fracture stresses cbserved in glasses. He asscumed
the presence of small oracks or other flaws around which strong
stres: concentrations arose when the material was streassed. Accord-
ing to this theory, the theoretical cohesive streag'h o is the
true microscopio fracture stress which must be actually reached in
amall volumes of the specimen whilst the mean overall applied streess
remaino very low. The theory of (Griffith considered the effegts of
elliptioal coragiks in a homogeneous, isotropic material, elastic wp
to the breaking point.

From a caloulation by mglu“g) the streas concentration o
at the tip of an elliptical erack of length Z c is given Wy

i K

whore o— is the applied ntress
end e the yadius of curvature at the erack tip.

Now it is assumed that the eragk will expand spontanecusly under
the applied stress o— if the stress comcemtration o, at the
erack tip is greater than the theoretical cohssive sitrength value

That is, the orack expands if o 2> U

E «
or 07 Z 2:_5 (sim":'—‘-'/zf from page 15)

Now for the sharpest possible erack we gan assume the radius at

ite tip C ia of the order of the interatomie distance 4 .

[ €
(3
¢
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Bliminating O ; we find the eriterion for fracture.
The material i'rncturu if the overall applied stress o— s
given Ly

oL £
. C

This formula is found to be guantitatively applicable to
glass, but it ies difficult to see how it can have direct reference
$0 pure metals without some modification. A recent analysis by
2113088 99) has shown thet unless eracks are held open by precipi-
tates ote. they are u.stable and are unlikely to exist in metals
of & length of more than 10 to 20 interatomic distances eince thay
would olose by thermal fluotuations and plastie flow even at low
temporatures. A further argument against the theory is that to
explain the very low cleavage stresses of single orystals a orack
length greater $han the orystal, and therefore impossibly large,
would be required.

Orowan has MQM(Q) that in applying the theory to metals
a term should be added to the surface energy oL to take into
accoust the plastic work P which is done mear the fracture sur-
face and by the fracture process. Ne estimated the value of P
to be grester than the value of oL by a factor which could be as
great as 1,000. The fracture eriterion then becomesi~

pim ?/(o( +P)E

Two argunents can be advanced against this modificeation. The

eracik lengths reguirved for fracture would be far too great, even
in polyerystalline specimens. Also the essential assumptions of
m-mmmmwn-uhmdumumm
the value of a‘: is exceeded locally ecamnot be modified without
shansine thas whole baais of the Criffith theory.
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However, the Griffith Theory has been of great service in
indicating why flaws or other forms of mfo:mal strees reisers
in 2 material could be npnrdod as the most likely cause of
brittie fracture. A further discussion will be given m
this theory has relevance to rosults obtained ia the present

WOLIC -

(45 DMPURITY LAYER THRORIES OF CLEAVAOE

Amongst many attempts $o present a more realistic form of
internal siress raiser +than the unlikely concept of & pre-
existing oveock as visualised in the Qriffith Theory, & form of
equilibrium segregation of impurity atoms along the cleavage
plane has been suggested.  Zemer has pointed out >') that
1:&“11111 atoms present in a body centred cubie lattice may
tend to segregate on the (100) plane because the total Mi.n
energy may thereby be m. This would appear to present a
reason for the (100) planes being found %o be the cleavage
planes.

Murther eonsiderations would seem to chow that similar seg-
regations are possible in hexagonal close packed metals along
the basal (0001) planes if the ©/, matio of the axes is
gronter than that for hexagonal structuves of perfect close paci-
inge  moclean®?) nas suggested that this form of segregation
on specific plmnes would be unlikely to occur in face-centred
cubic metals.

The above suggestions are interesting in so far as they
attempt to give some indieation of the experimentally observed
fact that face centred cubic metale do not. show cleavage
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embrittlement even at tho lowest temperatures.

It seems possible that, where it exists, forms of equilibrium
segregation may facilitate cleavage. NHeverthelesa, some experi-
mental results have been obtained of cleavage ogourring nhm. it

‘is extremely unlikely that any impurity layer segregetions ocan
exist. The investigations of Matthewson and Fhillipe >’ showed
that what vas formerly regarded as cleavage on priematic planes in
sine was actually cleavage in the basal plane in t-lum whioh have
almost the same orientation ssthe prismatic plane in the matrix.
Bxperiments on single mﬂl;l tested in tenaion in liguid air
show that, for orystals over a certain range of orientations,
twinning cooure and this is humd by sleavage in the basal
planes of the twine.  Theoretical consideretions indicste that
it would be impossible for impurity atoms to migrate to the basal
planes in the twins in the time prior to fracture.

(5) THE APPLICATICON OF DISLOCAT ION TIHEORY TO CLEAVAGE

A number of raem‘l th.ous-. have indicated that alip bands
might be capable of producing the nececsayy internal stress Son
centration to cause a cragk duch.wuld lead to cleavage fracture.
Zener has givea mome quelitative 1a0082®) of how & slip band
might initiate fracture and several suggestions along similar
lines have been reported. hen a stress is applied to a poly-
erystalline metel shen the dislocations forming the slip band
travel along the slip planes until the leading dislocation moets
the grain boundary, or perhaps a hard precipitate in an impure
metals This forms an effective barrier through which the disloca-
tions eannct pl:;l and & piling up of dislocations occurs at the

barrier. The concentretion of dislocations at the end of the
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elip line inoreases under the applied stress and @ smell orack is
formed as shown in Pig. 4/a) when the two leading dislocations
comlesse.  If more dislocations coslesee then the sise of the
erack inecreases as in Pig. 4(b) and the mechaniem of erack growth
ie elearly apparent. However, the opening up of such a oract
through the stopping of a slip band does not necessarily lead to
immediate fracture. The orack will extend throughout the region
of high etress concentration at the end of the alip band, but it
will thea stop ualess ite length is above the eritical value Fe-
quired for self-propagation under its own stress concentration.
81210t %) has given an analysis to show when the ovack vill
become self-propagating. If the eracx does not grow to the
required length then it will be closed by the geneyal ¥ielding
and thermal fluoctuations of the metal.

The ideam have been developed gquantitatively and for fracture
to cocur in a metal a orack of the order of the Griffith Crack
sige murt firet be produced. Caloulations have been made of the
stres: conceatration cmused when the dislocations pile up againet
a barrier and the caloulations have shown that if N dislocations
of the =ane sign ave pushed against barriers in their sliy plene,
¢then the stress concentration at the tip of the arrvay is N times
the applied stress. 1% thus appears that if a sufficlently
large n mber of dislocations could be piled up against a barrier
then the siress concentration would be of the order of magnitude
of the theoretical ochesive stremgth O~ of the material.

Evidence that high internal stresses can be obtained by a
pile up of dislocaticns has been provided by nye®3), e made a
photoslastic study of stresses in deformed silver chloride erystals
and showed that the stresses could be gonsidered to be due to rows
of edge dislocations of ths same aign which piled up and tended to
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bend the alip plane. An indication of the stresses set up by
piled up dislocations in metals has been siven by Barrett (5‘”.
e twisted oxide coated sine and iron wires plastically aand
siowed that they would spontaneoucly twist further when the
oxide coats were removed and the dislocations were allowed %o

run out.

The origin of dislocations in a orystal no longer remajins
a problem since the meghanism postulated by Fraak and Read(>>)
gives a clear indication of the process of creation of disloca-
tions. However, it is still necessary to determmine whether a
sufficiently large number of dislocations can be piled up %o
caune the stress magnifioation required for MM. Pig. §
shows an array of dislocations in & slip plane piled up between
the source and barrier. A simple analysis has been given(>*)
which determines approximately the number of dislocations N
piled up in a leagth L. of slip plane between the source and
barrier uider an applied shear stress uE = Assuming the
sourge begomes active under a very small strems, then under the
applied stress O the monrce produces dislocations auﬁl the
back stress from them cancele the applied stresa. w adit LN
the shear modulus, the source stops workin; whea the elastiec
strain over the length 2L (if the cource uiintna contre of the )
m)m-m:.«m«nm{{%—)tom. For this to be
accomplished & slip displacement of 2L -<‘t;. | must ocour at the
source.  If each dislocation produces a displacement b then

the number of dislocations h which are croated at the source

is given by ZL(—U—Z')
: ¥ ol

: 2L oy
: g7

n b

I
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The formula gives approximately the mumber of dislocations which
can bcpnodupMMynlungdmmhum
ogour. The relevance of the formula to the present work will
be discussed later.

It appears as a consequence of dislocation theory that heve
is a mechanism which can be regarded as providing a realistic con-
ception of the cause of internal stress concentrations from which
oragks can grow and ultimately lead to fracture. There are sig-
ﬁfimt differences between these theoriess and those which con-
sider pre-existing Oriffith oracks end these will be dealt with
further and in more detail with reference to the results obtained

in the present work,

(6) DSLAYED YIELD THEORIES OF CLEAVAGE

Since internal strecses in metals can often be relieved by
plastic flow, a point of some significance is to understand how,
aad in what clrcumstances, the large internal stresses required
for cleavage can be built up. In hexagonal metals, which have -
only one slip plane, the orientation difference between neighbour
ing graine may prevent a alip bend in one grain from initiating
yielding in snother grain.  Nemce it is possible that interaal
stresses can be built up.

In cubic metals, with a few s«lip planes and several slip
directions, yielding in one grain would be qxpmu.to cause yieli-
ing in neighbouring grains. lowever, the experiments of Kramer
and uaddin(®7) nave indicated a mechanism vherety body centred
cubic metale can withstand high stresses without yielding if the
stresses are only applied for a relatively -hoﬁ time. Vsing
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single erystals of aluminium, o -brass and g ~brass in turn, they
measured approximate values of the yield stress at various temper-
atures and under different times of stressing. For the P ~brass -
at the lowest temperature, .-1')606. and for a short time of strese-
ing, they fouand the yield stress was markedly increased. To
obtain the usual value of the yield stress as measured under
static loading the stress had %o be applied for about 10™° seos.
The delay time mecessary for yielding decressed with increasing
temperature. Thus at higher tempe:atures the stress concentra-
tions can be expected to be reliwved in a shorter time. Thie
mechanism has been proposed as an explanation of the phenomenon
of the transition temperature, msince at higher temperatures it
would be imposeible to build up the internal stress $o the magni-
tude required for cleavage. It appears that the "delayed yield-
ing" is associnted with the mechanism of the sharp yield point
attributable to very small gquantities of carbon and nitrogen in
solution. It can be concluded that some of the Prank-Read
sources are locked by impurity atome and thus they do not come
into operation to relieve the high internal stress before fracture
can ogour. This would appear as a further reason for anticipat-

' ing cleavage in B -~brass in common with other body centred cubic’
metals.

It has been found that aluminium and X -brass and other face
centred cubic metals had either no delay time for yield or a time
which was too small to be measured experimeatally even at very
low temperstures. On the above theories an explanation can thus
be given of the fact that face centred cubic metals have not been
found to show cleavage fracture.

The "delayed yielan iMﬁon muist have relevance tc the cleav-
age mechaniem M, up $o the present time, the; have not been

devalanad ta nmeide suantitative data.
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IIT - THS PRACTURE CHARACTERISPICS OF S-BRASS AND

W0 ALEMSSEB OF EICH PURITY IN THMPACT

AND TENSTLE TESTS.

(1) INTRODVWCTION

An investigation of the impaet bend and tensile properties
of P-pru; and 14 and 25% Al B -brasses wae undertaken primar-
ily to determine whether cleavage fractures occurred and, if so,
to attempt to elucidate the mechanism of this type of fracture
in body cemtred cubie metals.

B ~brass is an alloy of superlattice form occourring over a
relatively narrow range of composition bamed on egqual atomic
percentages of copper aand sine. It is of body cenbtred ocubie
structure and a comparison of its plastic prnpu-uo-(n) has
shown them to be closely similar to those of pure metals of high
melting point which orystallise in the body cemtred cubic form.

It has been mentioned previously that experiments have showm
ol~iron, tungsten and molybdenum to give well defined cleavage
fractures on (100) planes and these metals are structurally and :
plastically similar to B ~brass. A survey of the literaturs,
however, !ndicated that there were noc reports of lavestigations
with the specific object of determining whether a aimilar cleave :
age could coour. Impact tests have been reported y Tm(“)
on (L + B ) brasses without indicating any tendency to brittle-
necs even at low temperatures. Nevertheless it might appear
that the soft o matriz in the brasses imveastigated would not

permit the conditions of cleavage $o be developed in the regions
of the P —phase.
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The a preciable Welsy time® for yield in P -brasses at low
temperatures reported by Yraner and muu"" would indicate
that here is another property conducive to the ogcurrence of
cleavage. Some unpublished reports are kmown which deseribe
observations on forams of cracking in the B wphase of the commer-
glal brasses from ships! propellors ete. Tlowevery it is posaible
that this type of oracking could have occurred through "season
erscking® mechanisms which are of entirely chemical origin and not
related to cleavage cracks produced completely by applied stresses.

The work to be deseribed was carried out by tasndard notched
bar impact tests and teasile tests down to ~196°C mnd the fractures
vhich ccocurred were mtudied. Two AL B ~brasses were also inves.
tigated since it was known that the addition of aluminium had &
merked influence in inoreasing the yield etress and from the theory
of Ladwik32) $his should inerease the susceptidility to brittle-
ness. It m also kmown that aluminium caused intercrystalline
brittleness and it mignt have been possible for eragks to oocur 3
grain boundaries and be propegated by & cleavage mechanien.

(2) FREPARATION OF THE ALLOYS

gince impurities were kmown to cause various®d¥is of britth:-
ness it wae necessary to use material in as pure a form as posaible
consistent with its use in relatively large quantities. The

analyses of the copper and sine used weres-

&0 !_‘.- : f_b_c & -
% Impurities in COpPPEr sese 0. 002 0.028 0.,0015 0.003
VRS RN S "

% Inpul'!.\ill in 2iNG seecss 0. 0003 0001 Obm : 0.00“
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The aluminium which was used in the Al S-brasses in amounts
up to 2i% was of 99.999'% purity.

