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ABSTRACT

The problem of cold brittleness of steels with notches is dis-
cussed., New toughness characteristics - toughness index KT

and toughness margin index Kn, - are proposed within the scope
of the concept of critical cleavage stress (53. In contrast to

traditional ones, the proposed toughness characteristics are
quantitative measures of the tendency of metal to resist the
embrittlening action of arbitrary-geometry notches, including
.fatigue cracks, which allows the toughness margin index KTI

to be used directly in calculations of load-bearing structural
elements by analogy with the safety margin index. Based on the
characteristics, criteria of cold brittleness of steels con-
taining various macrodefects have been formulated. Possibili-
ties of new approaches to estimating the qualit{land predic-
ting the realiability of structural materials,i ustrated by

a broad class of structural steels, are demonstrated.
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INTRODUCTION

A sudden brittle fracture of structures can be iu general case
ascribed to an inadequate toughness of metal, A design engine-
er, however, has at present no such a quantitative character-
istic of this property, with whose aid he could protect a pro-
duct from a sudden brittle fracture by specifying an appropri-
ate toughness margin. This is a fundamental difference from
the strength calculation procedure, where the specified safety
margintreliably ensures the absence of general yielding in a
product.

The existence in metal of macrodefects in the form of various
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gtregs concentrators, fatigzue crecks, and other demeges res-
ulte in thet the everage (nominal) fracture stress Gyp BEY
turn out to be less then the metal yileld stress S@  From the
engineering standpoint, sueh a situstion is ultimately permis-
gible, where the fracture cccurs at nominal atresses Gurs 8QU~
al to 643 . The temperature at which thig event occurs ie sxpe-
dient to call tempersture of cold brittlensaa (Ic] of metal

containing macrodefects, It ias clear thet st the cold brittle-
ness temperature the metal toughness level becomes agual to
some crdtical value. It 1s essential to find & method for de-
termining this walue.

Two toughness characteristics are gemerslly adopted at present:
OVN snergy (ECV) and fracturs toughnesa Ky.. The former is em-

ployed in the physical metallurgy to eveluate the metal guali-
ty, while the latter is used by designers to predict the risk
of fracture at the existence of fatlgue cracks in = structura,
The two parameters, however, characterize the metal toughnesa
only as applied to thet sltuation which is mcdeled at their
experimental determination, and therefore cennot cleim thes ro-
la of wniverssl cheracteristics, allowing prediction of tos
temparature of cold brittleness of metel, ceused by = random-
geometry meorcdefect. Deficienciea of KCV and K., include alao

absence of one-to-ons correspondence between their valus and
micrustructure perametera (Hahn, 1384), which prevents metsl
physiclats from controlling steel proparties by 8 purposeful
action on the metal microstructure,

The objective of our study wes: based on physical concepts of
the na of fracture of wetal having random-geonetry notchea,
%o lntroduce 8 univerasl concept of metsl toughneas and, rely-
ing on it, to formulate the criterion of ocold brittleness of
gteels -i%h notches.

ERITTLE FHACTURE OF NCTCHED SPECIMENS
The metel's capacity to resist brittle frecture is character-
ized by the critical cleaveage stress EI (Emott, 1973). 4 ne-

cagsary condition for fracture of metal with a noteh is the
axistence at the tip of the latter of a local region of
plastic deformation, Due to this, the fracture condition is

=4 =Gy
{G?‘=E¥ S

where Gy is the meximum principal atress at the notch tip;
Gi= £ V(6-BJ% (6 -61)+(3-6] 1s the equivalant stress;

Gy is the critical cleavege stress; eand Gi’ is the yield

streas. As found recently (Ellhne end Dahl, 1983}, Gp ia oot a

congtent of metal, but depends on the notch tlp radius and tem-
perature, The range of critical cleavage stress vslues, howev-
er, is limited from below by the level of "brittle” stremgth
of emcoth apecimens at a unisxial tension (Kotrechko et al.,

1988; asee also the paper "Critical Cleavege Stress GI and

Froblem of "Brittle" Strength of Metala" by Eotrechko et al,
in thia book).

