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ABSTRACT

Tests on cleavage fracture of smooth, notched and cracked specimens of simu-
lated HAY structure for 15¥nVN steel show that the messured cleavage strength,

6:, defined by the maximum principal stress at fracture varies with the volume

involved in fracture process. Metallographic and SEM examination of fracture
specimens lead to the conclusion that the cleavage fracture of the welded
structure initiates at the crack nuclei formed in granular islands of M-A
constituents and propagates into the ferrite matrix. In order to clarify the
volume effect on cleavage stress for different specimen geometries, Weibull
type statistical formulae are derived based on the 'weakest link theory' and
the measured size distribution of M-A constituents. The volume effect on
measured cleavage stresses of smooth, notched and cracked specimens are then
explained.
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INTRCDUCTICN

It has been assumed that cleavage fracture follows a critical tensile stress
criterion (Knott, 1966). Ritchie, ¥nott and Rice (1973) further pointed out
that for a cracked specimen the stress in front of the crack tip has to
exceed the cleavage stress over a characteristic distance Xo in order to
promote an unstable fracture. Thus, definition and correct measurement of
the cleavage stress, 6; , is a rather important task.

o;is usually measured by using single-edge notch bend (SENB) specimen (of
12,7 mm square cross-section) under 4-point pure bending (Ritchie, Knott and
Rice, 1973; Curry and Knott, 1976). It is defined as the maximum principal
stress within notch-root region at cleavage fracture initiation. However,

by using notched tensile specimens with difféerent notch-root radii in cleavage
fracture testing, Beremin (1981) has come to the conclusion that the value
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of the measured cleavage stress is dependent on the volume involved in the
fracture process, but no quantitative relationship has been given.

The aim of the present work is to clarify the relationship between the clea-
vage fracture stress and the volume involved in the brittle fracture process.
Smooth, notched and cracked specimens were used in testing. The cleavage
fracture stress in cracked specimens is defined as the maximum principal
stress within the crack tip region at cleavage fracture initiation. Metal-
lographic and SEM examinations were performed on the fractured specimens in
order to assess the micromechanism of cleavage fracture of the simulated
heat-affected zone (HAZ) structure for welded 15VMnVN steel. Statistical and
fracture-mechanical analyses of the cleavage fracture are conducted to derive
the Weibull type formulae for the cleavage fracture for smooth, notched ard
cracked specimens. Finally, the volume effect on cleavage stress defined
and measured for different kinds of specimens is interpreted by using these
formulae. The relationship between the cleavage stress.CY*. and the effec-
tive volume, Ve, involved in fracture process is derived and compared with
the experiment.

EXPERIMENTATION
The chemical composition of 15MnVN steel used in this experiment is listed

in table 1.

Table 1. Chemical composition of the steel used

Composition C Oi Mn v N P S5

Wte ¥ 0.195 0.4 0.172 0.152 0.016 GC.016 0.025

In order to obtain a similar micro-structure and grain size in overheated

zone of HAZ of the welded 15MnVN steel with 30KJ/cm reat input under submerged
arc automatic welding condition, a resistance heating thermosimulating machine
was used. The specimens were treated by the following simulated thermo-cycle:
highest temperature of 1250 C, retention time of Osec above 1100°C, and *‘e
cooling time of 77sec from 2c0°%¢ to 500 C. The specimens were then notched
and precracked at the region with thermo-simulated structure as shown in

Fige 1e
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Fig. 1. Cpecimen geometry (in mm), the shaded area
denotes thermo-simulated structure.

Jic values were measured from -10"°5 to room temperature and were converted
to Kic values. Yield strength, Opz , And strain hardening exponent, o, from
-196°C to room temperature were measured by ccmrressing specimens cut from
simulated YMAZ with 12 mm height and © mm in dinmeler.
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Cleavage stresses, (ﬁf, for notched specimens were determined bg L-point
bending at -TOOOC, for smooth specimens by tension test at -196°C using
tensile specimens of 10 mm gauge length and 3 mm in diameter.

The microstructure, crack initiation site and crack propagation mode were
examined by optical and scanning electron microscopes. The thickness-size
distribution of M-A constituents which serves as the crack nuclei was also
obtained.