Iim»nmamupmmo alloys free from gae poros-
ity, shrinkage or other casting defects since these can cause
spurious resulte in tests $o determine the fracture properties.
For each cast a sand mould was made from a “leel bar® pattern.
The castings were thus obtained in the form of keel bars and the
base of the "keels" were used to provide the material from whioh
the specimens for test were made. The basal area of the keels
was 6 x 14 sq. ins. and the area of the top of the feeder heads
6 x 4 sq. ins.  The total depth of the keel bars was 5 ins.

It was most important to ensure that the material used was
entirely of the single F-phno. Any regions of the soft
_, wphase present would be likely to hinder the propagstion of
fracture during test. If, on the other hand; any y «phase was
present then the alloys wers shown to break under very low stressec
and even extremely small traces of the y «phase caused maried
intergranular embrittlement.  Some castings not etively of the
[ =vhase were rejected. gince the B -phase is narrowed to a
vexy emall renge of comjositions on the addition of aluminium,
particuler cere wes negessary in the preparation of the Alw B <bracs

alloyo.

seetions of the oastings were uuiud metallographically
after polishing on papers and finally with Nrasso and vhite Spirit
on o clothe PFerric chloride was fou'd to be a mmitadble eteh.

A very satisfactory electropolish and eteh, recommended by
Pcm(”) was also used:

solution: 2 paxrts orthophosphoric aeid (5.0. 173)
1 part distilled water
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Current Density: 0.03 amps/om®

Voltage: 1.8 %o 2.0 volta

Temperature : about 20°C.

Time required: 15 mins.

Cathodes Copper (electrodes horisontal).

An excellent grain contrast was produced by reducing the
voltage to about 0.8 for 30 aeca.

(3) NOPCHED-BAR IMPACT TESTING

The notehed bar impact teats were carried out on standard
Charpy specimens of dimensions 10 x 10 x 55 m.mj with Teod
notoh of depth 2 mem., with the notoh angle 45° and root radius
025 mome The machine used for test was an Amsler Universal
Impact Testing Machine of work capacity 120 % lbe and a calou~
lated striking velocity of 16 £t /sec.

The testo were carried out at room tempeveture and st ~77°C
and <196°C.  To obtain the temperature of =77 C the specimens
were placed in a bath of acetone and .onaao,. they were then
removed and fragtured within 3 secs. The temperature of ~196°C
waes obtained by cooling the -pooi-n- in liguid nitrogen. They .
were again tested within 3 sees. of their removals Ay copper-
constantan thermogouple it was shown that the temperature rice 3
sees. after the vemoval from liquid nitrogen was not likely to be

greater than 3 degrees.

In each test the value for the energy absorption by the
pendulum hammer wae measured. This was the energy used in de-

fom.tng and frecturing the specimens, A close examination of the
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fracture surfaces of the specimens was also carried out.

In the tests on the pure B ~brass the -lppem of the
fracture surface did not shange over the range of tem erature.
The value for the energy absorption only showed a slight de-
crease from room temperature to ~196°C; the average values
being 70 and 55 £t. lbs. respectively. This small decrease
was no doubt entirely due to a mmalli docremse in the deformation
prior to fyaoture at the lower temperature.  These fractures
indioated that, even at -196°C, they were above the trensition
gemperature in notch impact tests if one ies assumed to exist for
B ~brass. It might have apjeared that, aince the grain sise of
the spescimens was large, there were too fow cleavage planea 'luh-
ably orientated oppoaite the noteh. THowever, by straining end
mnoaling the material before machining, a considerably finer
grain sige was produced. 5till the results renained easentially

the csame.

Pigs. 6 and 7 show a tysical B ~brass Charpy specimen before
and after fracture. It had been electrolytically polished and
nchod and some indication of the east grain eige is obtained.
The fracture surface is as shown in Pig. 8, and, for the most
party it osn beat be desoribed as "ﬁ.bl'oun;' exgept for the pateh
on the opposite side from the noteoh and ropghly parallel with 1%,
This patch is relatively smooth and shiny and at firet sight 1%
might be regarded as a cleavage fracture. However, microacopic
.a.nlnat:lcn showed it to be ourved and with fow surface features
gnd apparently with none having erystallographic significance.
Horeover, no grain boundaries were revealed. The eurface could
be likened to the mides of a "eup and cone” fracture in tension.
It ocould probably thus be regarded as a sheayr fracture. The

relative aveas of fibrous and shear fracture appeared t- be com-
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pletely independent of temperature over the range conasidered.
All the specimens tested gave fractures almost identical with
Fige 8.

A series of tests were carried out on Charpy spesimens
which wore machined from material which had previously been gold-
worked by 12/ compression without subsequent heat treatment.
This effectively raised the yield stress of the material amd the
specimens were tested at the three temperatures ss before. Later
experiments indicated that the yield stress had been approximately
doubled by the prior cold work. It was considered that an ine-
orease in yleld stress might promote brittleness but very similar
results were obtained %o those on unworked material.

Pests on specimens from the two Al B ~brasses again showed
typically fibrous and shear fractures. The average impact energy
was 35 ft.lbs. and sc was rather leas than in theibrmer cases but
this was due to rather lens specimen deformation before fracture
begause of the higher yield stress of the material.

It was evident that in the three alloys investigated by
notched bar impact tests down to ~196°C, fibrous and sheer frac-
tures invariably ccourred and there was no indicetion of cleavage
or other formes of brittleness. Moreover, the values of the
energy ebsorptions would indicate that the three alloys tested
have remarkably good "impact properties®.

(4) TENSILE TESTS

Pensile tests were oarried out to determine the approximate
yield stresses, plastic and fracture properties of the three
alloys at voom temperature and at ~196°C.  The testo were
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carried out on a Hounsfield Tenscmeter and stress-strain curves
were plotted to fraoture. For tests at =196°C the specimen was
surrouided by liquid aitrogen 1:: a container similar to the one
desoribed by Woodfine(®?), he progressive increase of the
yield stress with deoreasing temperature and with inereasing
aluminium content is shown in Table 1.

TABLE 1
if Al 2.5% A1
Alloy P —~brass g-brass p.mauﬁ
Yield stresa| Noom temp. 9 12 21
(tons/sgein)| -1967C 13 21 30

All the alloys plastically deformed more than 207 before
fracture even at -196°C. At all temperatures, however, the
fractures oocurred suddenly. All the alloye failed with a
shear type of fracture whioch was seen to be initiated by inter-
granular cracks which opened up on the surface on plastic deform-
ations The trus fracture stress did not change significantly
with temperature and its value wasebout 40 Sons/sqe.in.

An examination of the fracture surfaces showed that the gen-
eval divection of fracture was at spproximately 45° to the
direction of applied stress; that is, they were along the planes
of meximin resolved shear stress and oould be regarded as sheer
fragture mirfaces. The surfaces were shiny, though not mioro-
scopically flat or moih. They did not reveal any crystallo-
graphic characteristics and they were similar %o the shear fracture
pateh found in the Charpy specimens. This type of fracture was
also observed when a block of B -brass was fractured in com-

nsmanian. fuwkthar asnfirmine that the slanes of fracture were the
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planes of maximum shear stress. In the tensile tests the elong-
ation at fracture was greater at room tempersture than at ~196%.
Phis would indicate why the impact emergy in Charpy tests was
found to be rather less at lower temperatures.

Pests were also earried out on specimens with sharp notches.
The inorease of the yield stress by a faotor of 2 to 3 compared
with the umnotched specimens was noted. Thie was in accordance
with the umwm.mmmmawmm
oﬂura(n). Howevers in spite of the high increase in yield
stress in these tests, cleavage was not observed in any of the
three alloys. The fracture surfaces in each case were entirely

of the fibrous type. They were rough, but approximately in the
plane of the noteh.

(5) gomcLusIONS

Mmm-ummupnm“worm-
three alloys tested in notehed bar impact or teneile tests dowm
%o «196°C. Thus the investigation threw mo light on the cleav-
age mechanism in body ocentred cubic metals. :

mmmdMM&iﬂlbhmalmdl .
conditicns of test. The "impact properties” of the alloys have
boen shown to be remarkably good. The alloys fractured by
fibrous and shear mechanisms requiring considerable energy absorp-
$ion. Below -196°C it is possible that cleavage fractures may
ccour bubt this would vequire further investigation.
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IV - SOME IMENTS ON THe CLEAVAGE FRACTURE OF
FURE_POLYCRYSTALLINE ZDNC IN SIMPLE TEWSION

(1) INTRODUCT ION

pure gine has long beon known to show a well defined cleav.
age fracture and it has often been used in experiments for studies
of the cleavage mechanism. [owever, little guantitative work has
been reported on the properties of the pure polyerystalline
materinl.

Expeoriments of Pﬁlﬂri(m) in 1924 showed a strong depend-
.QI.O of true fracture stress on the grain =ige in tests carried
out in liquid alr, though oniy two grain eiﬁn were investigated.
The remults were later interpreted by m‘“)- on the baasis of
the Qriffith Crack Theory to show that if cracke could be assumed
o exist of the grain dismeter o then the true fracture strecs
=

rmuhupm.dtobopmpoﬂimltoﬁ . Fromn
present concepts of defects in metals, however, such an explena-
tion would appear much over~simplified and a recent analysis by
21110t¢ %) nas shown that 1t eould hardly explain the phenomenon
in pure metals begcause oracks greater than 10 to 20 interatomioc
distances in length would be unstable and v;mld be expected %o
close spontansously under thermal fluctwations and plastic flow
even at low temperatures.

The aims of the present work were to investignte the effects
of severnl variables on the ogourrence of cleavage fracture oo
that the mechsanism migh: be better uanderstood. In the
precent work particular attention was paid to measurements having
direct relevance to the theories proposed $o explain cleavage.
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several preliminary experiment: were m-do to determine the |
moet suiteble experimental procedure. Since, for most grain
simes concidered, the sine was found to show cleavage in simple
tension even up to room temperature, there was no need %o intro-
duce arbitrary notches. This waes a great adventage in the
present work since the precise ™motoh effect” is still imcomplote-
1y understood guantitatively and accurate stress ealculstions can
not b. made. The fact that true cleavage fracture stresses could
be measured direotly in simple tension permitted the ot.!'uh of
several variables on this gquantity to be d.tultnid, This was
clearly of the utmost importance in obtaining data which could be
used to examine the relevance of the various theories.

The aims of the present work were thus resclved into deterw
mining the relation between the true frecture stress o~ and the
groin sige of over a renge of grein siges. The effects of
temperature T , strain rate £ and plastic deformation £ on
the type of frecture and the value of o— were also investigated.
In addition reasoas were sought for the sharp transition temper-
ature which was reported by Agnor and shank °2) from impact tests

in polycrystalline gminc.

(2) MATERIAL AND EXPERIMENTAL METHODS

(2,1) Material and Speecimen Preparstion

The material used was sinc of 99.99"% purity. The "Crowm
special"” (distilled) and "Tadanac" (electrolytic) varieties were

both used, but they gave identical results under f.n. Spectro=-
graphic analyses were kindly carried out by Mr. 3.W.K. Morgan, of
the Imperial smelting Corporation, Avonmouth. The impurity
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contents in the two yarieties were:

Fbe z Cde ﬁ Cule ﬁ Fe. &
Crown Spegial ... 0. 0003 0,001 < 0.0001 0.002
Tadanse seeesssse 00003 : 0.0015 < 0.00010 0001

The material was obtained in the extruded form in bars of
#4h ine. diometer from Messra. Chas. Clifford & Sons Ltd. It
proved possible to obtain a range of grain simes by selection
of specimens from different parts of the bars. To obtain an
extension of the range of grain siges, material was speecially
extruded to form a fine grain. The range then obtained from all
the extruded bars was from 100 to 500 grains/in.

To obtain larger grain siges anncaling treatments were
carried oute The range of gnin siges then available was extend-
ed down to 25 grains/in. The annsaling treatments were carried
out after the specimens had been completely machined. The
annealing conditions for suitable grain growth were half an hour
at 300°c.

Grest care was taken in the machining of the specimens.
Phey were of 1/l0th sq.in. ercss cection, with ti» dimensions as
ghown in Fige.10. The surface of the gauge length was finished
off finally by removing the last 0,002 ins. by poliching with 000

emery paper cooled with paraffin.

(2.";) Tensometer Methods

To determine the values of the true fracture stresses,
strese-strain curves were plotted using a Hounsfield Tensometer.
This instrument had & maximum load capacity of 2 tons, thus pro-

viding a maximum stress of 20 tons/sg.in. in the specimen sises




used. This wae found to be adegquate in all the tests. The
extenaion of the spooimm-odthobmdingorubeamlvm
amount which was proportiomal to the applied stress. The beam
mtemﬂcdhylmtoupiatenmnqlm-rmmmg'
mercury and the stress was measured by the movement of the mer—
ocury along a tube of fine bore. Tence the distance of mercury
movement was proportional to the streas in the specimen. Graph
paper was placed on a drum which rotated by amounts proportional
to the specimen extension. Thus the values of the stress given
by the position of the mercury could be plotted, corresponding
to known strains.

In designing a temperature bath so that the specimens could
be tested at predetermined temperatures it was necessary that ites
position should not interfere with the action of the Tensometer
or with the recording of stress. It was considered moest suit-
able to use the Tensometer in a vertical position and the témper-
ature bath was of the form showm in Pig. 9. A leather seal pre-
vented leakage of the liquids used at the specific temperatures
and the extension shaft prevented undue cooling of parts of the
Tensometer and alsc assisted in the "axial loading" of the speci-~
mens. Thermal insulation was provided by lightly packed cotton

wool.

The Tensometer calibration was checked by checking a known
value of Young's Modulus for a steel specimen which was elastic
up %o the full load capacity of the Tensometer.

