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INTRODUCTION

‘ It is commonly accepted that the cleavage resistance can be defined by
d single critical Stress parameter — the cleavage fracture stress af l
measured by fracturing & notched specimen at the temperature range of
?leavage initiation. However, the cleavage stress measured by notch specimen
1S apparently higher than that measured by smooth specimen, and the cieavage
stress measured by cracked specimen is even higher, if it is defined as L
th? Mmaximum principal Stress in crack tip region at fracture. Further, in
crder to apply the singe parameter 0f to predict the cleavage K, of a
?racked Specimen, the well-known RKR model postulated that the é:ress 03
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specimens, this of course contradicts to the physical interpretation of
characteristic distance.

In this paper, a Weibull type cleavage fracture probability function
based on an experimentally verified carbide crack size distribution was
introduced, the "Weakest Link" theory was then applied to the result to
derive the cleavage fracture criterion for notched and cracked specimens.
The results of Weibull parameter measured with experimental data were used
to analyse the size effect and scatter band of cleavage stress of and
1e for smooth, notched and cracked specimens.in order to show

a general and unified one for analysing the cleavage

cleavage K
that the criterion is

fracture of specimens with different geomtries.

THE WEIBULL STATISTICAL MODEL OF CLEAVAGE FRACTURE
BASED ON A GIVEN DEFECT SIZE DISTRIBUTION

By using the same carbide crack size distribution function which was
proposed to have the form:

cn~1 ~c/a _-n
f(a) = TooyT © a (1)
(where a is the semi-crack length, ¢ is a scaling parameter and n is the
rate at which the density tends to zero) and the commonly accepted Griffith
criterion for cleavage propagation of an inclined carbide crack under the

applied principal stress o;, a three~-dimensional Weibull type expression

for the failure probability of the brittle materials has been extended

from two~dimensional analysis[BJ and the expression for the failure proba-~

hility F(o;) of a crack under the applied principal stress o; has been

obtained
- 1 (1-v¥)wcol n-1 _ o1ym (2)
Foa) = (n-1)1{4n-~3) C QEYP ] - (Ou)
with
m = 2{n~1) (3)
and
L oy 42
o, = L)1 (umra)] M (b ()

where vy is the effective surface energy of ferrite. Using Eqn. (2), the

fracture probability P of a specimen with N crabide cracks under the ap-
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plied stress 01 can be derived basged on the weakest link theory:

P =1 — exp [NF(c1)] = 1 — exp [—-é%(gl)m] (5)
u

where Vu = V/N iz the average volume shared by a carbide crack and v is
the volume of the sSpecimen.
For notched and cracked specimen, the stress field is non-uniform.

The fracture probability in notched and cracked specimen is written by

_&Lli"i‘{ ]

m
ou Yy

P =1 —exp [~

and the Statistical criterion of cleavage fracture is therefore

m m 1
01dV = g, VyIn(===) (6)
v 1sp
P
where Vp is the volume of plastic zone at the notch or crack-tip region,

since the carbide cracks enly within the plastic zone.
DETERMINATION OF THE WEIBULL PARAMETERS

The above derivation leads to a general cleavage criterion, Eqn. (6)
in which the parameters m, Oys and V, are defined by the defect distribution
(1) and the material properties by Eqn.(y). They are independent of the
Specimen geometry. Thus, the Weibull parameters fop a steel can be detep-
mined by comparing the experimental data of cleavage fracture (of, ch,
ete.) for different Specimen geometries (i.e. notched and cracked speéimens)
through the use of the criterion Eqn.(6).

For cracked specimens, the criterion (8) can be rewritten as:

Crc? (é%?f gg [giéiégl]m g%%g%]m udude = Uivulnf%ﬁ

where Bcr is the»Ehickness of cracked specimen, ol(u,O)/oy is given by
FEM of g;MeekingL'},the elastic plastic interface is located at a distances
u o= P/(T:E)Z = 0.03 ahead of the crack tip, the angular Ffactor ¥1(0)/61(0)

s s _
O maximum brincipal stress for cracked specimen is calculated by

=

P 1 s - sl p f s
Tol®) = 5 [§,00) + &.(0)] +{515,00) — Fa(8)72 4+ Tpg (612}
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yith 55(6), Gr(e) 8}6(9) computed by using the Fourier approximation
formula given by Bilek

If we use the mean value of Kic’ the criterion (7) can be rewritten as

_ ch y m (Tl(u,())-m 51(9)~m‘ . m
Ccr = [“—"I,<1+%)'6;-J BCI’GY ES [-'——-——-—-Oy ] [-ﬁm_l ududf = 0y Vu (8)

