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ABSTRACT

This paper critically anelyzes modern concepts af neture of
the critical cleavage stress (§,, claimed to be a constant

2f a metal, characterizing its "brittle" strength. I=zsues
discussed: dependence of GF determination sccuracy on speci-

men geometryand yilelding criteria used in FEM solutiona;
cleavage stiress |‘51, and microstructure; effept of plastic de-

formation on the GF value. It is shown that the "brittie"
atrength cannot be a constant of metal. The Gp ia aubstanti-

ally dependent on the plastic strain and ite nonuniformity
degree. 3train gradients have been emscertained to be the main
factor reapomsible for the differemce between Gp of smooth

and notched specimenm ss well as for the Gp dependence on

the notch tip radius. Specisl consideration is given to tha
characteristic of the "brittle" strength of smooth apecimens,
named by Meshkov (1976) the microcleamvage resiatance R .- It

is shown that “m is the lower 1limit for GF of notched ape-

cimens snd, furthermore, the value is uniquely determi-
ned by lineer dimensicns of meTHl microstructure parameters,
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INTRODUCTION

One of priority problems of the fracturs science i= the ze-
arch for a characteriatic of the "brittla™ atrength of metal,
which in it2 meaning would be a measure af the metal strength
in a brittle state and correspond to & brittle fracturs, The
concept of "brittle" atrength of & =0lid was firat suggested



by Joffe (1924), who.b i

b > O,based on experimental evidence -
tggﬁ gﬁrrocg salt single crystals, concluded that thgn"gigg-
e vaigg ?S1§e§:§£§ragu§e-%ﬁdependent and is a constant,

: : ined by the internal struct -
iés.(1T191§$)cgggeggswisegdzanced bytL?dwik (1927) 33 Bgvgdzg-
k s 0 account for the effect of i
ial state of stress Sihe duatire s
brittle transition tg;geggtzgz.loading FEe o0, Ghe dpstile=

It is at present ado
. pted to use as the characteristi
gg;::ie strengtp of metals and alloys the critica; 2§e§£azge
Gps defined as the maximum tensile stress at the

notch tip at the moment of brittle fracture. The Gp value

cannot be directly determined b i
bt [ Y experiment,
ggp201t1eshof calculation methodsqare the bot?ffhggfﬁigosﬁgh
" sgg:gggh. g:szhgggsbgagge higtzgy of evolution of concepts
delneiong aéout f or S been responsible for ny
properties of the critical cleavage s
Gp ©of metals, Thus, Knott (1973) calculated GF githt}c.;esuse

This point was displaced alo )
i ng the temperature axi - B
g(})’;ggngl;ednotch angle. As a result, it was concltxzé:dbih;.r% G
. determ‘epgnd on the temperature and notch geometry and B
oy poer ined solely by metal microstructure parameters; this
T i 'tgoog accord with the Joffe’s concept, which tréated
Tittle" strength as a constant of a material,

The use of the finite el
f t ement method (FEM) t
stress and strain fields at the notch tip)algoﬁzéc%;;tgo be

determined over g broad ra
ermi : nge of loads, with th
X?Eéagé;neoftlts value at departure frém the gegeigiuizefgat
perature TGY has been found. Moreover, the critical

cleavage stress turned out t ]
o depend on the notch ti i
égulmx 9(3?2 gq.hl, 1983). The use of the characteristig ﬁg%::-
& chie et al.,1973) should be regarded as an attempt

to "sm i
smoothen out" thig dependence and to bring (5F to one

level. Further studies dem t
. : onstrated such a techni
§£§ggzéze only at very acute notches and fatiguelgggcﬁg.bghe
meaning of the characteristic distance Xc consists

in that a necessary condition f
3 . or fracture of a pol
;g gg%fllment of the force conditions for formatgonygigsgig-
2 %athgg g? nuclegs cracks in a finite volume rather that in
gradienta 1;&1 point. This effect is most pronounced at great
e orde; gf ;;Ze;igg, when their variations at distances on

f in size cannot be neglected. A
stress gradients, h Saning. Foo Taiar

; s however, X 1loses the meaning.

reasons the influence of the®notch acuteness og g;rv:ﬁ:e

g??ﬁgﬁcgg agcounted for by the effect of the "characteristic
alone. Such a conclusion is supported by a conside-
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rable, up to 50%, excess of QgF(Xc) of a notched specimen

over the corresponding brittle fracture stress of smooth spe-
cimens, found by Kuhne (1982). Tetelman (1968) attempted to
ascribe the notch radius influence on G, to a statistical
effect stemming from the difference betwgen volumes of plas-
tically deformed metal at tips of notched and smooth speci-
mens. In the opinion of Riedel (1979), only a third of this
difference can be associated with the statistics. Kuhne
(1982), analyzing results of his own studies, came to a simi-
lar conclusion. Thus, statistics nlays a certain, but far
from principal, part in the effect under consideration. Such
an ambiguity and dependence of the 6F value on its determi-

nation method creates great difficulties for a physical in-
terpretation of the "brittle" strength of metals and the use
of this characteristic to predict the fracture toughness.