The range over which the temperature bath was used was from
-196°c to +50°C.  The temperature of -196°C was readily ob-
tained by pouring liguid mitrogen into the bath.
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A temperature of -160°C was obtained by first filling the
bath with liguid uitrogen and them elowly pouring in isopentane
alternately with more liquid nitrogen ustil the bath was almost
filled with solidified isopentane. A time was allowed for the
liquid mitrogen to evaporate and the test was commenced when the
isopentane began to melt. Tho temperature was checiced by
copper-constantan thermocouple. The tests were each completed
whilst most of the isopentane remained solid. The temperature
of the speoimen did not vavy more than 3 degrees from -160°C.

In a similar manner a temperatuve of -117°C was obtained,
in thie case ethyl aleohol at ’itn melting point was used as the
coolant. The procedure wans exactly the came as in the case of
isopentans. Tm obtaining the temperaturesof -160°C and ~117°C
it was inevitable in the procedure that the specimens tested at
these temperatures were first gooled to -196°C and allowed to
warn up to the temperature of test.

Pests were carried out at ~77°C using solid 00, and acetone
as the coolant. Solid lumps of oaa were placed in the bath and
pre-gcooled acetone was poured in. To obtain 2 uniform tempera-
ture throughout the bath some stirring was necessary.

For testa at 0°C the bath was filled with ice and water. At
20°C water at this tempersture was used. For tests at 50°C a
heoating coil was at firet placed round the bath to maintain this
temperature. However, this proved to be unnecessary whean it was
found thet tests could be earried out st 50 % 3°C when hot water
was poured into the bath.

Preliminary experiments showed that strain rate had a con-
siderable influence on results at the higher temperatures of test.

For the faster strain rates, up to 17 per sec., the Tensometer was
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hand operated, the handle being turned at various fixed rates.

For the slower strain rates dowa to 1/5008h % per sec., where

hand operation would be far too tedious and exhausting, an #th H.P.
electric motor with a gear cystem was used. The Tensometer
handle was replaced by a set of cog wheels and these were rotated
by chain from one of a series of driving wheels on the motor.

The range of strain rates thus obtained, between 1 and 1/500th 7
por asec., l‘nra adequate to determine the effects of its variation.

(243) Electropolishing end Orain Sise Counting.

Some preliminary experiments clearly showed the negeszity

for accurate grain sige measurements. A check on the grain eige
could be relatively easily obtained by grain counts along the
cleavage surface. fiowever, it was deasirable to choose specimens
of a given grain sige hol'bn they were tested.

Firet a grain count was carried out on tho ends of the ex-~
truded rods to indicate the grain sipe variation along the length.
By choosing appropriate sections of the rods specimens of approx-
imately the required grain sise could be obtained. When certain
tests required specimens of equal grain sige (or as mear as pou-;
ible) then ths specimens had to be obtained from differeat rods.
For the required accuracy it wac necessary to coust the grain
siges as near to the gauge lengih as possible. In practice both
ends of each specimen were electropolished and the mean grain

sige measured.
A very satisfactory and extremely rapid electropolish was
used as recommended by mhl(ﬁ')c

Solutions 200 gms . Cr, 03
in 1.000 ml. water
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Current density: More than 3 a-;m/u2

Voltage: 15 volts.
Time reguireds 10 secs.
Cathode s Platinum.

The specimen was placed about 1 em. from the cathode and best
rosults were obtained when the specimen was elightly agitated,
The voltage was obtained from 12 Ni Pe oells connected in series
directly across the electrodes. The polish was ‘highl,r satis.
factory in 10 seconds. However, the surface grains were invar-
iably found to be heavily twinned in machining and the polishing
was continued until e thin surface layer was removed and twin.

free grains were observed.

The sine was not etohed. The electropolished surfaces
were viewed under polarised light and exvellent grain contrast
was observed. (a scenning electropolished oross sections of the
full extruded rods, the grains adjacent to the circunference were
found to be very small and next to them was usually a ring of
rather large grains. The greins over central dismeters of more
than §ths ins. were found to be of a very unifors grain sige.
The machined gauge leng:hs of the specimen= consisted entirely of
the uniform grains over the cenmtral region of the extruded rods. |

The grain size counting was carried out by viewing the
electropolished ends of the epecimens under e microssope using
polariced light. The numbers of grains lying slong two perpen—
dicular diameters of the field of view were counted. Eight
fields of view were taken in all for each mpecimen so that an
accurate mean value of the number of grains per ian. was obtained.
Heasurements indicated that ®r each specimen the grain sige was
usiform and the agcuragy of the measurementes wae conszidered to
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be within = 4% for specimens from the extruded rod. With the
anncaled specimens, however, the accuragcy was considerably leas
begauss there were relatively fewer grains serons the gauge dia-
meter., For the largest annealed grain siges tested the error
could be = 204 in the extreme case. Since, however, by far the
greater number of specimens tested were of smell grain sise
directly from the extruded rods, the error from grain sisge
measuremente is seen to be small. Moreover, sinee results in.
dicated the oguare root of the grain diameter to be a factor of
groat importance in cleavag® properties, the error in this quan-
$ity wae half thet of the grain diameter measurements.

Electropolishing of the gauge lengih was carried out ia
eertain cases, This presented certain problems notably because
of the shape of the npecimens and the need for a high current
density. These were largely overcome by covering the ends of
the specimens with wax and leaving only about half an inch of the
gauge length uncovered in the centre. Oood poliches were ob-
$ained in these cases and the form of deformation of the speel.
mens could be microscopiecally examined, but these specimens were
anasuitable for true fracture stress measurements since they
vonded %o fracture at the junetions of $he electropolished length
with the unpolished length.

So thet some light could be thrown on the connection betweean
twinning and fracture, several specimens were electropolished
after fracture to oboerve the amount of twinning.
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(3) EXPED IMENTAL RESULTS

{3+1) The Effect of Orain Size on Cleavage at Low Temper-
ure.

(3411) The Belation between Trus Practure
ge_and GOrain sige ob -106°C

Speeimens were selected over the range of grain siges avail-
able and mounted in the temperature bath on the Tensometer in
turn. They were cooled to ~196°C by pouring in liquid nitrogen
and a stresc-strain curve was plotted in each case up to the
point of fracture. The fracture always occurred suddenly. FPre-
liminary experiments had shown that variation in the strain rate
over the limits of the apparatus had no influence on results at
~196°C and a convenient rate was chosen as 0.053% per sec., The
stress-strain curves showed that no overall plastic deformation
had taken place at this temperature. This was further checked
by diameter measurements before and after test at several pointe

along the gauge length.

Rxemination of the cleavage facets showed them to be erossed
by parallel striations as shown in Pig.ll et x 200. Thus highly
reflecting long narrow ares were observed in each grain. The
darkz striations were stepe of varying depths. The long narrow
areas were essily demonstrated to be sections of the basal (00OL)
planes by observing them under a microscope using polarised light.
To do this the analyeing end polarising nicols of the microseope
were crossed and the speoimen was then rotated, keeping any parti-
cular facet in view. The areas were seen to remain dark on
rotation, thus indicating that they were sections of bufl planes.
Pige 12 shows the gauge length of the specimen, electropolished
af'ter fracture. Some twine are seen to be present in the gmains
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adjacent to the fracture surface marked by S. It appears then
that the cleavege facets are crossed by twins and these produce
the etriated structure. Pig. 12 clearly shows that the gauge
length is completely twin free except very near the trwtuﬁ sur-
face. This would appear to indicate & connection between 'twin-
ning and fracture. Tigs. 1l and 12 were typical of specimens
fractured at -196°C,

On correlating the true fracture stress values uv— with
the mean grain diemeters o , the results indicated that when o—
was plotted against _J?: then the graph was a straight line
through the origin, as hown in Pig.l3. This provided confirm.
ation over a range of grain simes of the relation originally
suggested from the woris of Polanyl and Wasing'®®), The devistion
of results from this line was seen to be emall., The values of

could be measured to = 0.2 tons/sq.in, and, as was previously

}

discussed, the calsulations of J—Z were not likely to be more
than = 2f in error for extruded rod specimens, though in the ex-
treme case of the largest grain annealed specimens, the accuracy

in J'%' was of the order of 2 10f, It is thus seen that the
accuracy is greatest for aspecimens of smallest grain asise, since
the value of o can be more accurately determined and the percent-
age error in the v~ measurements is considerably less. Con-
sldering the produet o—J o (which correspomds to the gradient of
the graph), then the combined experimental crrors in determining
this gquantity for each specimen of the extruded rod should not be

greater than 57.

Of the points shown on Pig. 13 the two specimens showing low-
est U~ wvalues, comupondinq to a large grain sige o and thue
a low value of ‘I' were obtained from the annealed material.

The remaining seven aspecimens were chosen from sections of the
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extruded rod so that the values of o~ ocould be obtained for the
complete range of grain sizes available. The result for a
specimen cycled three times between room temperature and ~196°¢

before testing was also found to lie on the line.

Sinee the tests at -196°C gave fractures in tension without
overall plastic deformation, though with some localieed twinning
associated with the proceass of fracture, it might be anticipated
that the experimental values of the true fracture stresses would
have considerable =mignificance. The fractures obtained at
this temperature could be regarded as the closest approach for
metals to the idealised condition of fracture in the elastic
range. Some interpretations will be discussed in the next
section, '

(3.12) [oSerpzetatice of Rxperisestel Tsiges

gbtained for True Practure stresses
at_-1260C

Consideration of the numerical values obtained for the true
fracture stresses at -196°C plotted in Pig. 13 shows them to be
very much less than the theoretical cohesive strength value
which was caleulated in Seotion II(l1) to be of the order of
2,000 tons/eq.in. However, Fig.l3 shows the increase of true
fracture stress with decreasing grain sige and the question
arises as to whether sufficient grain refinement, assuming this
were possible, would ultimately increase the 0— wvalue to the
theoretically calculated value of O .

If we could assume that the grain sise o could be reduced
to the order of magnitude of the interatomie distance o, then

wa shemld have:
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d = a= 3110-8.!!. -10-81339
{
and therefore J, = 1074 ine.H

Further assuming that the o~ of 'fz relation exists over the
entire range, then the value of 0 would be 4,200 tons/sg.in.
corresponding to T'/'z = ].CI"4 1no.“b. Taking into consider-
ation the many assumptions and approximations in the theory, it
can be said that the true fracture stress of sine, having a
grain sige of the order of the interatomic distance, should be
of the order of the theoretical cohesive strength o .

The above reasoning would suggeest that the value of the
theoretical cohesive strength U, might be attainable if suffi-
cient grain refinement could be carried out. The problem can
perhaps be regarded as being closely similar %o that of obtain-
ing a "flawlesa metal” (that is, one without 1n§ox-nal astress
m&‘n) corresponding to nearly "flawless glasses", the nearest
approach to which are fibres of newly drawn glass which have been
shown %o have true fracture stresses approaching the theoretical
cohesive strength o . These arguments are seen to be in
complete opposition to the fundamental postulates of the present
thermodynamic theories of strength which assume that, even in
nflawless solida", afrm of melting should set in to cause frac-
ture long before the theoretical cohesive strength is attained.

It is interesting to compare the values obtained for the
true fracture stresses measured in-tho present experiments with
those predicted by the Griffith Theory. If the orack length 2¢
ie assumed to be of the order of the meen grain diamoter of then
we obtain immediately the relationship o— <€ J"" from the

~ «J3e sl i

formula
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It ic to be noted first that the formula predicts fracture on the
planes perpendicular to the direction for which Young's Modulus

has the least value. In gine the values are:

E at 70° tothe ¢ axis = 12,130 ¥g./mem.2

E parallel : : e 3 = 34560 Kg./l.m.2

Thus there is a considerable difference between the two directions.
This would indicate that the (0001) plane is likely to be the most
favourable cleavage plane and this has been borne out by experiment.
To compare the 0 values calculated from the above fornula with
those obtained from experiment, we can choose any arbitrary grain

sige.

Assuming = 0,01 ins. = 0,025 ena.

oL
X = 10° org-/uz
s

Bl 30560 x 1&“/‘-!.2 = 3056 x IOIIWG/“Q

o = ’:_‘;ZE/' = 1.2 K'.&/I.ﬂz = 0.8 tons/eq.in.

We can compare this value with that obtained from experiment when
-
o = 0.01 ins. or JT = 10 ins'.'b The experimental value

= 4.2 tons/sq.in. is obtained directly from Pig. 13.

The Criffith formula is thus seen to provide numerical values
of roughly the required order of magnitude for o~ as well as
indieating the correct O vas. J:/—-d relationship if CGriffith
eracks can be assumed to exist of a length which can be identified
with the msan grain diameter. A further discussion of the rele-
vance of the formula will be given later in the light of further

work.
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(3+13) The pelation between Trus Frasture
stress and Orain size at -160°¢

A point of some importance im the variation of o— with

temperature T. The results st «196°C, however, showed that
in considering this varistion the effect of different o values
must be takean into account. The Griffith Theory, succesafully
applied at -196°o, would appear to predict a sm.ll. decrease in "7

o— with inerease in T (provided no overall plastic deformation
occurred prior to fracture) because the values of the surface
energy ot and the Young's Modulus £ are both expected to

decrease slowly with increase in T.

For the experiments at -160°c epecimens of a range of
grain sises were again selected from the extruded rods and two
further specimens were ‘annoahd. to obtain larger of values on
grain growth. The temperature of -160°c was attained as de-
seribed in the experimental methods and stress-strain curves
were plotted to the point of fracture in each case.

|
A graph was again plotted of o— against 7 o/ ond the

resilts are showa in Fig.ld. The four speeimens of largest of
and therefors of smallest o~ fractured without overall deform-
ation. The stress-strain curves and careful measurements of
the gauge diameters showed that in the two specimena of ﬁmllout
ol value some slight o’nrail deformation had ogourred prior to

fracture.