EXPERIMENTAL RESULT

Regression analysis of the measured Opa from -196°C to 18°C shows that the
yield strength of the simulated structure at various temperatures can be
expressed by the following regression formula

Gy, = 3201.25(273 + TV """ (MPa)

The mean values of cleavage stresses, (Jy , measured by L-point bending of
notch specimens and by tension test of smooth specimens are listed in Table 2.

Table 2. Experimental and computed results

Kind of specimen Specimen number o Kic MPam E;NPa Ve mm3
Smootl. specimen 3 -196 1432.1 119.37
Motched specimen L -100 1994.1 2.863
Cracked specimen 74 -R0 50419 %088.6  17.66x 107>
Caacked specimen 7 -102  145.03 250.1  9.25x107°

s * 5 4 . .
The mean values of Kic and Oy of tested cracked specimers are aiso 1§Fted in
it. The cleavage stress, Of , of a cracked specimen 1s defined by Oy =R*0oa,
where the stress intensification factor R is given by McMeeking (1977).

CLEAVAGE INITIATION SIT
The microstructure of simulated A7 of 15¥nVH steel consists of proeutectoid
ferrite notwork along prior austenitic grain houndaries, acicular ferrite and
Y_f constituents. The npmall islands in Fig. 2 are M-A constituents. The
nigh carbon martensite in M-A constituent is hard and brittle. Trom the
diamond pyramid indentation marks in Fig. 2 we can see that the microhardness
of M-A constituent is about four times higher than that of ferrite. Conse-
quently, the M~A constituent should be easy to crack. Tn Fige % ve can see
several cracked M-A constituents (as pointed by arrows) in front of the notch-
root with crack plane almost perpendicular to the maximal principal stress.
Figure &4 shows the fractograph in which a ¥-i constituent in front of the
pre-crack initiates cleavage fracture.

From the above observation it can be assumed that in the present microstruc-
ture cleavage fracture may initiate at the sites of cracked M-A constituents,
and only the large cracked ¥-A constituents that satisfy the Griffith condition
of crack propagation, au,=2][g’P/[,-[(|_y‘)g"‘rj , can promote unstable cleavage
fracture.
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Fige 2. The micro-hardness indentation Fig. 3. The cracked M-A constituents
marks on M-A constituent and in front of the notch.
ferrite, SEM.

Fig. 4.Cleavage fracture initiated by a cracked M-A
constituent. ( Arrows point out the front of
the pre-crack.)

STATISTICAL FRACTURE-NECHANICAI. ANALYSIS OF CLEAVAGE

FRACTURE

Quantitative metallographic analysis shows that the density of size distri-
bution of M-A constituents can be approximated by the function j-(d):: A-d®

where d is the thickness of M-A corstituent. It is assumed that the probabi-
lity density of the semi-length, a, of the cracks formed by M-A constituents
is similar to the density of size distribution of M-A constituents that is
f(a) = A*a”™, while f(a) satisefies

L] 7o
[ fyda =1 L1
which leads to @ b-1
A = (b-1)a, )
where ay is the minimal semi-crack length,
and F(a) = (b=1) ag"" A" )

Suppose that the crack of length 2a, formed by M-A constituent is a through-
thickness crack. ™he probtability of failure, for one crack under the applied
strese, @ , is given by

m

= o}
F© =f __2n&% F@ d&=(a) ()

= ra-vho?
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with m = 2b=? (5)
and o _{_2E¥ }‘/’ (6)
u = lmiend, i h ffe
which are the material parameters involved in the model, and Yo is the effec—
tive surface energy of ferrite. Using Equation (4) the fracture prohahlllt.y
distribution function, P, of a specimen with N crack nuclei under the applied
stress,( , can be derived by means of the 'weakest link of a chain' concept
as _ _ “! o m}
p=-exp{-NF(O) = I~ exp{-y () (7)
where Vu=V/N, and V is the volume of the specimen, so Vu can be identified as

the mean volume occupied by each crack nucleus, and is a constant for a given
material.

“rom Gquation (7) for smooth specimen with uniform stress within the whole
plastically deformed volume Vs the statistical criterion of cleavage fracture
i m
e o™ Vs= G0 Vuln s (8)
For notched and cracked specimens, the stress field is non-uniform, buF i?
can be considered that the maximum principal stress, 0, , is constant‘w?thln
a volume element, dV. llence, by means of the ‘weakest link of a ?haln
concept, *he fracture probability distribution function of a notched or
cracked specimen can be derived as m

p = - exp{- 138 (9)

Gl‘ v“ 5 .