The letter characteristic wes named by Meahkov (1976) micro-
cleavege resiastance R“; it ia determined experimentelly as

the minioum stress of brittle fracture of esmooth specimens
within the ductile-brittle trensition temperaturs renge
(Fig. 1},
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Flg. 1. Tempersture dependences of fracture characteria-
ticas of emcoth (broken line) and azxisymmetrdic
notched (sclid linej notch radius R = 0,48 mn;
depth A = 2,5 mm; mexioum diameter, 14 mm) speci-
mens of Armec iron, Ig - cold brittlensas tempe-—
rature; Ef - critical value of toughness indea

Transforming (1) with account of the sbove yielda

Gfmm = ffﬁ'] Emf,‘ (2)
6. = By

or :
JAF(G) = Ky (3)

where J.f}'{{':'r) is & dimensionlesa parspeter characterizing
the stressed-strained state at the notch tip (J =Gme/ B is

the overstress ccefficient; f (&) is a function of the releti-
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ve strain gradient G , interrelating GF and %c)‘ and Ky =
= Rmc/GY is the toughness index (Meshkov,” 1981),

In essence, KT characterizes the yielding state of metal, de-

fining how far it is from brittle fracture at the yield
onset moment, At uniaxial tension the easiest way for attain-
ing the brittle state (KT % 1) is to raise the yield stress

to the R . level (GY = %c) by lowering the temperature.

As follows from (3), the existence of notch results in that
the metal can undergo brittle fracture at higher temperatures
and hence at K, values exceeding unity and equal to / /f(G).

This means that for any notch, according to its geometr;c pa-
rameters, there is a corresponding critical toughness KT, at

which the metal goes into the brittle state. The K.; va=-

lue can be calculated if the /' and f (G ) values are known
or determined experimentall,g as the KT value at the cold brit-
tleness temperature (Fig. 1).

Figure 1 shows temperature dependences of main mechanical pro-
perties of Armco iron, including the toughness index Er and

parameter N1 , as well as fracture stresses Gyg of notched
specimens (R = 0,6 mm)., The condition G'"=G‘“ corresponds to

the cold brittleness temperature, and the cogrresponding tough-
ness index has the critical. value K.; Such KT values were Ob-

tained by the authors for a great assortment of materials with
various parameters N1 and for a wide range of concentrator ty-
pes, from weakest ones (R = 4 mm) to fatigue cracks (Fig, 2).
Thus, a simple relation Ep = K.E can serve as a cold brittle-

ness criterion, and the relation KT> K;,' as a reliability con-
dition, The whole problem reduces to finding the K.; value., Re-
quirements for the level of toughness K,; depend on conditions

of metal in a structure& The more acute a stress concentrator
or defect, the higher K’l‘ and the higher level of toughness K.r

the metal should have so as to prevent cold brittleness of a
product, It is to be pointed out that the degree of overstress
at the concentrator tip is substantially affected, apart from
the concentrator geometry, also by the value of, the work-har-
dening index N in the Hollomon's expression ( 0,=6,(&/&)" ).
This stems from the fact that brittle fracture of metal with a
notch is always preceded by a local ylelding in a region at its
tip, the stressed-stralned state in this region depending on
the metal's tendency to the work hardening. Figure 2 shows
experimental dependences of K; on the work-hardening index N ,

where it is seen tha'g with the notch geometry unchanged the
critical toughness KT rises with increasing n .,
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Pig. 2. Effect of work-hardening index N on critical'.
toughness K.; for various notches: & - Neuber's

- K
elastic stress concentration factor; KT -
ayerage critical toughness; ®, e -

K‘l‘ values at T = +20 °C and T = -60 °C,

Steel grades corresponding to numerals in the
figure are given in book by Meshkov and Serdi-

tova (1989)

COMPLEX CHARACTERISTIC OF METAL TOUGHNESS

Hav available the value of the ultimately permissible metal
tougiﬁgosa level Kj, we may introduce the concept of the "to-

ughness margin index", defined as the ratio of the toughness
of the metal proper, i.r, to its required level K.E at the pre-

sence in the metal of a macrodefect of a certain geometry:

Kpy = % / Xq - )

While K.r characterizes the metal toughness level at uniaxial
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tension, Ky cheracterizes the metsl toughness mergin et the
Presence ¢f & stresa concentretor. At K'I‘J.! £ 1 8 metael with &

stress concentrator exhibita cold brittleness, 1.e,, its frec-
ture cccura et average stresses Gue below the yleld stress,
w#which evidences an inadequete metal toughness level for the
concentretor under consideration. Velues ITII % 1 indicete that

the metal toughness level iz adequate for a safe parformance
aof the metal with & defect st average stresses not over Gg

