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Abstract

This paper looks back over the work on the brittle fracture of steel
'zxg the past twenty years, to identify the experiences that have been
. #l'fective in changing our ideas, and have led to the opinions that are
fwid. Three classes of investigator have contributed to the changes,
Yoelnakers who make the material, the design engineers who have to
# the conditions of stress and temperature and must determine the tests
filoh it is ensured that the material is suitable for its purpose, and
phwsical metallurgists whose concern it is to understand the processes
lead to fracture in order that dangerous conditions may at all times be

is  All have played characteristic parts and their mutual reactions
4 fascinating study.

ure theories prior to 1948

t the beginning of the period, the most generally held view of the
re process was that of Ludwik(1) and Davidenkov(2), according to which
metallic material is characterised by a yield stress and a fracture
#8a  The yield stress was the stress at which plastic deformation began,
it was recognised that this was determined by the value of the shear
The fracture stress was the stress at which mrting occurred

# &4 recognisable fracture path, and this was considered to occur when
greatest principal tensile stress exceeded a limiting value. Both

ties were affected by plastic deformations The rate of rise of yield
with increase of total strain defined the work hardening capacity of
saterial, The fracture stress Wwas generally thought also to rise with
rease of strain, but at a lower rate.  When the stress conditions were
¢ that the fracture stress was reached before the yield stress the material

without prior deformation, and was apparently brittle. When the yield
48 was exceeded first, plastic deformation proceded fracture, and

res8 (as modified by th

4% the material broke, The strain at fracture was thought to depend
fivdpally upon the original difference between the critical yield stress

I the critical fracture stress, which might be large or small, and upon the
hardening capacity of the material (Figure 1).

~ This view accounted for the embrittling influence of notches, defects

and sharp changes of section, for the fact that many normally brittle materials
##e capable of plastic deformation when sheared in compression, and, in
gimbination with the observation that the critical shear stress is raised by
inereasing the rate of loading, and the assumption that the critical fracture

* {Communication from Natio

nal Physical Laboratory, Teddington, Middlesex,
fngland).
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stress is not, for the tendency of many otherwise ductile materials +o
exhibit brittle behaviour under shock. For brittle materials it was accepted
that the fracture stress (o‘f) was determined according to Griffith's equation
by the surface energy of the material (y), its elastic constants (expressed
in an isotropic material by E and v) and the length (C) of small defects
assumed to be present

¥ing the heat treatment of the steel(7).
Suring the second world war, the tank battles in Northern France,
. Africa and Russia were accompanied by a technical battle for superiority
#h tank armour and armour piercing shot. The influence of rate of
i was emphasized, since many samples of armour that appeared tough in
#1o tests, behaved in a brittle manner in firing trials, and to increase
hagdness that could be achieved without danger of embrittlement became
uatinr of great urgency.  The principles that had been established for
ining notch toughness in automobile steels proved also to be the
sles for making tough armour: it Wwas surprising how much plastic
rpation a properly heat—treated alley steel could endure without fracture
» under the attack of high velocity projectiles, and poor performance was
rally due to failure in wartime conditions to maintain normal standards
The Ludwik-Davidenkov theory was based on general observations rather 'ﬁ%ﬁm}- It was however learned that in fracture, the properties of the
than upon assemblies of precisely determined data, and although, as will at direction of the plate are dominant, and that this is the direction
aprear later, it fell into disrepute, it is important to recognise that it #8 the thickness of the plate, _and that the properties are strongly
cXpressed an experience familiar to all metallurgists who have tried to nced by local S?é’fe%ates of Jmpurr{:les, and‘ fine cracks. The -
increase the strength of metals and alloys. For all metals there appears viour of armour piercing shot underlined the influence of deformation
to be a limit beyond which the yield strength cannot be increased without % the distribution of s‘{:ress-ln the component,  When a shot strikes a
danger of embrittlement, Whether the vield stress is raised by alloying, ibe in the most lethal dlrectl?n (norqxal to the surface of the pi.l.ate)‘the
heat treatment, decrease of temperature or increase of rate of strain, the ] :Lons.are entl-.rely compressive until the shot yieldso At this point
increase of yield point is eventually accompanied by decrease of the strain ne ben‘sﬂc‘e strains appear af.: the surface of ‘the.s}.lo‘, and t?e shot bursts
3% fracture, ultimately to a very small figure, The wot of the metallurgist ¥ their influence, In this case the most efficient shot is the one
is to obtain a useful increase in the yield strength with the least sacrifice LEh the highest yield point, arlld the stress under which the shot fractures
of ductility: and much can be dones  Nevertheless, after intensive research 'ﬁw stress required to make it yield(8).
aluminium alloys with yield strengths above 45 kg/mn2, and steels with yield
strengths above 140 kg/mn2 both of which were known forty years ago, can be
used only with circumspection, in closely defined applications.

<r§ = 2Ey/m(4 -v2)C

but Griffith himself recognised, and it was generally agreed, that the high
strength of ductile metals containing quite long cracks was due +o the energy
absorbed in the plastic deformation around the tips of the cracks(3). .