An examination of all the fracture surfaces showed them %o
be similar to the one illustrated in Fig.1l broken at =196°C.
In the two specimens where some deformation had occurred by slip

and twinning prior to fracture along the gauge length, there was
no apparent change in the appearance of the cleavage faecdtas.
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Pig. 14 shows the line of Y vl.'ﬁ drawn through mzero
and the first four points since these corresponded to the speci-
mens which fractured without overall prior deformation. It
appeared possible that the O values of the two specimens of
snallest grain sige were slightly increased by the deformation
which ocourred prior to fracture. Later work, which will be
disoussed in the next seotion, indicated a small increase in o—
after small smousts of ocold worke The dotted portion of the 0~
Ve '/J',T line might be considered to represent hypothetical o

values which would be obtained in the absence of prior deformadion.

The graph at -160°C (Pig. 14) can be profitably compared
with the graph at -196°C (Pigs 13). The relative slopes of the
two 0~ va. J'/f(' lines are further given for easier comparison
in Fige. 15« It would appear just outside the experimental errors
that the line gradient at -160°C was slightly grester than the
gradient at -196°C. Thus o— 1s found to be groster at -160°¢c
than at -196°C for specimens of similar grain sige and in the
absence of oversll deformation prior to fracture. To confirm
this result, however, it was thought desirable to carry out exper-
iments at higher temperatures rather than test further specimens
ot <160°C. The resulta at ~160°C were in opposition to the pre-
dietions of the Griffith Crack Theory. A further diseussion will

be given later.

Phe results for the two smallest grain sizes tected at -160°C
indicated that some plastic flow had taken place prior to fracture.
It was to be anticipated that specimens tested at higher tempera-
tures would undergo inereasing flow before fracture. It was
necessary to attempt to determine as far as posasible the effects

of prior deformation on fracture.
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(3+2) The Effects of Flastic Deformation prior to Fracture.

A point of great difficulty in investigations of fracture
properties has been to attempt to compare the results on specimens
which undergo differing amounts of cold work prior to fracture.
The problem has been invariably to deduce the effects of the cold
work given during the test. Thus a study of the fracture char-
acteristics must involve a knowledge of the flow properties and
the mechanisms by whioch the plastic deformation occuras.

In many previous studies of fracture, attempts have been made
to obtain a value for o by extrapolation to a value which it
might be considered to have at gero deformation, though this guan-
tity would seem to be of only hypothetical interest. The attempts
have usually taken one of two forms. One method has been to
introduce notches whereby the plastic deformation was largely in-
hibiteds The other method has been to prestrain the metal at
temperatures where it was ductile and then to test at some lower
temperature where relatively little or no further deformation
ocourred. A discuzsion of the methods has been given by Gencamer

and others (64) in an extensive review.

Both methods are open to several objectionss The notch
effect is still incompletely understood in an exact quantitative
form, though some caloulations have been made of the effective
stresses at a notch. There is also the further difficulty that
it i« not possible to be certain that plastic deformation at the
notch does not occur. The prestrain method can be oriticiced
since the effects of deformation are well known %o be dependent

on the temperature at which it i= carried out.

In the present work the prestrain method was used. To

counter the objection of the effect of variation of temperature,
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the prior deformation was carried out at three temperatures.
Also some metallographic work was carried out to determine the
form of the deformation and the effects of its variation on the
appearance of the cleavage fasets. After the various pre-
strains had been given, in no case did further deformation ocour
during the tests at -196° Ce

(3.2) The Effect of Prestrain on the Tius
[ragture stress st -196°¢-

Pirst it was considered necessary to determine the effect of
prestrain £, given at one temperature to specimeas of very near-
ly equal grain sige on the true fracture stresses measured at
-196° Ce To obtain a sufficient number of specimens of grain
sige as nearly equal as possible from the material available,
they were chosen from lengths of extruded rod having about lis
grains per in.. so that a conveniently large raange of pre-
strains could be given without the specimens fracturing during
prestraining, the prestrain temperature was chosen as 50°C, with
the strain rate 0.053% per sec. It was fqund that even small
variations of strain rate had appreciable effects at this temper-
ature.

The prestraining was carried out st 50 £ 2°C with hot water
in the temperature bath. Stress-strain curves were plotted in
each case so that the emount of prestrain could be ascertained.
some interesting observations were noted on the stress~strain
curves at this temperature. These were probably attributable
to the presence of mitrogen in the szinc. A discussion is given

in the Appendix. In measuring the value of the prestrain the



units of ™motural strain” were used. The natural strain 2,, is

defined by the value of log -‘-:i- where Ao and A are the initial
and final areas of cross seotion of the aspecimens respectively.
The values of Ao and A were measured at various positions along
the gauge length by micrometers The values of the natural

strain can be oconsidered accurate to 0.005.

vwhen the required value of prestrain was reached, as shown
from the stress-strain curve, the specimen was unloaded and the
hot water was emptied from the bath. Then liquid nitrogen was
poured into the bath and the true fracture wtress was measured
at -196°C.

The results obtained are shown in Pig. 16. They are imme-
diately seen to be of considerable interest. The value of o
measured at -196°C first increases to a maximum at about 0,04
prestrain and the further prestrain causes a steady fall in the
value of o~ to about 607 of its value without prestrain. The
experiments reported in the review by oonaamr(“) on the effect
of prestrain on the fracture stress of steels indicate that a

continuous inerease is usually caused.

The present findings would not appear to have very obvious
interpretations. It seems that the effects of deformation on ‘
true fracture stress are likely to be complex. A metallographic
exsmination was made of the cleavage facets and this showed con-
siderable changes in their appearance for differing values of
prestrain. For specimens which were given a prestrain & of
lesa than 0.07 the cleavage facets were stristed by twin markings
and had an appesrance similar to the one shown in Fig. 11. For
speecimens given prestrainas greater than 0,07 an increasing number

of grains were observed without striations due to twinning. Hon-
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typical cleavage facet from a specimen having a prestrain more

then 0,07 is showa in Fige 17. The facet wes from & epecimen
having £, = 0,174 ead fractuved at -196°C.  The facet, ot
x 250 magnification, is seen to be flat and the polarised light
test previously desoribed identified it as a basal plane. The
gensrally rough shape of the fracture surface of the specimen
as a vhole made it imposasible to view any particular facet under
higher magnifications. Nevertheleas Fig.l7 e¢learly shows a
great number of 'wiver-like"structures.

To determine further characteristics of the effects of pre-
strain additional factors were investigated.

(3.22) Purther Experiments on the cffects
e rEesirms-
it appeared desirable to determine whether the form of the
true fracture stress against prestrain curve was similar for
specimens of differing grain siges. A= shown in Fig. 18, =&
greph was drawn of the produet o—) ./ of the specimens tested,
against £, . This was clearly valid for 8,, = 0, because of
the reosults shown in Fig. 13, and it remained to be determined
whether specimens of different grain sises gould be fitted on
the same curve, Table 2 gives the details of the results ob-
tained for the points plotted om the graph of Pig. 18. The
resulte indicsted that specimena over a range of grain siges
could be fitted on the same curve of U~J agsinst £ . lorve-
over the metallographic observations on the cleavage fagets of
the specimens over the range of grain sise indicated that their
appearance only depended on the amount of prestrain given prior
 to frecture. When 8‘, was less than about 0,07 all the cleavage
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facets were crossed by striations due to twinning. For greater
prestrains the facets showed fewer striations but inereasing

triver-like® structures.

Tams 2
(as 1llustrated in Fig. 18)

"3
§ = e |
i1 3] 4 i Hi
TRIE MG 1T I L R 1}
3 BN SRS Rl B8 1Y 1 g
W : 8 & 3
50 0:022 | 5.0 111 0.476 |1 day
50 0.047 5.1 114 0475 |1 day
50 0,068 | 4.5 118 0u413 |1 day
50 0077 | 42 112 0387 |1 day
50 0+090 3.2 109 0:308 |3 dsye + 4 hrs.
’ at 100°¢.
50 0:227 | 3.1 116 0.287 |3 days
50 0.174 2.6 118 0,240 |1 day
50 | 0.243 | 2.5 120 0,227 |1 day
50 00259 ; 2.5 129 0.216 | 10 secs.
20 | ooll | 49 | 1 0.446 |10 secs.
20 | 0.032 5.7 | 140 0480 | 2 days
20 | 0.068 § 5.1 143 0.425 | 2 days
20 0,086 | 5.3 189 0.384 | 10 sees.
| 28 0,092 | 441 135 04352 | & hour
20 0.045 | 743 258 04454 | & hour
20 | 065 | 4.4 273 04266 | 4 hour |
s g ? E
20 l 0,016 | 8.7 357 | 0.461 |5 days |
20 | 0.0 8.0 430 | 0.387 | 5 daws 5
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The effect of prestrain in compression was also investigated.
Two sections, each about 4 ines. long, were cut from the extruded
rods and machined to have smooth flat emds perpendicular to the
rod axis. The height to diameter ratio was too great for stabil-
ity ot large prestrains and so these could not be obtained. A
prestrain of 0,102 was, however, effectively carried out in com-
pressions The apparatus was 2 Dennison machine whioch could be
used in ocupression to provide a load of up to 50 tons. The
lengihs of the extruded rod were placed in tura in the machine
with their ends resting on flat, highly poliched steel blocks and
e load of 12 tons was adequate for their compression. Two

speeimens were then machined from the compressed lengths.

As shown in Table 2, the specimen for whish S,, = 0,016
showed & smell inerease in the v~ J4 walue at -196°C.  This
indieated that compression had similar effevte to tension. The
specimen for which €p = 0+102 showed a small decresse of rf,_['
which again showed the similar effecte of prestrein in compreseim
and tensiony though the vesult was eomewhat above the curve.
Table 2 also gives results for specimens prestreined in tension
at 20°C. They lie closely on the curve in Fig. 18.

To determine any effects due to stress ;'ooo'nu, various
¢imes were allowed after the prestraining and before the true
fracture stress measurements were made., These are shown in
Table 2. The effect of the prestrain was independent of the time
allowed after it was oarried out. In order to obtain an esti-
mate of the rate of recovery, a series of tensile tests were made
on & specimen at room temperature over a period of several weeks
and also after holding the specimen for 6 hours st 100°C.
Heasurements of the spproximate yield stress in each test indi-

eeted that recovery could not be brought sbout without recrystal-
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lisation., This was differeat from the observations of Haase
and somid(ss) who found that for single erystals complete regov-
ery took place in less than 24 hours at room tempevature. The
present work emphasises the differemces in the mode of deforma-

tion of poly and single erystels of zinc.

The results obtained showed that the curve plotted in Fig.l8
had genersl application over the r»ange of grain eiges and was not
dependent on the time sllowed for resting after prestrain,. It
appeared decirable, however, to examine the effect of prestrain

at a lowey temperature.

(3.23) ‘The Bffect of Prestrain st -77.C.

dince the effecta of deformation are known to be dependent
on temperaturs, it was necessary to examine the effects of pre-
strain at a2 temperature lower than 20°c en the ©— value at
-19600. A difficulty here was that only small prestrains could
be given, otherwise the specimens fractured during prestraining.

specimens of several grain siges were prestreined at -77°c.
The technique of obtaining this temperature was described in the
section on experimental methods. [Even the smallest grain size,
however, could mot be given a prestrain §; greater than 0.04
without fracture during prestraining. Nevertheless this range
of 8(. proved sufficient to determine the general prestrain
effects. Table 3 shows the results obtained for prestraining
at ~77°C and, taken from this, Pig. 19 ehows the graph obtained

by again plotting rﬁ against £’ .
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TABLE 3
(as illustrated in Pig.1l9)

Frestrain - /'.,' Product
€p et =17°C | toms/sqsin. | grains/ia. g
at -196%. (tona/ag.in.)nai
0.009 5e3 119 0.486
0,017 8.5 300 0e491
0.019 6.0 169 0.462
0.025 10,0 490 0,453
0.028 945 462 0e424
104033 F6 457 0sd457

Over such a small range of prestrains it ie difficult to draw
an accurate curve, but the graph of Fig. 19 shows a maximum
value of rJ';?' ocoourring for preastrains of about 0.015 given
at ~77°C.  The chape of the curve is similar to the one of
Pig. 18 for prestrain at higher temperatures except that the
same variation in v— J of is brought about by relatively
smaller values of 5, at .77°c.

A% -77°c a given prestrain clearly had a greater offect
than the same value of the prestrain given at 20°¢. This might
possibly be expected from a consideration offthe stress~strain
curves at -77°C and 20°C.  These are shown in Fig. 20 which
represents the ¢rue stress - natural strain relationship for

specimens of nearly egual grain sige to their points of fracture
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in teste at various temperatures. An exact measure of the
relative amounts of strain hardening was not caloculated since
gauge diameter measurements were not made contimially during
test because the temperature bath prevented accossibility %o
the spsoimens. However, the curves clearly show that the

rate of strain hardening at ~11°c ie considerzbly g:faam than
that at 20°C.  Thus it might be expocted that & smaller pre-
strain at -77°C would have similar effects to a larger prestrain
at 20°C. This is borne out by the corresponding curves in
Fige. 18 and 19.

The tests at -196°C were again carried out immediately after
prestraining and also after an interval of a few days and no
difference could be detocted in the general effects of the pre-
strain.

From a oonsideration of the effects of prestrain at 50°C,
20°c and -77°C, 1t seemed that a gemerally similar effect of
the prestrain occurred, but with a given prestrain at a lower
temperature being equivalent to a rather larger prestrain at a
higher temperature.

(3.3) True Fracture Stress Measurements at -llz:c and -11"3.

Specimens over a range of grain siges were selegted for test
at -117°C by the techniques previously deseribed. Two large
grain specimens were obtained by aumealing. Strees-sirain auves
were again plotted to fracture end the resulis were again corre-
lated in a graph of v~ against "/'J-T in a similar manner to
the results previously obtained in tests at -196°¢ ana -160°%¢c.