The study being reported was aimed at finding out what is to
be meant by the "brittle" strength of metal, what are proper-
ties of this characteristic, how its value is affected by non-
uniformity of the strain field at the notch tip. Gaining in-
gight into the role of microstructure at brittle fracture of
metals and alloys is of a substantial interest.

"BRITTLE STRENGTH OF METALS AT UNIAXIAL
TENSION

Role of Microstructure. Meshkov (1976) proposed to use the
microcleavage resistance Rmc as a measure of the "brittle"

strength. It is defined as the minimum brittle fracture
stress over the ductile-brittle transition temperature range
(Fig. 1). Experimental studies demonstrated an unambigous re-
lation between the value of microcleavage resistance Rmc and

metal microstructure parameters (sizes of ferrite or pearli-
te grain, bainitic packet, thickness of cementite platelet
or size of carbide particle) (Fig. 2). Such a structural de-
terminancy of the microcleavage resistance Rmc is due to

that linear dimensions of the above-listed microstructure
elements determine the length of submicrocracks forming in
the elements at a plastic deformation, and the microcleavage
resistance is a macroscopic stress required for their catast-
rophic propagation. At least two submicrocrack sources exist
in steels: grains (ferrite, pearlite, bainitic packets) and
carbide particles. Due to this, the level of the "brittle"”
Strength Rmc of steels will be governed by that structural

component where a largersize crack will appear. This compo-
nent is selected with the use of critical relations of li=-
near dimensions of microstructure parameters (Fig. 2). F9f72
example, for steel with spheroidal cementite, Rmc =180df

(d; is the ferrite grain size) at d,/d, » 52 (4 is the cemen-
tite globule diameter); otherwise, Rpo= 2 5dc'
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Pig. 1. Tamperﬂtux_'a dependence PFig, 2. Effect of micro-
of mechanical proper- structure parametsrs
tiaa orf Armco irom: on microcleavage Ta-
Gy~ lower yield 3istancs:
strength; S, - true d - ferrites grain or
F hai i :
Foaibate: 4t bamnt /i o tainmitic packet sime:

reduction of area; d, - carbide aize;
= microcleavage t_ =g i .
Fno resistance ks SApultiae: pa
telet thickrneas

Effect of Plastioc Deformstion Flaatic deformati

- nisa -
CASJATY o ion for br a fracture of metala? it than:a-
me time the brittle fracture stress G? depends on the degree

of plastic deformation. Flgure 3 ghows = d

drmco iron (amaoth and notched s;ecimmﬁtamﬁxﬁfn g:niggn
and under atress concentratian conditions. It was experimen-
tally ascertained that the "brittle” atrength of amooth aps-
cimens {B._“] will vary in a similar mammer if metal has besn

deformed beforehand to the =sape degrea &£ Bt room +
dratar_u.d then, after lowering the temperature, I?uctug:geﬁt:he
ustile- bf-lttla tranaiticn region.fhis memns that variation
of the brittle fracture atress in the ductile-brittle transi-
:%ggciaﬁngh (Fig. 1% ig due not to temperature, but to the

8 amo o t
fiaast as umn’ rlaatic deformation preceding tha

Studies on pre-deformed snd then tempered steels 4
emonatra-
ted that heating of deformed ateels fn temperatures :'_;:: Ear

the recryatallization temperature btrings about no change in
the fracture atreaa Rme. Thia evidences that the "brittle"

strength dependence on deformation is due not to e*.'ulu'i_:ian
of the subetracture, but to chenge in the state of grain bo-
undaries.

o=

CRITICAL FRACTURE STRESS, 6, (6Pg
=

0 - R TR
STRAIN, g0°

Fig. 3. Effect of plastic deformation on brittle
fracture stresa: brittla fracture resiatence
R..q °f smocth apecimens ( &

GP of specimens with notch of radius R=d mm (@)

and A=C.6 mm (®); and §p of annular fatigue
crack (4 )

ERTTITLE STRENGTH OF METAL WITH NOTCHES

Factors Determining the Critical Cleavage Streas G- Main

regolaritisa of Gp variation are shown in Fig. 4 for Armco

iron as an example. Aa sagn, for all netchea from R = 4 mm
and up %o & fatigue crack the @G, value has a ninimom at &

temperature somewhat over the gensral yielding one; for not-
ches with R w 4 mm and R = 0.6 ma Gy colncides with the