~ The failures in 194348 of the American Liberty Ships were remarkable,
%ﬂiﬂering the low yield point and apparently high ductility of ship plate
g&l for the lack of deformation before fracture, the absence of any sign

Between the first and second world wers, steels used in general %‘13“3«11}" high stresses or shock, :?nd the speed wi‘bl:1 which the cracks
structural engineering were accepted on the results of tensile tests and ) S:f.nce novel methods of welc.ilng and constn'lctlon I}ad been used, the
plain bend tests only. = Largely in consequence of the pressure of the air- st reaction was to bl‘l.ame‘the welt.ilng_and the design, which were thought
craft and automobile industries, steels subject to dynamic and shock loads have PrOdl:lced a combination of high internal stresses and points of stress
were required in several countries also to meet a notched bar test, as “atensification, but although numerous examples of faulty welding and
evidence of their toughnesss  This led to much work on the heat treatment spnscessarily severe stress raisers could be found, it proved impossible to

of medium carbon alloy steels, during which it was established that the best #eproduce the character:‘lstic features of the faj_lur?s by reprf)ducing these
combination of high yield stress* and notch toughness is obtained by quenching £’§§tures aJ.oz.le° Even.ln the presence of.stress ralsers and intentionally
the steel to a fully martensitic condition and then tempering it(4), The produced re51<‘iual welding stresses, no brittle fre.zctures.could be produced
importance of the hardenability of the steel in relation to the oross section ¥ithout applying stresses at least equal to the yield point of the steel,
of the component was recognised, and led to extensive studies of the factors _and far greater than the stresses that had been permitted in the design of
influencing hardenability(5). In this period grain refined steels were Bhe snips.  All the fallux_'es had occurred in noticeably cold weathe:s‘.
introduced, and it was established that for equal yield stress, grain refined Bxamination of the properties of the steels at the temperatuz.'e at which the
steels had better notch toughness than equivalent coarse grained steels(6); Failures had occurred showed that all the plates that had failed would have
but because their hardenability was less, and their properties were at first »/;i‘aaaed 1':he:|_r spet-::l.f"lcatlon T;ests at that temperature, and that they were
YeTy Vvariable, their adoption in practice was slow. Tn this period also it fgrmal in composition and microstructure,  Nevertheless, at the temperature
Was recognised that the results of notched bar tests were very dependent upon of failure, the.plates in which failure had .':‘»ta:f'ted had energy absorptions
the temperature of the sample, that for each sample there was a temperature in notched bar mpact‘tests on the average dlstmct%y lower than'the average
range in which the energy absorbed would decrease rather suddenly with falling for plates through which cracks had not been transmitted, and this provided
temperature s and that the temperature range in which this change occurred the evidence for connecting the failures with the fall of energy absorption

varied considerably in different steels, and could be systematically varied %nggf':lésgel();g tests that occurs in all ferritic steels at sufficiently low

* generally 0,2% proof stress
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Ve conclusions have been confirmed by experiments on carefully

24 laboratory made materials(18).  Pure iron in a coarse grained
iklon has a remarkably sharply defined transition temperature at -15°¢,
this is appreciably raised by quite small additions of oxygen, nitrogen

Improvement of Steel Quality

This.was the position that had been reached in 1945 when a conference
on the brittle fracture of ship plate was held in Cembridge, and the sub-

seguent‘development of steels resisting brittle fracture will be traced from Phosphorus, which produce an intercrystalline weakness (Figure 3)s
this point (4 0)e At this conference it was demonstrated that a mild steel

lat : » #aises the transition temperature provided it is not in solid solution,
plate, if sultab?_y notched on the edge and tested in tension, would break . ita sffect is greater when the rate of cooling is slow so that coarse
by a .slow extens:.Lon of fracture from the root of the notch with appreciable , de particles are formed (Figure k)  When a small amount of carbon is
p%astlc de.aforma'.clg.m.of the plate as a whole and a fibrous fracture if tested 44 solution by quenching, the transition temperature is remarkably
above a given limiting temPerature, but would break suddenly, with a cleay— i9d and the yield stress is raised, so that moderately strong material
age fracture and no appreciable plastic deformation of the plate if tested 4% toughness can be produced by quenching irom containing a few
below T;hat te.emperature (Figure 2). The transition temperature differed . £hs of one per cent of carbon (;:. e 5 When manganese is added
ibpreciably in different steels. A similar transition Lo place in Izod § eitainin. 0.0 B cnion fhe fots s h Rk
impact test pieces, and g variety of other f £ notched b Bt ok o6 containing 0,C5% of car on, e transition emperature is progress—

s Y ; y T Omsio flasRuse Bar, Duk @ iemered, and at the same time the structure is refined (Figure 6),
::gge:fz:u:}?: :ﬁﬁiﬁ;ﬁ?g’o;ntzsenzzﬁﬁ ooy T et dabtrr the She grair’l size of ferritic materials or low carbon steels consisting

h ° iYantially of ferrite is progressively refined, the notched bar impact

tion temperature is also lowered(19),

‘l?},ifortunately most devices that lower the transition temperature entail
ineresse in cost, and as the cost of steel is a substantial part of the
#f a ship, much attention has been given to the cheapest way of producing
L lowering of transition temperature, Undoubtedly the development of
steel-making has owed much to the desire to eliminate nitrogen from
made in converters, The degree of lowering of the transition temper-
that is necessary to ensure freedom from brittle fracture in any

Pisular case is unknown, and the question how much it is worth to attain
wwen value of the transition temperature has not been answered by the
Steelmakers have however agreed to prepare series of steels

cast the conditions which would lead to lowered notched bar impact transition
temperatures, ang gradually the use of a Charpy test piece with an Izod

Wt/;:ztch became customary, It was soon demonstrated in commercial steels

(1) Fully deoxidiseq steels have lower notched bar impact transition
temperatures than rimming and semi-killed steels(11).