The gr;ph at .-117°c i= shown in Fig. 21.
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Only the two specimens of largest grain sige showed no over-
all deformation prior to fracture during the tests. The
ductility of the specimens was seen to increase continucusly with
decreasing grain sige, though accurate measurements were difficult
since the maximum deformation prior to fracture for the smallest
grain sige spescimen was only 0.017. The pointe obtained on the
graph in Fig. 21 show a marked deviation from a straight line. It
is of some interest to compare Fig. 21 with the results obtained
for the effect of prestrain at -.17°c on o— at -196°c as shown in
Plgs 19. Prom the comparison it would appear a reascnable
assumption that there was a deviation of points from a straight
line of & of J‘Lj at «117°C (shown dotted in Fig. 21 ) because
of the deformation which ocourred prior to fracture at this tempe-
ature. The hypothetical dotted line can be coneidsred to be the
line of true fracture stresses which, theoretically, would be ob-
tained for specimens fracturing without overall deformation. The
gradient of this line at =117°C 1w also shown on Fig. 15 for com-
parison with the line gradients at -196°C and -160°C. %
indicates a further increase of v— with temperature.

In a similar manner, true fracture stress measurements were

carried out on specimens over a range of grain sises at -77°C. A

U vs "f'-:— plot was again made and this is shown in Pig. 22.
The actual values of ¥ obtained are represented by circles.
At -77°C only the specimen of largest grain sie fractured without
overall deformation. The specimens showed increasing ductility
prior to fracture, with decreasing grain sige. The ductility
vs. grain sigze relationship is given in Table 4. The points
obtained for the true fracture stresses in Fig. 22 are seen %o lie
on the arc of a curve. This would give further support to the

indication from Fig. 19 that a small amount of strain causes an
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inerease in o wup t0 a maximum value. PFarther strain before
fracture then decreases the o— value. ~ This opened up the
poseibllity of obtaining hypothetical o— wvalues corresponding

%o values at gero deformation.

(3+49 The Extrapolation of True Fracture stress Values

at -77°c to Hypothetical Values corresponding to

Fracture without Deformation.

In line with many other previous Lnnutigations on fracture,
in the present work it appeared relevant to compare quantitatively
the O values obtained after the amourt of strain which oceurred
naturally in the tests, with a similar value of prestrain given to
a specimen at the same temperature and then tested to fracture at
-196°C where no further deformation ocourred. Since the effects
of prestrain at -17°c on o at -196"0 were know, the fractional
change in the v~ value caused by changes in €, » was applied %o
the results obtained for o— measurements at -77°C. The
assumption was made that the sam® value of strain had the same
fractional effect on the value of ©~ . This sssumption has
been made in many pi'eﬂcus studies of fracture and several appli-
cations have been listed in the review by Gonsanor(&). MeAdam,
Geil and lobe(“) have plotted low temperature cleavage strengths
for steels against prestrain given et a higher temperature and
used the resulte to correct the cleavage strength values to zero
deformation. The method cannot be conaiésred to be exactly
applicable in practice since the necessary prestrain cammot be
given at the required temperature without fracture taking place
in prestraining. Nevertheless, a close approximation could be
obtained in the present case since the required value of prestrain
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was given to specimens of rather smaller grain sige having the
required ductility.

The method of caleulating the values of o— by extrapola-
tion to gero deformation is given in Table 4 and will be under-
stood from wa example. 1t ic seen from Pig. 19 that the value
of 0~ is a maximum for £,, = 0,015, Thie value is 157 greater
than the value without prior deformation. Now in the tests at
-77°c showa in Pig. 22y the specimen for which o~ = 7.8 tons/
0qein. deformed by an amount 0.016 prior to fracture. It is
assumed that thic value of v~ is 157 greater than the value
whish would have been measured at ~77°C if mo deformation had
taken ylgoo. Thus the hypothetical value without deformetion
would be 6.6 tons/sq.in. In all cases, to extrapolate values
of 0— at «77°C to the hypothetical values corre=ponding %o
zero deformation, a percentage change of the true fracture stress
is assumed which depends on the value of strain prior to fracture,
To distinguish between prestrain given prior to testing at ~196°C
and the strain occurring naturally in a test before fracture, they
vill be demoted by £, and £, respectively.

TABLE 4
(11lustrated in Pig. 22)

Measured (Strain before —0'7 # change | Value of v—
value of fracture in o due | extrapolated
o at ~719C | during test |[OF31B8/1n.| "o ' "as | %o mero
o tons/sg.in. el in Pigel9. | deformation.

27 0 18 0 207

4.2 04006 35 + 11 3.6

7.8 0,016 116 + 15 6.6

8.3 0,022 in + 12 Te3

8.6 0.032 182 + 6 8.1

909 0.043 257 0 Fe9
11.3 0s046 402 - 3 11.6
11.8 0,048 443 - 4 12.3 |
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The Table shows how the ductility increases with decreasing
grain sigse. Now, if the o~ wvalues, extrapolated to sero deform-
ation, ave plotted against “/J—j as shown by erosses on Pig. 22,
the result is seen to be a straight line through the origin. The
deviations from this straight line are within the experimental
errors due to extrapolation. It appears that o— can be con-
sidered proportional to J!/T[. at -n“c if correction is made for
the plastic deformation occourring prior to fracture. HMoreover,
when the gradient of the dotted line at -77°C is compared with
the line gradients previously obtained for lower temperatures,
then a uniformly increasing gradient is found to occur with in.
ereacing temperatures. This is illustrated in Fig. 15. It is
to be noted that the gradients of all the lines at -196, ~160,
«117 and -71°c have some points obtained from specimens which
fractured without prior dﬁforution- Thue the observation that
O~ increases with temperature T is determined without ascuming
the walidity of the hypothetical stress caleulations involved in
the extrapolation of the o~ values to gero deformation. The
corrections applied to the o— wvalues for the effeet of deforma-
tion in the mpecimens of smaller grain sige merely bring them into

line with the general results.

(3.5) True Fracture stress Measurements at 0°C.

Tenaile tests were carried out over the range of grain sizes
at 0°C. A%t this temperature the effects of deformation became
inoressingly important. Even the specimens of largest grain slse
showed some ductility prior to fracture and increasing ductility
with decreasing grain size was very marked. Small variations in
gtrain rate had considerable effect. The strain rate was maine
tained constant at 0.053% per sec. since this value had been used

- & A e - — il i sl ittt e
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When the values obtained for the o~ measurement:z were
plotted against 'j;"; » the results were as shown by eircles in
Pige 23 and could apparently be represented by a straight line
not pacsing through the origin. This, however, was only if no
correction wans made for the differing emounts of deformation
ogourring in the specimens prior to fracture. The elongations
of all the specimens tested at 0°C were greater than the value
corresponding tothat giving the higheast o0~ wvalue as shown in
Mg. 18. if the effect of deformation was now taken into account
exactly as described in the preceding section and the ©— wvalues
were extrapolated to the hypothetical values corresponding to sem
deformation on the basis of the prestrain curve in FPig. 18, then
the results were as indicated by orosses in Fig. 23. The speei-
mens of large grain sige had low ductilities and thus the amount
of deformation they received in test increased the values of o™ .
The specimens of smaller grain sige showed greater ductility prior
to fracture and the amount of deformation occurring in them was
sufficient to decrease the value of their true fracture stresses as

indicated in Fige 18,

The results, marked with orosses in Fig. 23, and indicating
the hypothetical o values extrapolated %o a@ro deformation are
again seen to lie on a gtraight 1line passin: through the origin.
An indication of the value of the gradient of thias line can be
obtained from Pig. 15« Again it would appear that a o— o< jé?‘
relation should hold at 0°C in the absence of deformation prior

to fracturs.

Interesting obeervations were noted in the change of appear
ance of the cleavage facete with differing amou:ts of deformation.
In the three specimens of largest grain sige where the elongation

to fracture was less than 0.07 the cleavage facets were crossed by
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twins, and they appeared similar to the one shown in Pig. 1ll.
For the smaller grain aige s ecimens frecturing after greater
straine an increasing n mber of facets had an appearance similar
%o the one showm in Pig. 17. Marked "river-like" structures
were developed and there was an absence of striations due %o
$winning. This provided further evidence that the strain € _
occurring in the tests to cause fracture had comparable effects
to the prestrain £ p &iven at the same temperature followed by
test at -19600. Thus the metallographic observations supported
the arguments used for the correction of the o— values for the
deformation Pecurring prior to fracture,

(3.6) True Fracture sStress Measurements at 20°C.

In tensile tests at 20°C and with e strain rate of 0,053
per sec. the specimens showed a coasiderably greater ductility
prior to fracture than in the tests at 0°C. The smaller grain
siges tested at 20°C showed ductile fractures and they necked
down to almost 1007 reduction in area. This represented fracture
above the tranasition temperature. Figs 25 shows the types of
fractures and to compare the ductilities an unhrokan gpegimen is
included. Two specimens show typical cleavage fracture, though
after differing amounta of prior deformation. The cleavage frac-
tures are seen to occur in a plane perpendicular to the specimen
axis. The ductile fracture on the other hand is seen to have
occurred after correspondingly much greater deformation and con-
siderable necking. No fracture stress measurements were made on

specimens giving ductile fractures.

For the larger grain sise specimens which gave cleavage frac-
{
tures at 20°c. the ©— wvalues, plotted against 'r/_—," » are shown
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by circles in Pig. 24. The values lie on a straight line which
does not pass through the origin il the effects of deformation
on 9 are not taken into account. Ify howsever, a correction
ie made oa the basis of Pig. 18 to obtain the hypothetical o—
values for gero deformation, then the values of o~ showm by
crocsea on Fige 24 are obtained. The corrected o— values
again lie on a straight line through the origin. The gradient
of the dotted line corresponding to the o~ wvalues corrected
for sero deformation in Fig. 24 is also ropremtqd in Pig. 15
whiech ¢an now be considered to give the v— << J"{j relationship
for the various temperatures of test. The increase of line
gradient with temperature is showa in the plot of o—) 4 against
T in Fig. 26.

HMetallographic examination of the cleavage facets in the
fractures at 20°C showed that for the three specimens of largest
grain sise, which fractured after less than 0,07 neutral strain,
the cleavage facets were crossed by striations due to twinning
and were very zimilar to the one shown ir Pige 1ll. The remain-
ing speeimens which fractured after greater deformations had
facets comparable with that of Pige. 17 and marked "river-like"
structures were developed. TFig. 27 shows a typical cleavage
facet of a specimen which wae fractured during a test at 20°C.
The netural strain oceurring prior to fracture was 0.175. It
is of interest to compare Figs. 17 and 27 at x 250. The facets
are very cimilar. It appears that twinning which causes stepping
on the cleavage facets is inhibited during fracture if the speci-
mens have undergone neutral strains greater than about 0.07,
though some twins are seen in the basal plane in Fige. 27+ The
twin markings are mutuslly at 60° with each other. unfortun—

ately, in the present work, close observations of the cleavage
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facets could not be made under very high magnifications since it
was difficult to view any particular facet without other cleav-
age facets prohibiting the close approach of the microscope ob-
Jective. To carry out studies such as those reported, for
ﬁmpla, by Zappfe and Mm”(fﬂ) it would be necenmsary to use
specimens of larger grain sige.

In the experiments at 20°C it was cbeerved that, for the
gpecimens giving typical cleavage fractures, the fractures invar-
iably occurred before a natural strain of about 0.30 was reached.
Zpe¢imens having sufficiently small grain size and greater duc-
tility necked down completely after further elongation which pro-
eeded ustil a ductile fracture oecourred. Cleavage »as never
found to occur in tests when the temperature was sufficiently
high, or the grain sigze small enough %o allow deformation to pro-
caed to more than (.30 matursl strain without fraeture occurring.
Thus there would meem to be a difficulty in producing cleavage
fractures in sinc which has been deformed by more than 0.30

natural strain.

In view of this a specimen of small grain sige was elongated
%o 0.40 natural strain at 20°C end then tested to fracture at
-196°c. Tig. 28 showe the typical resulte of such & test. The
rather striking observation iathat cleavage is found to occur at
-.19600, outside the neok of the specimen where the natural strain
is less than 0.30. The general conclusion is that deformations
of more than 0,30 natural strain increase the true fracture
stress of zine, cince there wonld then appear to be a losa of the
capacity to show cleavage fracture. The experiments indicate
that heavily worked spegimens do not show cleavage fractures even
at low temperatures. This links up with the observations in the

higher temperature tests that if deformation can proceed to more
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than 0.30 natural strain then the specimens continue to deform
and ultimately give ductile fractures.

These facts can be identified with the phenomenon termed
"rheotropie brittleness® by Ripling and saldwia %%),  mney
found that speeimens of sine and steels were less liable to
fracture after heavy deformation than without prestrsin. If
high prestrains were given, then the ductility was actually found
$o be increased in testa at lower temperatures. Unfortunately
they did not measure true fracture stresses or examine the types

of fracture.

(347) The Bffect of Strain Rate.

Over the range of strain _rates which were avallable from 1
to 1/500 % % per sec., the influence of strain rate below ~17°¢
was $oo =mmall %o be detectable. Its eff'ect becams increasingly

maried at higher temperatures.

The elongation oecurring prior to clesvage £_ was markedly
dependent on the strain rates employed and alsc on the grain sige
of the specimena under the given conditions of test. Thus in
deteorxmining the influence of strain rate alone it was particular.
ly necessery to choose specimens having grzin siges as nearly
equal as possible. To obtain the reguired number of specimens

the average grain sige selected waa 210 < 30 grains/in.