Thus, for the notched or cracked specimen the statistical criterion of clea-
vage fracture is /

Sv?o-'m dv = 0 Ve LnT—p (10)

“Where Vp is also the volume of plastic zone, since the cleavage fracture
nuclei can be initiated only after plastic deformation (Curry, 1980). For
cracked specimen Fquation (10) can be rewritten as

m. G m m |
o S| S0 B duds = O arty o
4 Y ' . :
where Becr is the thickness of a cracked specimen, Kic is the fra({:ture tough-
ness, 0,(W00)/ Oy is_given by FEM of McMeeking (1977} and Tracey (1976), and
the angular factor 0.(6)/3,(0) of the maximum principal stress for cracked
specimen is calculated by

- ~ 2 = Iz
G0 = L (G, 162+ G (@)} +{ 7 (00(©I~0r(0) +0ro(O1} (12)

witn 6'9(9), 6,(6) and 6,-9(9) computed by using the formula of Uhlmann and
Co-workers (1076). The upper and lower limits of integration are O and 0.03

respectively for U, where the later is related to the position of the elastic-

plastic interface directly ahead of the 1oa¢_:led crack, and - T and 7C forf .

m (o™
Fonm = {99)"| 240} ududo
which is a function of the Weibull modulus,‘ m, and the power-law hardening

exponent, n.

- )
nased on Equation (11), the mean value of Kie, i.e. K ¢ = L Kie (P) dP, can be
derived and Fquation (11) can be rewritten as

O‘J"‘ Vi ={ ﬂ_lﬁ‘)'_()_yr. Bcr.o;'"-[-‘(m,n) = Cor (14)

Similarly, from Equation (10) it follows that for notched specimen

(Gf )™ Bap7 Gum) =0 VuLn 75 (15)
and then, Os. m B, F; _
o Vi = | Fes " (Pper) G omen) = Ca (169

!
g
;

|
!
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where 5’?,. is the mean value of cleavage fracture stresses, 0'1:'", of several
notched specimens, Bn and f are the thickness and notch-root radius of the
specimen, respectively, R= O™*/COy is the stress intensification of the
rotched specimen at fracture, and

Gimn)=[(2E2"7dzde (17)

with 2 = 1% + X, and X is the distance from the notch-root, (Y,(Z,G)/Uy is given
by FEM of Griffiths and Owen (1971), which is a function of n and m too.
¥rom Equation (&) for the smooth spicimen it can be derived that
q. m &

o Ve = {7 f" Vo= Cs Sk
Because O-umVu is a constant for a given material, we should have C”: Cn=Cs
from which the Weibull modulus, m, can be derived. Yor the simulated over-
heated zone microstructure of welded 15FnVN steel used in this studye the
computed result is n = 11.5

Gumvu 2.394x ION MP“ILS w?

and

CLEAVAGE FRACTURE STRESS, OJ; , AND THE EFFECTIVE
VCLUME, Ve

It is evident from Table 2 that the mean value of cleavage stresses for notched
specimens is apparently higher than that of smooth specimens, and that for
cracked specimens is the highest. This may be assumed to be due to the dif-
ferent effective volumes involved in the process of brittle fracture for dif-
ferent kinds of specimens. The effective volumes for them are defined and
derived as follows. Equation (&), (11) and (15) can be rewritten as

|

(0‘;, ™ Ve = Ou' VulLn -P 19)
* m l

(O—'J’,cr)m‘ Vea ~OuVa Ln 1-P (70)
* m _ m _‘_

(030" Ven =Ou Vulni=p (20)
where()**:“ = R0y by the definition of the cleavage fracture stress in the
crac’:kedj specimen, and

VQ,S = VS (21)
- B(r KVC 4
Ve = Fﬂ(o-_y)r:(mﬂ) (27)
Bn 2
Ven = _R'_n,.{).&(m,n) (24)

are the effective volumes of the three kinds of specimens, respectively. It
should be pointed out that the stress intensification, R, for cracked speci-
mens under plane strain, small-scale yielding condition is a fixed value, so,
by definition, the cleavage stress g¥, = R:Oy for several cracked specimens
measured at a given temperature, i.e. with a given yield strength gy, should
have the same value, and their mean value’ 6;" , equals to 0}," . In this
case, only the effective volume, Ve,cr, is a fulnction of the probability dis-
tribution function,P. Its mean vslue Ve,cr = I,Ve.cr(F)dP.