(2) The.phenomena associated with strain age hardening, particularly those
due to high nitrogen content, are harmful(12).,

#iire vessels, stress relieved. They are provided in a series of grades,
. different carbon contents and tensile strengths, and for simplicity the
ements for the "Grade 28" only with tensile strength between 4ho1 and
¥g/mn2 are given, The required yield stress decreases with increasing
ess of plate, but the required impact values are held constant, except
1?1&11:85 over 50 mm thick, which are subject to agreement between manufac—
7 and purchaser. Most other countries will offer similar series,
rent in details of composition, in the way in which the impact test
ments are stated, and in the degree to which the effects of prior
'atment and plate thickness are allowed for,

(3) "As-rolled" steels have generally higher transition temperatures than
the same steels in the normalised condition, but steels with carefully
controlled 1low finishing temperatures can give very good results(13),

a
low carbon content and high manganese content, than when they have high
carbor'z contel:Lt and low manganese content, The improvement is largely
associated with the finer pearlitic structure of the former steel(14)°

5) Further i : 2
zgllzminium andlloﬂfli‘:zeggﬁtgzis?fsSzf‘fected by refinement of the grain by All these steels have yield points little higher than those of
¥entional mild steels, and are weldable, But there is a great desire
#weldable steels of substantially higher yield point, equally resistant
brittle fracture. At present a second stage of development to provide
#le6ls of this kind is rapidly gaining impetus, The first steel of this
] 1s a semi-killed carbon manganese steel of normal carbon content with
amall addition of niobium(21), Tt is normalised in such a manner as to
bring a proportion of the niobium carbide to a finely dispersed conditione
& this form the niobium carbide serves partly as a grain refiner of the
_ #ustenite and partly as a dispersion hardening element, and gives a product
of lmproved yield point and lowered transition temperature, in which the
lmlance between yield point and transition temperature is determined largely

(6? In a gix'ren steel, thick plates have higher transition temperatures than
thin: the d:_t.ff'erence is associated with the finer structure produced by the
generally quicker cooling of thin plates through the critical temperature*(16),

7) In low carbon alloy steels, very low transition temperatures can be
attained by quenching and tempering(17).

* This
When test pieces of full

rise of transition temper
such,

plate thickness are tested, there is an additional
ature due to the effect of large plate thickness as
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by the amount of niobium retained in solid solution, The second is an
experimental product called pearlite-free steel, which similarly contains
manganese and a little niobium, titanium or vanadium but has a substantially
lower carbon content.(22) After getting all the niobium into solid
solution and allowing some of it to Irecipitate as fine niobium carbide,

the steel is rolled at a controlled, rather low finishing temperature, which
results in a structure with very fine ferrite grains and a fine dispersion
of niobium carbide formed at the same time, A third variety consists of low - 4% was impossible to be sure which test corresponded to +the "conditions of
carbon low alloy steels, subjected to a quenching and tempering treatment., . » Indeed conditions of service vary so widely that no single test
They are particularly suitable for thick plates in which, on account of the ' expected to represent them all,(24)

limited cooling rates, the desired structure cannot be obtained without sub—
stantial additions of alloying elements.,

the supply of steel of nominally uniform quality, and that if sufficient
#ts were done the differences in the orders of merit obtained with
different types of notch tests would be much reduced. Figure 7, taken

Prom ASM Metals Handbook 1961 VoleT.po242 illustrates the general situation
#ury fairly.,  When applied to one sample of steel, different types of notch
#5t gave characteristically different transition temperatures, according

Two further difficulties arose.  In all these tests it was at first
ehsrrved that when, on lowering the temperature, brittle behaviour appeared
 #% the transition temperature, the nominal stress on the notched section was
_ Bever below the yield stress of the material, Yet in many cases of failure
carbon content, in the interests of weldability, and more elaborate rolling it m‘ecmed_jm?os:.sible (.:hat stresses of this magnitude could have been applied,
and heat treatment is apparent. The steels have much in common, in that the Koreover it is impossible to say that structures are unsafe whenever they
aim is to obtain a fine ferritic structure with fine dispersion of carbide are at a temperature.below the transition ’Eempera.uure, foz.' lt-lS wc?ll known,
Particles similar to that obtained in heat treated alloy steels, Ultimately ¥ exanple, that bridges have ’l?een qzade of cast iron, which is brittle at
control of pretreatment, carbon content, aliov content and final rate of oo tempere_lture, and have remained in sernce.for hundreds of years. Thez“e
cooling will all be employed to obtain the desired result in the most convens . some nor?mal stress that f:an‘safely be applied to a notc}'l brittle material,
. the evidence was that this is probably lower than the yield stress; but
lent way. here was no clear guide to its true value.