"hrittla™ atrength Rmc of & amooth specimen. 4 further tempe-

| In conatruction of the finite elemert mesh for a cirou=-

lar fatipue crack the initial crack tip opening waa szaumad
squal to ferrite grain size 4, = 37 um. Practure characteris-
tice Gpr & J' y and & wsrs datermined by averaging thro-

ughout a region of Edf.



o} 3
gé g
8 E 5}
y E s
2 (7] g ‘_4'
g g 8 i
—~ 15 £ A oK
§ {0 0 g § o
s F *.U —————————————
08 2 0g — .
o v "0 q 8 12
17 \ NORMAUSED STRAIN GRADIENT, G (mm*)
§0,6 - 6.
= 52
§0,4 «* Fig. 5. Effect of relative
o q = strain gradient on
3 = normalized critical
/T ; cleavage stress
2 [ GF/Rmce:
AL" {2 O- Notch R = 4 mm;
0 W0 150 140 O~ R = 0,6 may
TEHPERATURE,T(K) A- fatigue crack
Fig. 4. Temperature dependen- rature increa ts i
ces of fracture cha- some Gp g;‘gw:}?.r%:uihgull.g

racteristics of not-
ched sgnecimens
( a=Fe):

A, N, @ - criti-

.be emphasized that this G’F

growth can be detected if
Gp 1s determined with al-

cal cleavage str
Gpi g oo lowance for the geometric
. nonlinearity (Kotrechko et
A, O y O - relati- al., 1988). Such a nonmono-
va strain gradient tonic character of veria-
(G =grad (&)/& ); tion of the critical clea-
A, @, ® - strain vage stress is due to the
intensity &, influence of plastic defor-
ma.tign ra.?her than to tem-
. perature (Fig.4). Compa-
f&g% g.t equal equivalent strains &i the value§ g% thg Egr:‘.’c-
rength of smooth (Rmce) and notched (Gt) specimens,

one has to take into account substantial differe i
nces in the
character of the spatial distribution of strain fields. In a
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smooth specimen strains are macrouniform, and therefore gra-
dients are zero, whereas at the notch tip there occur gradi-
ents G . Just the existence of the gradients causes the Gp

nxcess over Rmce as well as the variation of the critical

cleavage stress with ths notch acuteness (Fig. 5). In Fig.5
the fracture stress is plotted in units of the cleavage
stress for smooth specimens, which is convenient for analy-
sis of the basic factors governing the level of the "brittle"
strength of metal: firstly, the size of the structural ele-
ment responsible for the formation of a critical-size submic-
rocrack and, secondly, the value of the local macrostrain &
and its nonuniformity degree G . The essence of influence of
these factors on the local fracture stress value consists in
that the microstructure of metal "sets" via the correspon=-
ding size of the submicrocrack some initial level of the
"brittle" strength Rmc' Nucleus cracks, however, do not exist

in metal intrinsically, but are formed in the course of plas-
tic deformation, and therefore the critical size of a submic-
rocrack varies with the amount of the deformation and degree
of its nonuniformity, with the result that the cleavage
stress Gy deviates from its initial level Rmc' This effect

gives rigse to the G’F dependence on the notch acuteness.

The ascertained regularities make it possible to account for
the temperature invariance of @,, found by Knott (1973).The
point is that Gp ves determinedat the general yielding tem-

perature TGY’ which was varied by changing the notch angle.

This means that all @G, values were obtained at a constant
relative strain gradiegt G, which, as known, depends on the
notch tip radius rather than on the notch angle. As seen from
Fig.5, at a constant G value the fracture stress Gy ~const.

CONCLUSIONS

The concepts of the physical nature of fracture and experi-
mental evidence, presented in this paper, lead to a conclu-
sion that capacity of metals to resist the brittle fracture
cannot in principle be characterized by a constant quantity.

There exists, however, a lower limit of the range of values
of the critical cleavage stress G pe Used as the value of

this 1limit in the first approximation can be the minimum
stress of brittle fracture of smooth specimens, R_... The con-
venience of using this characteristic lies not onT§ in that
it can serve as the point of reference for Sy (as "brittle"

strength unit), but also in that there are simple relations
connecting the Rmc value to linear dimensions of the metal

microstructure.

From the above-reported study it follows also that the level




of the eritical cleavage streas G5 1= substantially affected,

apart from the structure andg ths plastic deformation degree,
also by the magnituds of the relative atrain gradient. The
domumiformity of strains is the besic fector cauaing the dif-
ference between (5, of a smooin speclman and notched speci-
mens o3 well as thg clesvagze atress dependence on the notch
tip radius.
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