Similarly, for notched specimens, we have criterion (6) rewritten in

the form:
m Bnp? 03(£,0)om .m i _m 1
og WH[ 5, 17 o1(8)Ededs = o Vin e (9)
and 3
~ £ m Bpp? 01(£,0)-m = oM
¢ = b——T1"E H [5522220", (8)edEde = o7 v, (10)
1(11-;5) ¥

where £=14x/p, and x is the distance from the notch-tip, ¢1(£,0) is the
maximum principal stress distribution along 6=0 and had been calculated by
Griffiths and OwenEGJ using FEM. ¢;(6) is angular factor of 01(r,6) and
can be estimated by ¢,(8) = [cos(%-+ e)/cos(%)]n according to Bates[7],
here w is the flank angle of the notch, Q = oTax/o is the stress inten-
sification of notched specimen at fracture. Bn andyp are the thickness and
notch-root radius of the notched specimen.

Now, the Weibull parameter m can be determined by comparing the com-
puting results of Ccr and Cn using (8) and (10) and the measured O and
ch, since m, wg Vy are material constants. Thus we should have Ccrzcn
at fracture. By computing Ccr/cn for different m values, and finding the
intersecting point of (Ccr/Cnvw:m) curve with the horizontal line Ccr/cnzi’

the value of m at the intersecting point is then its right value, and

the value of parameter ¢"V. = C = C_ is also determined.
u u cr n
The detail calculation procedures and results will be published
elsewhere[g].

RESULTS AND DISCUSSION

Using the cleavage fracture O and the cleavage fracture toughness
Kic measured for 4Si-Fe steel (4.10 wt.% 8i, 0.067 wt. % C), and the
vield strength at the crack tip region Oy = 529 MPa under the strain rate

-1

wd
€=2e/t = 1x10 g and temperature T = 243%k, the computed results

of Ccr and Cn for different values m are shown in table 1. Weibull
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in 4Si-Fe
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where

Bep = 10x10 *m

Kie = 30.5 MP v ,

My

-3

7 %10

= 42
By 1.2,

-3
m,

0.25 x 10

e

5 17.4
parameter were obtained m = 17.4, cmV = 1.96 10"6MPai m3

Based on this result, K1c = T curves for different cumulative frac-
ture probability P = 0.1, 0.6 and 0.9 are plotted using the Eqn. (8), the

esult is show in Fig. 2. The scatter band of ch with the temperature
is obtained.

17.4 3
—deibull theory m=17.4, %y =1.96x10 6%ka [
0L <+ eXperimental results

P=0.9

P=0.1

203 223 243 763 263
T LK)

Fig. 2. Comparison of the Weibull model predictions

cleavage ch for uSi~Fe.

In addition if we define the cleavage stress o, measured by crack

b
specimen as the maximum principal stress oTax = Ro in crack tip at
fracture, Eqn. (7) becomes
m m., i
= vV 1 —— 4
Uf,cr' Ou an (1~P) (11)
where
ch L,l X cl(u O) m 01(8) m
v == )= ) (2 ta )
eff.cr Bcr(Oy ) RM oy Y (O)] ududs 1a}
Similarly for notched specimens we have:
"oy = o'V In(-w) (13)
%F . eff.n ST i-p
where
= Bnp?ff 0:,(5,0) m.m
Vese.n= om ﬁ[ oy ~1767(0)Edede (1u)
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The computed result is shown
in Fig. 3, where the straight
lines of Veff versus Oc for A4 Smooth specimen
different cumulative fracture | * noteheq specimen

probability (P=0.1, 0.6, 0.9) s * crackeq Specin
e

were drawn using the Weibull L "
parameters m and oEVu deter-

mined by the experimental

results of notched and cracked -18
spcimens (Table 1).

In Fig. 3. the values of

s Veff

cleavage stress cf measured on
smooth specimens of different
volume V:Veff were also dotted. =24
It is evident, although some
deviation of experimental
points for smooth specimen from

the predicted scatter band can

-30

not be neglected, the remarkable

Ln &

size or volume effect and scatter

band of cleavage stress measured Fig.3. Ln 6, v.s. Ln Veff Eop

by cracked, notched and smooth different specimens, in 4Si-Fe.

specimens can be successfully

interpreted by using the above statistical cleavage frecture criterion. The
reason of the diviation of the locations of points for smooth specimens
from the straight line scatter band is not clear and needs further inves-
tigation. However, it is suggested that the difference in stress state of
smooth and notched or cracked specimens, and also the error of mathematical
approximation used in Weibull statistics especially for cracked specimen

may have some effect on the above deviation.
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