Table II gives typical properties of some of these steels, They range
from well established to highly experimental, A tendency towards lower

The new steels demand a more sophisticated control in their production,
They offer a combination of high yield stress, exceptionally low transition
temperature, ease of working both hot and cold, and freedom from cracking in
the heat affected zones during welding. Much detailed metallographic and
physicochemical study will be necessary before the mest economical methods of
production are established, but when this has been done, their production
may well initiate a revolution both in steel making and in structural
engineering,

Four leading experiments pointed the way out of this dilemma, Robertson
showed that if a brittle cleavage crack were initiated in a steel plate, for
#xanple by making a notch in one edge, cooling the material around the notch
# striking a violent blow, the crack would spread rapidly acrcss the plate,
provided a tensile stress, above a measurable critical value, was present
#eross the direction of the crack(25), For mild steel plate at low temper-—
sture this critical stress was small, around 6~9 kg/mm2 and well below the
dnalgn stresses permitted in ships, but on raising the temperature a point
##8 reached at which the critical stress rose sharply to a value well above
ke yield point of the plate. At the same temperature the crack would

~ whange from a flat cleavage crack showing little deformation to a slow
fibrous tear accompanied by local reduction of section, This experiment
_dsmonstrated the importance of crack initiation, for at low temperature the

~ plate would clearly not sustain a stress after crack initiation that it

#ould easily have carried before crack initiation; it defined a stress that
#ould be carried in the Presence of the crack, and a temperature limit above
#hich that stress would be sufficiently bigh to permit the design of useful
atructures,  This temperature has been termed the "Robertson transition
teaperature”, Variations of the Robertson test were devised and used in
assessment of plate steels(26)(27)(28). The Japanese "double tensile
test", in which the crack is initiated under one stress, and then propagated
umder a chosen lower stress, is outstandingly adaptable, and gives very clear
_Jndications of the relative resistances of different steels to the propagation
ot a crack (Figure 8)(28). Steels defined by the requirement that the

_ Bovertson transition temperature should be below the minimum service temper—
ature were certainly very tough, but the test was too severe, for it

#xcluded many types of steel that lave proved reliable in service, and it
tmcame necessary to look more carefully into the conditions of crack nucleation,

Tests of Steel Quality: Fracture Toughness

Whilst the steelmaker can produce a wide range of steels of progressively
lower transition temperature, the engineer is faced with the problem of
choosing which steel to use and what stress to apply to it, Experience with
the Liberty Ships and many other cases of brittle fracture shows that mild
steel pPlate, as it has normally been made for many years is occasionally used
in dangerous conditions, Yet the majority of the Liberty Ships and the
great bulk of mild steel structures of all kinds have a rerfectly satisfactory
record, and only a slight improvement seems necessary to ensure that the
dangerous ccndition cannot arise in service.

The first reaction to the problem was to produce a great variety of
notch tests, each of which was claimed in various ways to reproduce "the
conditions of service", and to assume that if the steel in service was
invariably above its transition temperature in the appropriate test, the
danger of brittle fracture would not arise. Much time was spent in comparing
different types of test, and in discussing whether the energy absorption or
the type of fracture was the better criterion of performance(23), The early
results led to a degree of confusion, since the various tests frequently
Placed the same steels in different orders of merit. But more exhaustive
tests generally showed that this result was largely due to local variations

The second important experiment was performed in the laboratories of
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the General Electric Company in America, in the investigation of a turbine
rotor failure(29)s The prior existence of severe stress concentrators

had been established, but small scale tests had made it difficult to believe
that these could possibly have extended under the quite accurately calculable
stresses present in the rotor. But a turbine rotor is a very massive piece
of steel, and notched bar tests were therefore made on bars of progressively
increasing size, It was found that the nominal stress at which failure
occurred decreased progressively as the dimensions of the test bars increased,
and that whilst the nominal failure stress was well above the yield stress
when the test bars were small, it was well below the yield stress when the
test bars were large(Figure 95(52).

The third experiment was that of Irwin(30)(31 ), who studied the stresses
necessary to cause the extension of cracks of various lengths, artificially
produced in plates. He found that the extension, at first very. slow, would
become rapid and uncontrollable when the nominal stress at the tip of the
crack exceeded a given value, and that this value decreased as the length
of the crack increased, according to equaticns of the general type

ok = Ne /¢

where Op 1is the nominal stress for rapid crack extension, € is the length
of the crack, and ) is a numerical constant dependent on the elastic
constants of the material and gecmetrical factors such as the position of
the crack in the plate and the plate thickness, Under plane strain conditions
Ge 1s a material constant, representing the strain energy released per unit
of severed area of fracture and is distinguished by the suffix GIc » Irwin's
view is that all materials contain crack origins of some equivalent length

> and in this respect it is similar to that of Griffiths The value of
Ge determines the stress necessary to cause the uncontrolled growth of these
origins, and the establishment of this uncontrolled growth is the process of
crack nucleation that is necessary before the rapid crack propagation studied
in the Robertson test can be realised. The maximum permissible stress is
determined by the ratio Gc/é and when the working stress, required by the

design and function of the component is defined, the maximum size of the cracks.