The welue of the limiting toughnesa KE in {4) depends on tha

etress -:gn.-:antration geometry, and therefore for e practical
usa of KI. it is expedient to select & reference concentrator,

with respect to which the metel toughness margin could be nor-
malized. From Flg, 2 it follows that it is reasconable to take
& magerodefect with the stress concentretion value o = 8 am
the reference one. For this concentretor the uwltimately per-
migeible toughness is described by the following empiricsl

relation: ¥
Ep = 1.2 + 30, (5)
With acccunt of (5) the normalized toughiness margin index is:
_ Kp
fu =Tz v 3w - ‘el

The Kpy value given by (4) hes the meening of a quantitative
measure of the metal toughness margin with respect to the si-
tuation of & sudden frecture of metal with a concentrstor
{ & = B) at a nominal streas not over the yleld stress,
From (6) it follcowa thet Epy+ describing the metsl's capacity
to resist brittle frecture, depends on a set of mechanical cha-
racteristics - microcleavage resistance Hyo» yleld stresa

Gaz , and work-hardening index N , and - therefore mey be
named complex toughness index (OTI).

Fgurea 3 shows Emy dependences on strength and limiting K;H
valuea for varicus concentrators for most widely used structu-
ral steels.

Thess dependences make it possible to predict the risk of
brittle fracture at streas concentration. If the metal's to-

ughness mergin HEmqy e3ceeds its limiting value Eqy for a given
defact, thern such a defact iz noct dangerous, 4t ITH = H;I the

defect under conasideration can cause cold brittleness, i,e,,

racture at average stresses eagual to Gep ; this is 8 gecond
formulation of the cold brittleness criterion, more genersl

then Ep = K.

Thus, the proposed complex toughness index (CTI) im the form
of KTH is & guentitative messure of the degree of risk of
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Fig. 3. Verietion of toughness margin index with yleld
atress Gy, *

¥ = =
KTH = limiting KTH levels for wvarious notches

(fatigue creck and coocentrators with o = 10;
8; o; and 2)

brittle fracture at loading below the metal's yleld atreas
when the product has s defect, c¢rack, or ancther streas con-
centretor, Advantsges of this index lis in that the Kp, value

1n combination with the yield stress can serve ag a tool for
ranging steels when selectlng process techniques or melting
tlends, optimal in terms of ecomomy, relisbility, ete, (Fig.3).
Lompere, @8,g., items 3 (menganese-sillcon ateel 15GS) and 5
{quelity structural carbon stesl 45): at the seme atrength

{ Gu: 380 MPs) item S5 has a much higher ETIP which ensurea a

higher resistence of a product ageinst a possible ambrittle-
mant beceuse of presence of stresa coacentrators not teken in-
to eccount, When, however, alao & lower alloying of steel 45
15 taken into comsideretion, adventeges of the new metel to-
ughness index for a production engineer snd a designer become
atill more obwviocus,




CONCIUSIONS

The metal's capacity to resist the embrittlening effect of
stress concentrators is determined by a set of such characte-
rigtics as the microcleavage resistance Rnc’ Jield stress

G » and work-hardoning index ; used as a complex index
of Toughness (CTI) of structural steels can be the toughness
margin index K'J.‘ll' defined as the ratio of toughness of the

metal proper, KT' to its critical level K; determined by nor-
malization to a definite concentrator (e.g., o« = 8).

The condition K.m' $ K;l or, which is the same, K.rl £ 1.2 + 3

(for a typical goncentrator « = 8) can serve as the cold
brittleness criterion in the general case of a product with a
stress concentrator,

REFERENCES
1. Hahn G.T, (1984), Influence of Microstructure on Brittle
Fracture Toughness, Met, Trans., v. 15, No, 3, PP. 947-957.

2. Knott J.P, (1973), Fundamentals of Fracture Mechanics,
Butterworth, London,

3. Kotrechko S,A,, Meshkov Y.Y. and Mettus G.S, (1988), Brit-
tle Fracture of Polycrystalline Metals at Complex State of
Stress, lbtalloﬁ.zika, v. 10, No. 6, pp. 46-55,

4. Kiihne K, und Dahl W, (1983), Einfluss des Spannungszustan-~
des und des Gefliges auf die Spal tbruchspannung von Bau-
stdhlen, Arch, Eisenhiittenwes,, B, 54, Nr, 11, 8, 439-444,

5. Meshkov Y,Y, (1976), Problems of Iron Practure Mechanism,
lletallofizika. issue 65, . 3245,

6. Meshkov Y.Y, (1981), Physical Fundamentals of Fracture of
Steel Structures., Naukova Dumka, Kiev,

7. Meshkov Y,Y. and Serditova T,N, (1989), Fracture of Defor-
med Steel, Naukova Dumka, Kiev,

100



User
Rettangolo