In addition to the variation in grein =ige, a further error
arose because of the bending of the Tensometer beam. This
effectively caused a small non-uniform decrease in the values of
the strain rates applied but the error in the extreme cases was
caloulated to be less than 4¢ and thus i1t could be ignored.
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Teats were carried out over the renge of strain rates £
available at the temperatuves of 20°C, 10°C and 0°C and the nat-
ural straina £_ which occourred prior to ocloavage were measured.
The results are given in the graph in Pig. 29« The graph i
drawn of £, against log € %o give a more convenient distribution
of points. The soatter of vesults is due %o the emall grain
sige variation and the curves ad the three temperatures heve been
drawn an far as possible %o those whieh would have been obtained
for mspecimens of egqual grain sige. By comparing Table 5 with
Pige 29 it oan be sean that the results for smaller grain sigses
lie mbove the corresponding lines whilst those for larger grain
siges fall below them.

TABLE
(As illustrated in Pig.29)
Temperature | Strein hate = N::mlm Strain
7°¢. < e i, graine/in. e“‘"“‘

20 0.0106 228 0.284
20 0.0264 226 0.211
20 0.053 242 0.186
20 06099 209 0.141
20 0.132 241 0.175
20 0e264 253 0150
20 0.530 228 0.120
10 0,0106 232 . 0.193
10 0.053 230 0.127
10 0264 240 0.101
0 0.0033 189 0.180

o 00053 211 0167 ‘

0o 040106 187 : 0.122 |

o 0.0170 198 0120 ’
0 0¢0264 218 0.133
(¥ 0053 i81 0.083
0 0.053 196 0.086
0 0.132 212 0,082

0 0e264 219 0.083 ;

- dha o i - - -
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These results indicate that the elongations prior to cleav-
age £, in tests at fast strain rates at 20°C are of similar
values to those obtained with slower sbrain rates at 0°C. An
examination of the stressestrain curves indicated that ths flow
properties of ap reximate yield stress aand strain hardening were
also similar for specimens which showed similar elongations
prior to fracture, It was evident that various combinations of
temperature T and strain vate £ ocould produce similar flow and
fracture conditiona.

The form of the curves obtained and presented in Fig. 29
suggested that an “activation type" of process might be ogcourring.
From the general theory of "Rate processes" the strain rate £
can be considered to be equivalent to a function of the tempera-

ture T given 4y an equation of the formi.

- Q@
KT

£ = fAe

where A is a constant, depending on the conditions
X is Doltgmann's constant

and Q is a fundamental constant for the process
taking place and is known aes the rpoctivation

Energy".

It ie seen that the above equation can be writteni-

log ¢ = logh = o

To test whether tho equation was relevast to the precent phenomena
a plot of '-'F' against log € was made for the condition of a con-
stant elongation prior to fracture. Pige 30 showa the corres-

ponding valaes of = asd log § %aken for the values £ = 0.1

and 0,20, from the graph of Fige 29 For each value of £ _ the
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three points fall on a straignt line. From the gradients of
the lines an estimate can be made of the value of the "rctiva-
tion Energy" Q. From the above equation, replacing K by R

the gas constent to obtain @ in cals/gm. molecule it is seen

‘ MM ¢

Vaing the value for the mean gradient of the two lines in

that

Figs 30 and the known value of R = 2 cals./gn.mole/deg.C.

10

Q= 2=x log - 2 X 2
T.00022 .

- 21 x10° cals/gm. molecule

= 21 [K.cals/gn. molecule

This value cannot be regarded as being a precise value for an
Activation Fnergy because of the numerous sources of error in
its determination. The combined errors are difficult to assess,
but the true value of Q ocan be expected to lie within the range
a1 ls K.oals/gm.molecule. This determination of Q is not
sufficiently ascurate to enable very specific ?uggestiona to be
made concerming the processes to which .u refors. It may Le
that a number of processes are involved. Some significance may
be attached, however, to the fact that Q ie of a eimilar value
to tt‘u activation energy for self diffusion. The values given
in the "Metals Reference look"(ég) are j-

20+.4 K.cals/gn. molecule. parallel to the ¢ axls
31.0 ] s ] perpendioular to the ¢ axis

It would seem that the processes indicated by the above equations

are not merely spegific to the fracture proceas. Specimena

vl e Bl Vv s B8 i . e i Bemmdirenim 2V i Bl Bnd Y diaa
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stress-strain curves. It would seem that the processes are
related to the flow properties and, because of this, to the
cleavage mechanim,. Ideas will be developed later of oleavage

scourring as a consequence of the mode of deformation.

For a further examination of the processes involved, a
greater range of strain rates would be necessary so that a more
asgourate value of @ ocould be obtained over a wider range of
teuperature. Neverthelesa, from the present work it appears
that the effects of tempersture T and strain rate £ on the
flow, elongation prior to cleavage and true fracture stress cen

e
be combined in & single parameter of the form -F(g e “) at
least near the transition temperature.

(3.8) The Transition Tem ure .

In previous studies of fracture many definitions have
been given of the term "transition temperature®. Usually, how.
ever, the term hes been used in notched bar impact tests and it
has been defined most often as a temperature at whioch a oertain
energy has been absorbed in fracturing by the change of fracture
type. such a transition temperature was first quantitatively

reported by Agnor and shank for n“(sa)_

In the present work the transition temperature was found
%o be clearly defined in the tests in simple tension. Moreover
the change from typical cleavage to ductile fracture was very
precise and, for specimens of the same grain sise and tested at
the same strain rate, it ocourred over a temperature renge of
only a few degrees, [Pig.20 shows & series of typliocal true
stress-natural strain curves for specimens of approximately con-
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stant grain sime of about 250 grains/in.  The elongations
prior to cleavage increcsed markedly with inoreasing temperature
and, as was mentioned previously, if the temperature was suffi-
elently high for a natural strain of 0,30 t0 be reachsd without
fracture, then the specimens continued to deform and coneidersble
negking took place, terminating in a ductile fracture which
represented fracture above the transition temperature.

The effect of grain sime variation was e¢learly apparent.
For any given temperature, the smaller the grain sige the more
ductile the specimen. When the temperature was high enough the
specimens with the smallest grain sige continved to deform %o
nvﬁ ductile fractures. The specimens with larger grain oise,
on 1':!:- other hand, gave cleavage fractures at the sane tempera-
ture. This was observed in the experiments at 20°C. Put
another way the transition temperature was higher for specimens
of larger grain sige. JDecreace in grain sigse lowered the trans-

ition temperature.

From the effects of strain rate variation already discussed
it was seen that faaster strain rates were equivalent to lower
temperatures and vice.versa. Hence the transition temperature

‘wa: raised in tests at faster strain rates, The results of the
previous section gave quantitative data that "shock™ or rapid
stressing increases the likelihood of cleavage failure.

(4) A DISCUSSION OF EXPERIMENTAL RESVLTS
To summariee, the results for which an explanation is sought

ares

(1) The low value of the ocleavage streas O
(2) The existence of the sharp transition temperature.
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-

(3) The relation v— oL T
(4) The increase of v~ with inorease in T.
(5) The effects of strain on fractuve.

(6) The mutual relation of temperature and strain rate.

The low cleavage fracture stresses measured for gine have
been shown to be less than the theoretical value of the ocohesive
strength O, by a factor of the order of 100 %o 1,000,  All
matexrials which show cleavage would appear to heve similarly low
fracture stresses. This must remain easentially the funda-
mental problem of cleavage. It is a concequence of this that
cleavege requires little energy and as a result many failures of
metals in service have been traced to cleavage fracture.

It was pointed out in the discussion of theories of cleavage
that thermodynamic reason= have been given for the low values of
cleavage fracture strecses. Caleoulationa of the o wvalues
from thermodynamic theories give results of about 100 to 1,000
times lese than O and are thus of the correct order of magni.
tude, but they fail completely to account for the effects of any
of the variables which the present work has shown to be important.
I% would not be true, however, to conclude Ahet $he thexmodynamic
theories are completely wrongs: It would rather appear that they
require to be developed in much greater detail before they can be
of use in guiding further experiment. The great objection to
the thermodynamic theories in their present form is that they are
unable, as yet, to take into account the fact that fracture is
essentially a structure senaitive process and true fracture stress
is therefore a structure semsitive quantity. In the  resent
work this has been clearly brought out by the strong dependence
of O on grain «ige.
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It appears necessary, then, to look to "flaws” in the
material which might be a possible cause of cleavags. The
problem is thus in many ways closely analagous to the problems
of the low streasses which cause plastic flow. The Criffith
Theory has been shown to be of great signifiocance in showing
how certain kinds of "flaws", namely eracks, can raise the
value of the internal stress over small volumes to values equal
%o the theoretiocal cohesive strength o -

It was shown how the Griffith Theory could be used direotly
to explain the results obtained in the present work at -196°¢
where the gine fractured without overall deformation. The
remultes were approximetely numerically correct and the theory
also indicated the correct @ @f J%"“ relation as shown in
Fige 13,  Nevertheless, as shown by Elliott's mlyaa.-"o) the
idea that pre.existing oracks are present in a metal is uantenable
on theoretical grounds and the present work has also provided
experimental data whioh would be diffiocult to reconcile with
aimple theory of pre-existing cracks. In the first place, the
effects of strain on fracture are too complex %o admit interpret.
ation on simple crack mechanisms, and, secondly, the faot that o—
has been found to increase with temperature T in the absence of
deformation as shown in Pige. 15 and 26 is markedly against the
predictions of Griffith Theory. In the present work the in- I
crease of O~ with T has been determined for lawge grained
specimens whioch fractured without overall deformation over the
range -196°C %o ~77°C, thus the result is independent of the val-
idity of hypotheses concerning the effects of deformation. This
would appear to be the first instance in the investigation of
fracture in polycrystalline materials where it has been found

that O inoreases ac T inereases in the absence of deformation.
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However, data on other materials is extremely meagre and the only
other comparable investigation known is the work of Eldin and
collins?%) on a steel whioh they tested in tension down to 12°%.
Their result was opposite to that now found for sine. They
found that o~ decreased with increasing T in the range 12°¢

%0 61.5°% where fracture occurred without reduction in avea.

There are objectiona to the direct application of Griffith
Crack Theory %o pure metals sinoce it iz wrong tc assume that
cracke can always be present. The problem of cleavage in metals
is %o search for a mechanism vhereby the high intermal stresses
can be built up to ecause erackes which can be propagated under the
applied streas. The problem is thus to determine the origin of
the cracks which ultimately lead to fracture since they cannot be
considered to exist before the stress is applied.

A promising line of approach to the problem of oracic form.
ation was indicated in the disoussion of the application of dis-
looat;on theory. The theory will mow be considered in further
detail and reviewed in the light of the results obtained in the

preaent worc.

(41) The Application of Dislocation Theory to Experimentsl -
Results.

Elementary ideas of crack formation were indicated in Pig.4
when di alocations can l;ooon sufficiently close to conlesce. In
a pure polycrystalline metal this condition is most likely to be
developed at the end of a =lip line, vhen the dislocations, mov-
ing in the alip direction under the aprlied stress, are halted
by the grain boundary and thus & pile up and coalescence of dis-

locations may be expected. Purther cocslescence would lead to a
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growth of oracik sime and the oomplete opening up of the crask
would then depend oan whether it could grow to the critical sime
negessary for self-propagation which would depend on the applied
gtresa. The oritieal crack sise 2Z2¢ for propagation under an
applied streas v— has bLeen previously shown to be given by the
Griffith formula 0~ = ;—f- . Conditions must now be exam-

ined under which oracks of the critical sige can be produced in
metale,

The eritical shear stress in maany metal single orystals hae
been shovn $o be of the order of 50 gas/m.a® whioh is of the
order of 1/30% ton/eg.in. 'l'h\iu it might be expected that
some PFrank.iead sourgec vc.mld be brought imto operation in pro-
duging diclocations in the grains of a polyerystal when the shear
ptrecs is greater then this value. The fact that the overall
deformation of polycrystals is extremely emall until mueh higher
streass levels are applied indicates that the free movement of
dislocationns ia obatructed by the grain boundaries.

Ia the present experiments on sinec at -196°c. though the
overall deformation in the specimens wae too small to be detected,
many elip bands must have been formed and their progress halted
at the grain boundaries before fracture occcurred. 1f the stop-
page of the slip bands caused oracks of the size of the grain di-.
ameter, these would close spontanecusly watil the applied estress
was sufficient to cause a stress concentration at their $ip of
the theoretical cohesive strength o so that they eould then be
propagated to cause fracture. Thus the eriterion for fracture
would be weduced to the Criffith ocondition. It was mentioned
previously that the Criffith Theory could bve used to prediot the
o o< J!—/'—;(' relation and also give the correct mumerical
values if & orack sise 2e could be ideatified with the mean grain
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diametor o .  The dislocation mechanism presented here indi-
cates how eracks of the size of the grain diameter oan be
expected to arise.

(4011) A caloulation from Dislogcation Theory.

In seotion II(5) a method was outlined for calculating the
number of dislocations N whigh cen be piled up in a length L
of slip plene between the Frank.Read source and a barrier uader
en gpplied shear stress U5 . If M is the bhesr modulus and
b tne strength of a dislocation, the formula given was

2 L v
A b

n

How a more detailed ocalouletion of the same problem has been
made by Nshelly, Frank and Nahmo”o) end the positions of the
dislocations along the slip direction have also been worked out.
The distribution was shown to be similar to that in FPig. 5 with
the density of dislocatione greatest near the varrier., From the
complete analysis a slightly more accurate formula for the number
of dislocations N was fou:d to be s

g Oy
YL - — s
2R
where f = ol for edge dislocations
27 (1-V)

y being roisaonts Ratio.

An analysis Ly Koohhr(n) has shown that, in addition %o the
large shear stresses produced by the pile up of dislocations,
large tonsile stresses are also produced.  He caloulated the

tensile stress U’; aeross & plane perpendiocular to the slip
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direction and obtained a relation
0'3' = k n 0";
where |¢ is a constant of the order of unity.