or other defects that may be permitted in the component is directly preopor-
tional to the G, value of the materiale This viewpoint has been very
successful in systematising the behaviour of high tensile steels., 1In a.
given steel, the Go value is found to fall as the yield stress rises, so
that, assuming the defect size determining € to remain constant, a yield
stress level is reached at which the stress for crack propagation becomes
less than the yield stress, and at this point the steel begins to break in
a brittle manner(32). Thus the inability to increase the yield stress of
a metal indefinitely without danger of brittle fracture, which was the basis
of the Ludwik and Davidenkov theory was satisfactorily explained, Gg 1is
also found to be dependent on the temperature of the steel and the rate of
strain, both being factors that influence the effective yield stress.

The fourth experiment relates to the nature of the crack origins that
determine the length - and was made by Mylonas(33)s He took an ordinary
mild steel in which notched tensile test pieces had a nominal breaking stress
well above the yield point of the material, and subjected the test pieces to
a preliminary compression, sufficiently large to produce substantial
deformation at the root of the notche When the test piece was subsequently
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f#sted in tension, it broke in a brittle mamner at a low stress, in some
@ases below half the yield stress. Mylonas attributed this result to
#aghaustion of ductility" meaning by this that highly deformed regions were
‘#ymed and that these, being incapable of further deformation, served as
fmeture nuclei. Recently some work published from the British National
 Myalecal Laboratory has shown that highly compressed pure iron has still
smpie ductility if subjected to tensile stress transversely to the direction
o sompression, and in the direction of compression if the temperature is
aufliciently high, but that when tested below room temperature in the
d4irection of compression the compressed iron breaks at a low stress in a
sompletely brittle manner (Figure 10)(34)o  The brittleness is thought to
B# due to lines of weakness developed along the boundaries of the flattened
#rains, rather than to any inherent inability of the material to deform
further (Figure 11)(34). )

These experiments show how in the mresence of notches and defects that
aspve as fracture nuclei, brittle fractures may occur at definable stresses
11 below the yield point of the material, and that these notches and
del'ects may be present in the material before the stress is applieds The
mbination of circumstances that in mactice nay lead to brittle fractures
his been illustrated in a series of wide plate tests on welded mild and low
1loy steels by Wells(35)s These tests showed that the unwelded steels,
#¥on when deeply notched, will not break at nominal stresses below the yield
point at any reasonable temperature, though below a certain temperature
ast fractures sensibly free from plastic deformation are moduceds  Nor
#il) they break in similar circumstances when welded if the welded plates
have been heat treated in such a way as to relieve the welding stresses and
he associated effects of the welding strainse But if before welding a saw
#ut of suitable length has been introduced, so that welding stresses and
‘#trains might have been concentrated at its end, and the plates are not
bsequently stress relieved, a crack may extend frem the end of the saw cut
hen only a quite small stress is applied. This crack may stop at the limit
f the region of high residual tensile stresses, and require a further
4ncrease of applied stress, generally to the yield point, to cause the plate
to fail completely, or it may spread immediately through the whole plate,
#ocording to the temperature of the plate and the range and severity of the
#slding stresses.Figure 12(35a), replotted frem one of Wells's sets of results,
shows how the stress at failure was related to the yield stress of the
_material and the temperature, The relations between the lengths of the
sbserved cracks, and the stresses required to meke them spread rapidly through
the plate, are consistent with Irwin's equation, and no failures under low
stress occurred in plates that were above their Robertson crack arrest
temperature.

Thus the stresses that may safely be applied to steels below their

transition temperatures are determined by the factors that control G, and
¢ and the change from brittle to ductile fracture is a consequence of the
change of G, with rising temperature, This causes the fracture stress to

rise above the yield point when a certain temperature is exceeded.

Theories of Fracture

The factors affecting Ge and ¢ are determined by the physical nature
of the fracture process. The Ludwik-Davidenkov theory of fracture came to
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be widely criticised s
attempts to measure th
dependence, by adopt
plastic deformation
of its value,

conclusion that

hortly after the second world war, largely because

e stipulated fracture stress, and its assumed strain

ing various devices to suppress the intervention of

during the test, failed to give any satisfying impression
Improved understanding of interatomic forces led to the

the forces between atoms in metallic lattices were far higher
and the correctness of
high strengths occasionally
s"s  Moreover, it was
eld stress being mutually
ase of the yield stress, for example by rapid straining
was frequently accompanied by an equal increase of the
rved fracture stress. This led to the replacement of the
heory by the suggestion, orig
between the observed breaking stresses of metals and the
due to the mresence in the

or by strain ageing,
experimentally obse
Ludwik-Davidenkoy +
that the difference
theoretica.lly calcul