*
For notched and smooth specimens, the cleavage stresses O;‘Rand()‘:s are the
function of P, and their mean values can be described as (_7'1:,\‘-—-];0';,,(PJLIP

= 1
and O};‘—'LO}:(P)dP, while the effective volumes, Ve,n and Ve,s are indepen-
dent of P. Thus, Equations (19), (20) and (21) can be rewritten as

Ty V. " Y
( O-j,s)m~ Ve,s = Gu Vu (25)
3 ¥ m T
(O-;cr)m- Veer = Ou Vu (26)
o, Ve = " o)
(O_'}.n)m' Ven = Gu Vu (27)
where ‘he mean effective volumes are defined as
VP 5 = _V_S__ (29‘)
2y (r.“_‘_#‘_”m
Toor = BrfFe)® (29
Veser = R{Fm )~O'y] F(m.n)
Ve,n = {I"(H#)'R]"‘ Gt )

The values of @*rmd Te calculated from Equations (7%), (29) and (SOl:re.
listed in Table 2. 1t is obvious that the larger Ve is, the lower Oy will
he.

It is worth roting that from Fquation (?3) and Tatle 2 the effective volume,
Ve,cr, of a cracked specimen is much less than its plastically deformed
volume, Vg, since Ve,cr represents essentially the volume of the zone nea?
the location of maximum stress ahead of the precrack. So does the effgc?xve
volume for a notched specimen. From Fig. % it can be seen that the origin
which initiates the cleavage fracture lies at the zone of highest stres§ in
front of the crack-tip. The less Ve is, the lower the probab?lity of finding
a large activated crack nucleus formed hy a M-A constituent y111_be, so that
the applied stress needed for propagating the crack nucleus is higher, and
vice versa.

For a given material m, Oy and Vu are constants, we can use the following
Equation (31) to represent Equations (25), (26) and (27).

In Te = Ln (04 Va) - mLnGy" (31)

Thus, points (Ln G, Ln Ve) for smooth, notched and cracked specimens shou]..d
lie on a straight line with a slope of m, and m=11.5 for the present material.
This is consistent with the
result of the experiment
shown in Fig. 5, and_the
four pairs of 0y and Ve lis-

5
ted in Table 2 can be re- N
gressed a6 — 4 .
n Ve=R8&_.405-11.503 LnO'-; .5 \
with the regression coeffi- ‘: N\
cient r = 0.99997. Further, Sy
there is a definite relation-
ship between 0’;‘ measured from b 2
the specimens of the three o e i X . , . e
kinds, which can be expressed 7.21.357.47.57.617.1 7.8 7.9 8.08.1 Lagy
as -1k
— N7 I/m —
O_X‘ =( Ve,n ) /! ) 0_* )
$.cr [V +.n -2
e.cr Tredi-tion from bFa./ %)
and -3 - ) P
p— l/m —* . ® Smootn rpecimen ‘=19 (1)
6* =(________V¢.n ) - Oq _4. o Notched specimer (-100°C)
1.3 ve,S 3.0 v racked specimen (-R0°C)

-,T & Cracked specimen (-102°C)

— % -
Fig. 5. The relationship between O} and Ve
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CONCLUSION

1. The cleavage stresses measured by smooth, notched and cracked specimens
are very different if they are defined by the maximum principal stress at
fracture.

2. M-A constituent in simulated over-heated zone of welded 1SMnVN steel
serves as the crack nucleus of cleavage fracture.

3. Weibull type statistical formulae for cleavage fracture are derived based
on the 'weakest link theory' and the measured size distribution of crack
nuclei formed by cracking M-A constituents.

4, By making use of the_above statistical cleavage fracture criterion the
mean effective volumes, Ve, involved in fracture process for smooth, notched
and cracked specimens are defined and the volume effect on cleavage stress
can be expressed by a simple explecit relation as

—x\m 5 __ m
(CS} ) Ve = (5& Vu
The experimental results for simulated HAZ structure of welded 15MnVN steel
are consistent with the prediction. The mean effective volume Ve for notched

and cracked specimens can be interpreted as the volume of the zone near the
location of maximum stress which can be involved in cleavage fracture process.
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