On substituting for the value of W from the first equation
s relation can be obtained for the tensile stress 0‘;‘ produced
noar the tlp of the dislocation array uader the applied chear

stress V'; . we find

X k L =
gh e 2 A

1f this tensile stress is equal to or greater than the theoretical

cohesive streangth 0 , then fracture should oocur.

Phus the criterion for fracture is O > .. .

)
2
o
or 11—" Z ..
ZA

since K, A and U,_ ave conctants, the shear strees O; necessary
for fracture is seen to be dependent on the length L available
for the dislocation pile up, or on the grain diameter of o if

the array of dislocations can be assumed %o ocoupy the entire
length of a elip line in e grain. Purthesmore, since the shear
stress O in the most favourably orientated grains is equal io‘
the overall applied tensile stress o~ divided by ) 2. » we obtain
the relation

el

. L atoas
o0 = Jz o5 < JL < J«

Thus, on dislocation theory a formula 1s cbtained which gives the
experimentally observed relationship o o< \r"”-' . The present
work has provided yesults from which the formula may be tested

aumerically. The results are equally valid for specimens of all

grain sizes because of the prediction of the gorrect relationship
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between &~ and of .

Considering a specimen of grain sige o of 0.01 ome.y the shoear
streas Oy im the most favourably orientated grains at fracture
at <196°C 1o of the order of 10° d;uu/nz as shown in Fig. 13

Then L ~ 1.()"'a oamne

o5

A ~ 10* aymes/en

~ 109 G:nu/ma

K ~ 1
-_ﬁ_#.‘ L% . l=x m:. 03‘ 1 s 10" aynes/en®

The tensile stress magnification ia thus of the order of magni-
ﬁudo of the theoretical cohesive strength O, . Illence the
formula provides approximately correct numerical values. To
calenlate the number of dislocations which are required to be
piled up on the slip lines of specimens of this grain siee, we

have

i Tt e e vt ol apy

28 204

On the dislocation mechaniem it would be necessary to cause a
pile up of 1,000 dislocations between the source aand grain

boundayy in a specimen of mean grain diameter .10'a oma.

On the theory of Eshelby, Frank and ﬂabam(m) e formula
has also been given for the distance 7/ betwoen the two leading

dislocations of the array.

A
p bt

4
- 1.84 x 1—;3}-0—-;(-’? ~ 10"8 cmse
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wenecs for the required stress magnification to be produced the

leading dislecations must coalescs.

Recently s similar theory has been applied by Mch(n) to
the problem of oleavage in steel. e found that the fracture

stress o— was given by an equation
-
2

T s o a1l el

where 0~ ond of 8re constants.

The relation betwsen §ue fracture stress o— and grain sige of
is thus similer to the vesults found in the prevent work for
gine, except for the additional tem o7 . A comparison of the
line gradients of the curves of U— againet ‘f-{ for steels
and gine indicates that the gradient for steels is about twice
as grest. This might be anticipated from the estimates of the
theoretical cohe-ive strength O for steels and ﬁns(n).

Thus the formilas which have beea shown to be relevant and numer-
jeally of the correct order of mgnitude for sine cen be applied
%o the case of cleavage in steels if the o, term oan be attri-
buted to a frictional foree which effectively reduces the value

of the applied stress.

(4.12) purther Developments of M slogation T32SH

phe suggested application of dislocetion theory, though
giving & realictic pleture of the tuild up of high 1n'lornt1_
stresses, requires much further development before meny of the
phenomena ¢an be saticfactorily understood. The celoulation
given above which suggests the correct relationship between o
and o as well as providing numerical values of the correot

order of maganitude still remains open to oritiei am. The
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caleulation has merely conaidered the ocutlines of the problem.
It wvas essumed that the Prankefiead scurces in a grain acted
independently of each other and gave the mumber of dislocations
conei stent with the relazation of elustic strain at the source.
12 addition the dislocations were assumed to £ill comyletely
the entire slip line of the grain and provide a back streass
which exactly ocancelled the applied stress at the sources, Mur-
ther developments of dislocation theory must be swaited before
any of these asasumptions can be fully justified.

For a better understanding of the process of crack forme-
tion it is desirable to kaow more of the dynamic proparties of
di elocationzs. Their speed of travel would be likely %o have
gonuiderable influence on the coalescence neceszary to cause a
eracik, The ealoulstion ol Bshelby, Mrank and Habarroﬂo)
might be empected to be considerably modified if the additional
influence of the dicloocation momentum in piling up was conaid-
ered. This would effectively increase the stress UT at the
tip of the dislocation pile up end the cnleulated value of o;
may therefore be too =mall, Towever, in giving the value of
the apslied shear stress O in the grains 1% was ascumed that
¢hi a value was not reduced by the operation of nelghbouring -
Prank-Read sources. In view of this the sctual value of o
might be considersbly less than the value used in the calculation. l
& lower value of O would have the effect of reducing o7 .
Thus the two effects of dislocation momentun and of slip on neigh-
bouring slip planes would have opposite effects on the ecaloula~
tion of the stress concentration o but the present experimental
vesults indicate that if a complete theoretical analysis were
possible then the final result should not uttir markedly from
the one deduced in the precedin. section.
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On the proposed dislocation msochanisa for cleavage two
reasons oan be advanead to explain the inereass of true fracture
streszs o~ with the temperature T. 1In the first inztance, if
the pile up of dizlocations at the bouadary cccurred sufliciently
slowly, then at the higher temperatures the increased mobility
of the dislocations might allow them to diffuce out of their slip
plane into the graine and the grain boundaries. Henoe it would
be neccasary to apply a higher overall stress o— beforethe pile
up was large enough %o provide the stress concentration necessary
for cleavage. A second reason is that increased stresa relsx.

ation from neighbouring sources is tc bLe expeoted at the higher

temperatures. Hence, tho conditiona are less favourable for

orack growth., Thiz 1is a consequence of the fact that the eoriti-
cal shear mress for yielding decreases with increasing temper-
ature. If the cperation of the sources is afiected by nﬂrom(")
then the temperature affsct on yielding is likely %o be very

large. At the lower tupamma the sources locked by nitrogen
stmospheres will be unable to act to relieve the stress concen-
trations, but with increasing temperature increasing ease of oper-
ation will be possibles. The observatione deseribed in the
Appendix indicate that the sine contains some nitrogen.

In anddition the above reansoning indicates why flow would be
expeoted $o ocour at the higher temperatures. A general yleld-
ing of the grains would take place before =n internal stress con-
gentration of the magni cude required for cleavage eould be built
up. It is of zome interest that the flow and fracture properties
have been found %o chey an activation laws The activation energy
was found to be 21 % 5 r.eals/gn.mole. and about the =ame value
as that found for self diftusion(®?), 1t vould appear thet the
btuild up of interamal stresa and crack formation at the hi gher tem-
peratures is only possible at sufficiently high strain rates where
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the time allowed for self-diffusion is short. A complete cal-
culation from dislocation theory must take this effect into

accouat .

A diveot interpretation can now be given of the exiastence
of the transition temperature. At the hi her temperatures the
mobility of dislocationsin moviag out of their elip planes and
the stress relief from the yielding in neighbouring alip planes
and adjacent grains oaused by the deorease of yieid stress with
inoreasing temperature would prevent a dislocation pile up from
producing a orack of the mige necessary for cleavage. An
addi tional factor i= that considerable deformation takes place
at the higher temperatures. I¢ would also seenm that after
heavy deformation slip lines of sufficient length do nct exist
on which the number of dislocations necessary for cleavage could
be piled up. Hence continued deformation would occur without
fracture.

The observed effects of strain on true fracture stresa ave
difricult to explain at present. The rather complex effeects of
prestrain on u— chown in Figs. 18 and 19 may jossibly only
oocur in this form for zine, though detalls for other metals are
extremely meagre. The only comparable results have been obtained
for nula(“) but they showed a continuous rise of true fracture
stress with the amount of prestraining. The curves for the
effect of prestrain where the sine is ductile on the o— value at
-196°C must be explained in terms of the structures obtained
after varying amounts of deformation. The effectns are clearly
too complex to admit of interpretation on a pimple theory of preo-
existing eragks. On dislocation theory the effect of prestraine
in the range 0.05 to 0.25 in deereasing the o value at -196°c
mist be explained either by assuming high residual stresses pro-
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duced during the prestraining or by assuming that the cold-worked
structure of the material allows an easier growth of cracks of

the zise roquimd to propagate a cleavage fracture.

In the present wori twinning was shown %o be associated with
fractures which ocourred after small deformations. Towever,
after larger deformations the cleavage facets were relatively
twin-free. After about 0.07 strain prior to fracture an in-
ersasing number of grains in the fracture surface were free from
twins and it might be considered that the deerease in o ceaused
by strain was associnted with the lack of twinning at fracture.
Apart from this observation no further effects were found of the
connection between twinning and fracture. The whole problem of
the effect of strain on true fracture stress in sine is likely to
be very complex in interpretation. The marced elastic anisotwopy
of the individual erystals in the specimens and their modes of
deformation by slip, twinning, kinking and grain boundary slip

mizt all be taken into acqount.

In conolusion, it eppears that the propoeed dislocation mech-
aniem for the build up of large internal stresses leading to
eraciks which csuse cleavage ean be succensfully applied to explain
a number of phenomena in the cleavage of polg;matalnno zine.

The explanation of further detalls requires further developments

from dislocation theory.
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¥ -~ RXPERIMENTS ON THE FRACTURE OF PURE POLYCRYSTALLINE
MAGNESIUM IN SIMPLE TENSION

(1) INTRODUCTICW

in view of the results obtained for the cleavages of pure
polyerystalline sine, a point of wome importance is to determine
whether similar properties can be found in metals having a
similar erystallographie structure. The metals most closely
related to sine in this Pespect ars magnesium and cadmium. All
'thm are of hexagonal olose packed structure and have gimilay

plastic properties.

A survey of the literature indicated that cleavage has been
obseyved in single oxyetals of magnesiume  The (0001) (i011)
(1012) (1010) have all been suggosted as possible cleavage
plases(}) though it is probable that twinning obsouved the true
jdentity of the planes and it appears that the basal plane (0001)
is the most likely cleavage plane. Iowever, there appear to
have been mo investigations of the tensile propertise of pure
polycrystalline magnesium with the object of studying the factors
affeoting the oleavage fracture. In the precent work the effedis
of temperature and grain sige variation on cleavage were studied
to determine whether these could be correlated with the results

obtained fo;.' the fracture of polyerystalline gzine.

A continued survey of the literature did nob reveal any
instances of the observation of oleavage in cadmium. studies
of single crystals(?®)indicated that shear fractures occurred
af'ter considerable deformation. Reports of t_ondh tests on
the polyerystalline notal (76) 1ikewise indicated high ductility




and a ductile fracture even at -18300.

(86)

Cadmium has also

been found to remain ductile in a notoh impact bend test at

A study of the fracture properties of cadmium

was not made in the present work since there ias ample evidence

that cleavage fractures cannot be obteined, et any rate above

~196%.

A comparison of the erystallographic and plastio proper-

ties of sminc, magnesium and cadmium can be obtained from

Table 6.
TABLE 6
structure all hexagonal close packed
7 — :
“ axial ratio 1.856 1.624 1.886
slip plane (oo0l) (0001) (000l )
slip direction (120 ] [1120] [1120]
Twin plane (1012) (1012) (1012)
Young's Mod. ( kg,mz)
along the o axis 39560 I 59140 2,880
at mgle to o axis| 12,630 # 70°| 4,370 at 53° | 8,300 at 90°
Uelting point as’c | 650%¢ 321%
(leavage planes (oo0l ) , (0001)(10?0) Jone

(1012)(1011)
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The Table shows the similarity of plastie properties. On
a dislocation mechanism of ¢leavage it would be expected that
the three metals should also show a similarity of cleavage
propertiea. The investigations on magnesium were carried out
to determine whether this was the case in com aring the results
with thore obtained for sinec.

(2) MATERIAL AND SPECIMEN PREPARAT ION

The magnesium was obtained in the form of extruded rods
fthe. inches diameter from "Magnesium Elelktron Ltd." It was
of 99.99) purity. Analysie gave the chief impurities:-

Za. AL, §i. QGn.  Ma.  Fe. S M.
£ % £ £ & # % %

0.0 0405 0,03 0,01 0,005 0,002 0,03 0.04

Tensgile specimens were cut from the extruded rods and machined
to the dimensions showm in Fig. (0 . The final polish of the
gauge length was carried out using 000 emery paper cooled with
paraffin.

It was necessary to obtain a good polish on the ends of the
specimens in order to count the grain sigze. A number of meth-
ods of polishing were initially used, but the method giving most
satiofactory rosults was a simple "chemieal polish" as recommend-
ed by Icoh.'l(s"' ). The poulishing solution waes 87 nitric acid in
alochol. The specimens were first polished on papers dowm to
the grading 400C cooled by rmnning water. The; were then

placed in the polishing solution for about 30 seca. and best
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rosults were obtained when the aspecimen was slightly agitated.
The specimens were not etched since a reasonably good grain
contrast was obtained when they were observed urder polarised
light. The grains were found to be heavily twimned due to

the machining. To remove the surface graine the specimens
were alternately polished on the 400 C papers and dipped in the
chemical polish uatil rolatini; twin-free grains could be

viewed and a graein sige count made under polariced light.

The method of grain sige counting was similar to that pre-
viously deseribed for sinec and the number of grains intersecting
a line of imown length were counted. The grain sige across any
given oross seoction of the extruded magnesium rods wae not =o
uniform ae that found for the sincs The emall grein megnesium

specimens used in the experiments had grain eiges within the

range 300 =50 graine/in.