”
pointed out that Luders bands in mild
circumstances, be shown to contain

In support of this view, it was
steels could, under favourably chosen
small cracks(36),

nevertheless been and

yield stre ss—tempe
observed(37),

and that these groups
would produce the he initiation of

fracture(38),

Between 1948, when the theory was first adva
Swampscott conference in 1959, favourable evidence accumulated, and the theory
was widely accepted(39); but with increasing knowledge of the effect of’
telfxperature on the yield stress of iron, and with the development of the
ability to Observe the dislocations in iron, certain difficulties became
apparent, When the properties of steels
brittleness i

nced, and the time of the

ended for only
illustrates a case in which
the.fracture stress decreased after having been close to the yield stress
dtlu'lng & narrow transition range., Below this range the fracture stress
either increased with falling temperature at a rate much less than the rate
of increase of the yield point, or it remained substantially constant, or
(.iecreasu—d. The decreases of fracture stress were rerticularly pronounced
in aJ:.loys to which embrittling impurities such as oxygen, nitrogen, phosphorus
or silicon had been The shape of the fracture-stress
temperature curve
inter

nal feature that served the purpose of a notch, and that the fracture
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Ty to be produced by plastic deformation
already present in the unstrained material(l1). The dislocation
_#lructure of iron stressed Just to the yield point did not show the groups

4 arrested dislocations required by the theory; such groups were found

anky after substantial strain and then were formed at space intervals far
nller than grain size (Figure 14)(42)(42b). Moreover the behaviour of
Uharpy V-notched bars of polycrystalline pure iron was not really in
_##oordance with the theory, Such bars show a very sharply defined brittle—
##as transition, the temperature of which depends on the sharpness of the
uskch,  Just above the transition temperature the bars bend through a

iarge angle, skowing very great plastic deformation at the surface represent—
iag the root of the original notch, but no cleavage cracks. At a temperature
4 few degrees lower they break completely with a predominantly cleavage
fpacture, and practically no deformation, as is illustrated in Figure 15(5@).
Jsth specimens in Figure 15 have twinned, but in the ductile specimen the
i#ins have deformed substantially, without giving rise to cracks, By vary-
ing the sharpness of the notch it would be possible to get two test pieces

of the same iron tested at the same temperature, one of which has cleaved
#ith little deformation, whilst the other has deformed substantially, and

aut cleaved, If the production of cracks by a small amount of deformation
sl been the essential condition for the cleavage of the first, it is most
tplikely that no cleavage should be found in the second, It is, of course,
the difference between the stress systems at the root of the notch that is
the essential difference between the two test pieces, the ratio of tensile
#tress to shear stress being higher in the tes
#8 that higher tensile stresses can build up in i
the critical shear stress of the material is

4ns supposed by the Zener theo

The importance of the tensile component of the stress is well brought
_ 8ut in studies of the fracture properties of single crystals of pure, and

o At —196°C these either cleave or break in
4 ductile fashion according to the angle which the most favourably oriented
sube plate normal makes with the direction of tension, the critical angle
#ing for pure iron about 25°,  The stress at which either cleavege or
deformation by slip occurs suggests that cleavage is mreferred if the
resolyed tensile stress across the cube plane exceeds sbout 45 kg/mm2 before
he resolved shear stress along the most favourably oriented slip plane exceeds
. If the critical shear stress of the crystal is raised by addition
of impurity, such as carbon, nitrogen or phosphorus, or by radiation hardening,
the effect is to increase the critical angle by such an amount as suggests
that whilst the critical resolved shear stress is raised the critical
_ resolved cleavage stress has remained substantially, though not accurately,
~ oonstant(47). The effect of lowering the temperature is to increase the
oritical angle, in accordance with the expected change of critical shear
of raising the temperature to decrease the critical angle,
Harding at the National Physical Laboratory, England, has recently
~ sompleted and is about to publish a rather thorough study of the effect of
 %¢ry rapid strain on pure iron crystals(48)s At —196°C the yield stress is
raised substantially, and the critical angle is accordingly increased, but
the resolved fracture stress remains obstinately at about 42 kg/mm2,  In
#ocordance with the increased resolved shear stress, cleavage fractures are
obtained in rapid tests at higher temperatures than are possible with slow
rates of strain, Figure 16(48) illustrates the effects of addition of
phosphorus and of increase of the rate of strain at —196°C,
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In all these fractures, twinning processes intervene at asbout the same
stresses as are necessary to cause cleavage, and the extent to which the
stresses resulting from twinning contribute to the cleavage stress has been
guch discussed. Nevertheless the results suggest that whatever the reason,
iron single crystals of the type we have employed have a characteristic
critical resolved cleavage stress of about L5 kg/mm2, and that the mode of
failure, whether by cleavage or slip, depends almost entirely on the shear
stresses and the tensile stresses in the crystal in relation to the critical
gleavage and shear stresses. The effect of raising the resistance to shear
1s much as would be expected on the Ludwik-Davidenkov theory, and the picture
of shear as a process that intervenes to prevent the fracture stress being
reached seems to be valid in this case.

jmrtly plastic, is still at the root of the notch, but the maximum stress,

i #t of the influence of the second and third principal stresses, is some-
§ below the surface, at the extreme limit of the plastically deformed zone.

e 4 polnt, this limit lies more deeply in the specimen, and corresponds to
slghor stress, the greater the applied load. On the first view, failure should
15 ¢ the point of maximum stress, below the surface: on the second it

4 begin at the surface. It is not always easy to discover where a rapid
sature hag begun, but the evidence is that well above the notched bar transition
gmrature, fracture begins at the surface, and below the transition temperature,
’%g%@aiz the surface.

Jn the second view it is difficult to account for the existence of the
notched bar transition temperature, f‘;;r on lowering the te:uperez.tuz)‘e oy
s B . X #y and there is no obviocus reason why should suddenly fall (50). Yet
existingegze-;; ?;:u%:nfnzlhit aoﬁracgdgrzgl? :_L:hpresent lnfth; netal, elither ’ ' 8 smount by which the root of the notch distorts before failure certainly
bW Views are .ox resied "bil,rt thpr ;it'ln e course of’ p ?St}lc deformation, ‘ déorenses sharply at the transition temperature. The phenomena at the transition
to 4 P & ,©f¢€ conditions in which the origin may spread prature on the other hand are readily and naturally explained on the first

. Produce a fracture, One is that the crack is narrow, but has at its »+ in terms of the changes of stress in the bar as the load is increased,
tip a region of shear stress, of size dependent on the critical tensile
stress required to spread the cracke In this region plastic deformation
occurs, and the work per unit area required to spread the crack is the surface
energy, 2y, plus the plastic work W involved in the forward movement of

'f:his plastically strained region (Figure 17a). A modified Griffith equation
in the form .

43 the load is increased, the maximum tensile stress along the centre
through the root of the notch rises almost linearly at first, but tends to

B a constant value when the point of maximun stress reaches the region in

# the triaxiality ratio of the stress systen becomes constant. At this point
plastic zone, which previously was increasing its size whilst maintaining
wighly the same shape, develops a forked shape, defcrmation being concentrated
those regions where the triaxiality ratio is least, and little further
@smation occurs in the region between the prongs of the fork (51). The

ot form of the curve relating the maximum tensile stress to the load is
f’;‘;enced by the work hardening within the plastic zone, and has not been
irately calculated, but a much simplified approximation suggests for the

o4 V notch that the maximum stress reached is about 1,93 times the uniaxial

4 stress (oy), and is reached when the nominal stress at the root of the

oh is about 0.8 times the yield stress. If the fracture stress of the steel
4ess than 1.93 o, fracture begins at the point where the fracture stress is

3t exceeded and %he energy absorbed by the specimen at this point is
dominantly the energy of plastic deformation within the small plastic zone,
the fracture stress is greater than 1.93 o fracture is delayed and general
stic deformation continues, until at some glace in the test piece, the stress
s determined by the local yield conditions, is equal to the local fracture
tress, as modified by the plastic deformation that has taken place at that point.
4 racture stress is only slightly higher than 1.93 o this point is likely
45 be just within the outer edge of the plastic zone, wherg the yield stress has
baan appreciably raised by the rapid initial stages of work hardening, but if it
i# considerably higher than this it is likely to move towards the point where

ke plastic strain is greatest, which is at the root of the notch, and fracture
#ill begin at a strain comparable with the fracture strain in a simple tensile
fupt. The energy absorbed by the specimen when fracture begins is the energy of
plastic deformation of the large plastic zone at that point. If the material has
4 sufficiently high fracture stress in relation to the yield stress, fracture may
proceed as a slow plastic tear, absorbing considerable further energy, but in a
i#ss ductile material the increased stress concentration at the tip of the newly
furmed crack may cause initiation of new ruptures beneath the tip of the crack,
particularly as the effective yield stress is increased by the increase of rate
of strain that begins as soon as the test piece begins to fail. In this way the

°§ = E (2y + W)/h'(1-v2)c

is used, where Op 1is the fracture stress, C is the crack length, arnd
E uand v are elastic constants.

The other view is that the crack is wide and that there is a critical
lateral displacement ¢ Of the surfaces of the crack (Figure 170)(49).
The energy required for fracture is that required to produce this displace-
mervlt at the end of the crack and is of the order of magnitude ﬁccr per
unlt increase of the length of the crack, where o, is the yield stress of
tne umateriale f, is related to the yield stress Oy and the applied stress
o by the relation

ﬂc/C = (80'y°(1-v)/1r E) ¢n sec (W/Zo'y)

in which ¢ , again, is the crack length,

Fracture occurs when

2 = E 4, o /m (1=-v3)c (1)

The essential difference between the assumptions is seen by considering the
behaviour of a notched bar, sufficiently wide to give plane strain conditions
at the centre (Figure 18)(32).  When the loads are so low that the yield
stress is nowhere exceeded, the maximum tensile stress and the maximum strain
are both at the surface of the root of the notch, When the yield stress is
exceeded a? the root of the notch, the maximum strain, now partly elastic
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frequently observed fractures changing from ductile at the notch root to

brittle at some distance below the surface are formed, and in this case the

subsequent progress of the crack absorbs little energy (32).

When fracture is initiated below the surface, the maximum load on the

test piece at fracture becomes a smaller proportion of the yield load as the

yield stl.:'ess rises in a given steel, the maximum load is the same function
of the yield stress whether the change of yield stress is brought about by

change of temperature or (within limits) by change of heat treatment,  Ther

is a limiting value of the yield stress above which the maximum load at

failure falls below the nominal yield load of the bar and this approximately

defines the conditions in which the change from a probably ductile to a
completely brittle type of failure occurs (Figure 19) (32).