(3) EXPERTMENTAL RESULPS

(3+1) The Variation of True Fracture Stress with Temperature

A series of specimens of approximately equal grain sise
chosen from the extruded rods were fested in tension between
«196°¢ and 70°C.  The method of testin: and the temperature
bath and apparatus used were the same as those deseribed in the
gine experiments.  The results are showa in Pig. 31, indieated
by eireles for a grain sise of 300 = 50 grains/in. Cleavage
oocurred throughout the range of temperature. The cleavage
facets in all the specimens were distorted and stepped by twine
nings The brightness and reflectivity of the cleavage facets

diminished rapidly on exposure %o alr.
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sluwﬁm:n curves showed that deformation had occurred
in the specimens prior to fracture at all temperatures of tenst.
The elongation prior to cleavage in shown in Pig.32. Lven
at -196°C the specimens showed 0,04 ductility but the ductility
did not increase with inereasing temperature up to about 0°C.
gimilarly a variation of straian rate from 1 to 1/500% ¢ per
sec. did not affect the ductility or true fracture stress.
above 20°C .t'n- fractures were found to be partly intergranular
and partly cleavage. some small oracks were also found on
the gauge length and between the grain boundaries.

(3.2) The Variation of True Fracture sStress with Orain Sige

A pointof some significance was to determine the dependence
of true fracture stress on grain sise since a clear relation.
ship was found in the experiments on zine. The extruded rods
of magnesium did not show s maried variation of grain sige along
their length. To obtain the required variation it was necésa-
ary to give annealing treatments to produce grain growbh. Since
magnesium 1is well kmown to be easily oxidised in air the speci-

mens wore annealed in vecuo for 2 hours at 550'°c.

For the annealing treatments the specimens were each placed
in pyrex tubing of 1 in. external diameter. One end waas
sealed off and the other end drawn down to & narrow nmeek. A
further neck was also made at a chort distance along the tubing.
The neck at the end of the tubing was connected to a backing
pump and when the system was evacuated the section containing
$he specimens was sealed off without sllowing the admiesion of

eir.
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The ends of the specimens were polished and the grain sige

was found to lie within the range 40 =19 grains per in.

Tests were carried out st «196°C, -77°C and 20°¢ end
the remults are shown by orosses on Fig. 32. The ductility
. prior to fracture in each case was about 0.03. The results
indicate that a speeimen of large grain sise 1o slightly
stronger at -196°G. There appears to be a steady deorease
of true fracture stress with incressing temperature for the
specimens of large grain sise. At 20°C some intergranular
frocture also occurred. The variation of grain size is seen
to have relatively little influence on the cleavege properties
of pure magneeium. Ho correletion is poseible between the
cleavage characteristics of magnesium and sinc.

(4) CONCLUSIONS

Prom the present investigation of pure polyerystalline
magnesiun it is apparent that the factors affecting its cleav-

age are very different from those in the case of sinc.

A low cleavage stress was again found but it wae not
strongly dependent on variatlon of grein sige, temperature or
strain rate. On an elementary dieslocation meghaniem of cleav-
age it would appear i ffioult to understand the great differemce
in properties of the hexagonal metals. Ae shown in Table 6
the chief difference between magnesium and gine lies inm the much
greater anisotropy of the sinc orystal in the elastic properties
and in the % axial ratio which is greater than that wvhich would




porrespond to perfect eclose packing. It may be that these
difPerences must be considered in a complete asalymis of the

orack formation problem.

Prom Table 6, cadmium igs shown to be more nearly akin %o
gine in the anisobropy of the crystal as well as haviag elose-
ly eimilar plastic properties. It is still posaible that
cadmium gould possess similar cleavage properties o sine it
tests could be made st temperatures consliderably lower than

~196°¢.
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VI -~ BOME OENERAL CONCLUSIONS FROM THE PRESENT

The present experiments and the review of previous work
have shown a considerable diversity of the effects of a number

of variables on cleavage.

In view of the well.defined cleavages which have been re-
ported in oL ~iron, tungsten and molybdenum, a similar eleav.
age might have been anticipated in P ~brasa. Loreover,

P ~brass might have been expected to be aa ideal material oa
which %0 study the mechaniem of ¢leavage in a pure body centred
cubic metal, since A-iron of the required purity is difficuls
t0 obtain and pure tungsten and molybdenum in euf'ficient bulk
are not yeadily available. The cleavage of body centred cubie
metals remains an important practieal problem becsuse of the
necessity to eliminate cleavage failure in steela. The influe
ence of = number of alloying elements in reducing the suscepti-
bility to cleavage would still appeer difficult to understend
theoretically. The present investigations of f ~brasses dowa
io «196°¢ aid not give any indication of oleav,go failure and
thus no characteristics of oleavage could be revealed in the ex-
periments on this material.

The three metale .m. magnesium and cadmium of hexagonal
structure have been shown to have very different ¢leavage proper-
ties. A survey of the literature indicated that cadmium remains
ductile even in notched bar .inpaﬂ tests down to 49600. The
present investigations showed that pure polyerystalline magneelum

gave cleavage fractures in simple tension after a short elongatim.

The ductility and true fracture stress were relatively unaflected
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by variation of grain sige, temperature aand atrain rate. This
was in mariked contrast to the effects of these variables on

gince The results obtained for gine were interpreted onm the
basis of 2 dislocation mechanism for the build up of high inter-
nal stresses leading to crack formation. The theory was showm
to Le c¢apable of interpreting many of the phenomena but it was
not nearly sufficiently developed to ascout for the differences
in the cleavage characteristios of the different metals. How=
ever, the proposed theory is capable of considerable flexibility
whioh would be necessary to explain such a diversity of phenomena.
M!ur advances in dislocation theory must be awaited before a
more satisfactory theory of the gleavage process can be developed.

A point of interest in that the recent experiments of
poton 72) on steels have revealed a relationchi, between the true
fracture and grain sige similar to the one obtained for gine in
the present experiments. It would seen desirable tc determine
vhether this veletionship has a wider range of aprlication extend-
ing to other materials whigh show cleavage fractures. Ilowever,
the present invectigations have shown that the relationship does

not hold for pure magnesium.

The explanation of the true fracture siress-grain «isge
relation on the proposed dislocation theory of cleavage would
further iadicate that if some means could be obtained of prevent.
ing a pile up of dislocations along the somplete length of a
grain diameter then an increase ia true fraocture stross and an
increased ductility would result. The investigations of
m(”) on the properties of extruded sinc base alloys
would seem %o confimm this. He found that the addition of 27
aluminium $o sinc inoreased the duoctility prior %o fracture ae
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well as increasing the yield stress and true fracture stress if
the alioy was quenched and tempered to obtain spheroidisation
of the alumirium purticles. Thus the suggested theory indi-
cates a means of obtaining better properties in metals which
show cleavage fraoture. A further confirmation srises from
the experiments of Ripling and Baldwin on gine and ““1.(68) (19)
in which they fousd a lowering of the transition temperature Ly
previcus heavy cold-working at a temperaturs where the metals
were ductile. This can be expluined by the disorientation
produced in the grains effectively reducing the lengthe of the
slip lines available for the piling up of dislocations and so
preventing a stress conceatration of tho nm;tud- whioh causes

a orack leading to cleavage.

The present work has shown the very close relationchip
wvhioh exicts between fraoture aand plastie flow. Plastic flow
ceours by dislocation oreation and motion under the applied
stress causing slip snd other forma of deformation in one grain
leading to flow in neighbouring grains and throughout the speeci-
imen. Fracture, on the other hand, is caused when the dis-
locations can be held by a barrier and pile up uader the applied
stress to cause a coraci which grows to the oritical sise for
cleavage before streass relief can occur. vhen the process of
oleavege is considered in thie way the hypotheses of Ludwik(2)
are seen to be erroneous. He considered that fracture ccourred
if the brittle strength B was iess than the yield stress Y.
Convermely, if Y was greater than B the metal was ductile.

On Ludwik's theory, factors increasing the yield stresa Y muld‘

tond to promote brittlenens. On the present theory some yield-

ing, or dislocation movement, i- always necessary before fmoture
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ooours ., Hence factors tending to inorease the yield stress
ean also inorease the true fracture stress.

The dislocation theory of cleavage can also provide an
interpretation of the phenomenon of notch-brittleness whioh
does not depend on the Ovowsn theory '>) of increase of effect-
ive yield stress at the notch. The strain rate at a noteh,
caused by the stress concentration at its root, is likely %o
be very much greater than the overall strain rate in the speci-
men. Thus there in lecs time for stress relief in the dis-
location pile up and eonditions are more favourable for orack

formation.

The dialocation mechaniem of cleavage presented here
leaves many questions unanswered. Neverthelecs its appli-
cation %o the present experimental remulte obtanined for sine
indicate that the theoretical approach to the problem ie on
the correot lines. The problems of eleavage have beea shown
to be oclosely analagous %o those of plastic flows The further
development of cleavage theory mist await further advances in
the general theory of dislocations. Theoretical problems
requiring solution are:

The growth of coracke in a orystal lattice by coalescence
of dieloostions;

The mode of operation and interaction eff'ectes of Mrank
Read sources;

Tho speed of travel of dislocations and the effect of
their momentum in erack formation;

The structure of the ccld-worked lattice and the bulld.up
of internal stress concentrations;

The effect of solute atomz in inhibiting stress reliefy
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The distribution of fine preeipitate particles on
dislocation pile up;

The poasible creation and positions of sessile dig-
loeations in redueing the leng h available
for pile up;

end no doubt many more problems will require solution before
the problema of cleavage oan bo adequately understood.

Fundamental experimental data on the characteristics of
cleavage ias stili meagre. For polyerystalline materisls
there i: a need for more true fracture stress measurenent s,
preferably in eimple tension at low temperatures where the o~
values can be mea ured directly. Studies of the efieots of
grain olge variation, dempersture, otrain and strain rete
should alwo prove usefuls The effests of alloying clements
and heat treatment should ve of interest. There is also much
seope for studies of single oxystal cleavage.  Metallographie
studies of cleavage facets and the effectas of orisntation,
temperature and alloying elements on the frooture stress can
all be expected to give results of importance %o mid in the
development of a gomplete theory.

I% is conecluded that diclocation theory can be developed
to account for large internal tencile stresses which can arise
to cause cleavage fracture. The theory has been shown té be
capable of explalning a number of the properties of cleavage
but further developments of the theory are required before many
of the phenomena oan be fully uaderstood.
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APPENDIZX

THE STRESS -STRAIN CURVE AT S0°C.

The specimens prestrained at 50°C prior to test at -196 ¢
gave stress- etrain curves at 50°C eimilar o the one shown in
Pigs 33 The specimens wore elongated at a constant strain
rate of 0.053F per sec. and the streas measurements indicated
that d&iscontinuous yielding waes taking place. It would
appeay that this phenomenon was assoeiated with solute atmos-
pheres of nitrogen in anchoring the dislocations. Cottrell
and mn(eo) have shown that the presence of nitrogen in single
orystals of gine causes a yield point with similar properties
to those obtained in mild steels and in some other materials. .
However, no yield pointe were observed in polyorystalline sine
at low temperatures. strain ageing treatments were ocarried

out but atill no low temperature yield point could be developed.

The present observations at 5o°c might be regarded as an
example of "blue-brittleness" analagous to the effect found for

steels about 300°C in normal tensile tests.
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Explanation of the transition temperature.  Regions of full brittleness (O to 7)),
notch brittleness (7 to T',), and full ductility (above T%).

Fg. 1

(after Orowan )

| H
V) |
& !
= ‘
= ‘
o {
© 1
[ H
i !
G
o !
x .
[ \
g {
7 |
The transition temperature : the *““ notch impact value ”” (work of fracture) as a il | I
function of the temperature. ‘ |
Fig. 2

(after Qrowan)




r

Explanation of the transition temperature.  Regions of full brittleness (O to 7)),
notch brittleness (7 to T',), and full ductility (above T%).
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The transition temperature :  the *““ notch impact value ” (work of fracture) as a
function of the temperature.
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Cohesive forces as a function of the
interatomic spacing.
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An array of dislocations, piled
up in a slip plane.




Fig. 6 The central jortion of an electro-

polished F-brass Charpy apecimen
before fracture.

x 4.
Pig. 1 The =ame specimen after fracture.
x 4
Fig. 8 An “end-on" position showing the

fracture surface of the specimen.
x 4
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Pig. 11

Fig. 12

The cleavage facet of a zine
specimen fractured st -196°C.

x 200

The gauge length of the specimen,
electropoliched after fracture.
come twing are present near the
fracture surface S though the
remainder of the gauge length is
twin.free.
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The variation of true fracture stress
at -196°C of specimens of nearly equal
grain size of about 120 grains/in.
with prestrain e(’ glven at SOOC.




Fige 17

A cleavage facet of a specimen
fractured at -196"0 after a prestrain
of 0.174 given at 50°C. "River-like
structurea" are seen. There are no
striations due to twinning which were
ghown in ™Mg. 1ll.

x 250
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The effect of prestrain on true fracture
stress at -196°C for mpecimens of various

grain sizes.
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The effect of prestrain at -7700

on true fracture stress at -196°C.
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True Stress Strain curves to fracture at
various temperastures for specimens of

nearly equal grain size of about 250
grains/in.
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The Relation between true fracture stress
and mean grain diameter at nll’,’ocﬂ Only
the two specimens of lergest grain sige

fractured without measurable overall de-

fomation.
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Tensile specimens.

Showing a speecimen before fracture, a
specimen giving a ductile fracture
above the transition temporature, and
two specimens with cleavage fractures
after differing amousts of deformation.
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Pige. 26

The variation of true fracture stress,
corrected for deformation, with temper-
ature, taken from the line gradients

of rig. 15.




Pig. 2 A cleavage facet of a specimen which
fractured at 20°C after undergoing 0.175
natural strain prior to fracture. This
is comparable with Fig. 17 from a speei-
men which was given a similar strain at
50°C and fractured at -196°C.

x 250

Pig. 28 A specimen fractured at -196°C after heavy
prestrain at 20°C. The cleavage fracture
has oecurred outside the neck.
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