. It is possible to have steels of entirely similar yield properties and
different fracture behaviour.  For example, a heat treated manganese molyb-—
denum steel free from phosphorus has for equal yield stress a fracture load

consistently greater than that of a similar steel to which an addition of
0.05% of phosphorus has been made. The tensile stress that is reached in

tlfle region of triaxial stress is consistently higher. Consequently at equal
yield stress, the notched bar transition temperature is appreciably lower in

.the phosphorus—free steel, and the level of yield stress to which it can be
heat treated without the risk of brittle behaviour at room temperature is
appreciably higher.

This kind of phenomenon is quite common in steel and is consistent with

t:e view that steel has a fracture stress that is independent of the yield
stress,
at the root of the notch is the decisive factor, since the equatians

(1) require that steels of equal yield stress shall behave alike. How—
ever, it is to be noted that the two steels just described do behave in
§x§ct1y the same way when they are both well above their notched bar trans-
1?1on temperature, and it may well be decided ultimately that the critical
displacement hypothesis is the one to be adopted for steels that are
suffi?iently above their notched bar transition temperature (and this
comprises the conditions in which the great majority of structural steels
should be used) but that the critical stress hypothesis is valid for those
that are used below their notched bar transition temperature. But it also
needs to be emphasised that it is the critical stress (in relation to the
yield stress of the steel) that decides when the transition occurs.

The critical displacement hypothesis provides a feasible explanation
for tht.a effect of size on brittle fracture stress, as for example, it was
determined by Winne and Wundt (29), and by Lubahn and Yukawa (52) for the
cm‘Fical displacement is a constant characteristic of the material and
decides the extent of the plastic zones. The intersection of the plastic
zones with the free surfaces of the test piece brings about the greater
f.‘reedom of plastic deformation that is characteristic of a small bar, and
in turn is responsible for its greater ability to absorb energy, and
consequently, its greater strength, The critical stress hypothesis
lc?ads to the conclusion that, in those conditions in which a
simple tensile rupture originates the fracture process, the nominal

954

It cannot be so easily dealt with on the view that the displacement
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%ing stresses of geometrically similar bars should be independent of

'» In practice this is not found to be so. Small bars have substan-—
.}y nigher nominal breaking stress than large barse The law that

#ig the variation with size has not yet been sufficiently studied.

#y the extent of the plastic zones when the critical fracture stress is
@ ing approached in the region of triaxial stress would be expected to be
‘gportant, for this determines the rate at which dislocations accumulate in
## plastic zones, and therefore the rate of work hardening. The smaller
s rate of work hardening, the greater is the energy of plastic deformation
%hst has to be expended before the critical fracture stress is reached, and

“sloilations of the extent of the plastic zones, taking into account the
influence of all the free surfaces of the test piece and of the work harden—

suid steel themselves to face the difficulties.

stors that determine the critical fracture stresse Some of the estimates
st can be made from the results of experinents reported in the literature,
from unpublished work of the National Physical Laboratory are given in
e IV.

From this table it is to be .seen that the property can be varied over a
#reat range, the extreme values being 30 and 430 kg/mm2.  Grain size, cold
ark, and the directional nature of the structure produced by cold work,
pirity, and quantity of a finely dispersed second phase can be identified
important variables. In quenched and tempered steels, provided the
mal quenched and tempered structure is obtained, the nature of the alloy-
¢ clement used does not seem to be very important. In mild steels and
% manganese steels, the rate of strain does not at present appear to be
ry important. But clearly much more work needs to be done on this
perty, for a systematic understanding of the ways in which it can be
influenced is essential if the strengths of steels in conditions in which
they may be brittle are to be fully understood.

ﬁimowleg@ent

The work described above has been carried out as part of the General
#ssearch Programme of the National Physical Laboratory and this paper is
piblished by permission of the Director of the Laboratory.
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P wpeiore the greater the apparent strength cof the bar. But the very complex

% sapacity of the material, have not yet been satisfactorily performed, and
% is most important to engineers and nmetallurgists that applied mathematicians

To the metallurgist, the important subject of study is the nature of the
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STRESS

Studies of the Brittle Fracture of Steel during the past Twenty Years

N.P. Allen
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Figure 11. Thin Foil Electron Micrograph of large orack
approximately 10 mm long in iron compressed 75%.
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PURE IRON, Low
STRAIN RATE

Iy = YIELD STRESS
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AT NOTCH ROOT
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\ bucTiLE

0:15% p, Low
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YIELD STRESS 71 kg/mm?
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PURE IRON, HIGH
—-196°C STRAIN RATE

YIELD STRESS 63 kg/mm?

RESOLVED ~
FRACTURE STRESS 43 kg/mm? PLASTIC ZONE AT
H R O 0-8

TC 00T 2 04 06 07
(SCHEMATIC) LOAD (IN TERMS OF In/oy)
Figure 18, Stress and strains at notches stressed in 3 point bending.

FIG.16. TRANSITION ZONES BETWEEN sLIp AND CLEAVAGE
FRACTURE IN [RON SINGLE CRYSTALS AT —196°C.
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Pigure 17, Energy absorbed in crack propagation, 0-054 %0 4
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