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FRACTURE TOUGHNESS PREDICTION OF STRUCTURAL FERRITE-
BAINITIC STEELS

éxx xxx

B, Strnadelx, E. Mazancov » K. Mazanec

A statistical model for fracture toughness
prediction of a steel having mixed ferrite-
bainitic microstructure with precipitated
spheroidal carbide particles is presented.
The model provides a rational relationship
between statistical distribution of cracked
carbide particles and fracture toughness.
The predicted temperature trend in fracture
toughness agrees with the results of
measurements.

INTRODUCTION

The carbides of the ferritic (Curry and Knott (1)),and/
or bainitic (Wallin et al (2)) steels have been evidenw
ced to be sites for nucleation of the transgranular
cleavage failure. The propagation of a carbide particle
microcrack into the matrix is assumed to occur at the
critical stress characteristic of the carbide strength
Op. For a spheroidal particle containing a penny-shaped
crack,or is related to the particle gize 2r ag:

O =AREdo/l(1-vY2r ]I | where 2g is ,the effective surface
energy of the matrix, E is Young s modulus and V¥ is
Poigson s ratio. The pbropagation and linking of the
initiated microcracks lead to the formation of a main
crack and to the final fracture instability (Figure 1).
The origin of the cleavage fracture path x_ needs not
to be fallen in the fatigue crack tip. ©
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Propagating fatigue crack is blunted by slip mechanism
and so called stretched zone is formed.

The fracture instability state given by the critic-
al value of the stress intensgity factor was predicted
in relation with the cleavage strength o and the
effective limiting crack sharpness§,, in the following
form (Malkin and Tetelman (3)?:

Krslar) = 2,49 03 Lenplop 0, 1) - 11 ] e (1)

where gy is the yield stress. The parameter g is
determined by some microstructural feature, such as
grain size or interparticle spacing and by statistical
nature of cleavage fracture. The statistical models for
fracture toughness prediction based on the evaluation
of initiated carbide microcracks and the main crack
propagation have been proposed. However, application of
such models is limited to tempered ferritic (1), and/or
bainitic steels (2). The present work deals in detail
with the conditions of prediction of fracture toughness
in the case of steel with tempered mixed ferrite-
~-bainitic microstructure.

STATISTICAL MODEL

From the analysis presented in introduction follows the
carbide size 2r to be microstructural parameter
controlling microcrack initiation. Taking into account
the probability density of carbide sizes precipitated
in bainite, and/or ferrite %(2r), and/or #(2r) and us-
ing stress criterion for carbide microcrack initiation,
the probability density of "microscopic" cleavage
fracture stress can be expressed in the following form:

Z;/o}g)=( 2wt Jerrs )9§ ((9‘1’[ JerfB

)
(1-+¥ o5} 1-rY oy

N ¢-)

where sz is the effective surface energy of bainite.
Using eqn. (1) and transforming eqn. (2) the prob-
ability density of the "microscopic" fracture toughness
@g can be found in form of:

iy ‘/hggkzi' ] e
Y ) TLArh K E [ tn(1oh (K )P)] 7‘; ([ 1rin(1+h(k5)%)] ) (3)

-2 2
where h = (2,890, 1§ ) and @=w-E-Zra/l(#-#*)y]-  In the
same manner one can determine the function of prob-
ability density of the "microscopic" fracture toughness
Yiky).
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The brittle failure initiation arigses when acting
stress in the distance x from the cleavage fracture
path origin o(x)2Z oy s and/or o Therefore, the
probability of brittle fracture initiation in bainite,
and/or in ferrite can be written as follows:

Are (0°(x )

Kze 8 8 A F
é’/x}’/"/%/‘;c)d‘;c and// or 'g{)‘):/:/q'{'(lc)dk}c seeeeen.. (4)
(] 0

Providing that the processes of microcrack initiation
in bainite and in ferrite do not eliminate mutually,
then probability of cleavage failure initiation in the
microstructural system in question is expressed by the
following relationship:

Ko (0(x)) krplo(x)
P (x) /-/g//(,j}c//(,: /;z;(xf,ﬁ)a//gj e (5)
/] 0

Considering the probability of cleavage failure
initiation is given by the probability density of
"macroscopic" fracture toughness ¥ (Kze ) in the form:

8F
k[c (o (x)

/;F/x)=/-/ygm//(,‘,)d/(,c 55 berin mm BED
0

then the distribution function of predicted '"macro-
scopic" fracture toughness in given as follows:

Yo lKee) = % ko) ¥ (K, enssass O]

where % (K, ), and/or ¥:(Kze ) is the distribution
function corresponding to the probability density

¥s (Kre ), and/or % (Kz ). Using the temperature depend-
ence of the yield stress and the effective surface
energy of bainite, and/or ferrite (2), the lower bound
of Kre on the chosen level (1= ) can be obtain in the
following form:

-1
/([-c//'\x,}=%l_./¢) 0000000(8)
where %;(w) is the inverse function of %,F(Kff ).

MODEL APPLICATION

Evaluation was made for Nb microalloyed 1ow carbon
steel having the following chemical composition in

wt%: 0,16%C; 0,95%In; 0,26%S1; 0,018%P; 0,018%S;
0,049%A1 and 0,043%Nb. The material in question was
treated as follows: 11OOOC/BOmin/water; 650°C/100h/air.
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The microstructure of investigated steel consisted of

a mixture of tempered bainite (4= 0,80) and of ferrite
(4 = 0,20) with precipitated spheroidal carbide part-
icles. The probability density of carbide sizes was ,
found by the maximum likelihood method in the Weibull s
form:

b= te)- 2 () o [ (2)] eeeen )

whereA = 2,71 and 4 = 0,44. The probability density
functions ¢(2r), ‘/},—(’23:'3 and corresponding distribution
functions are depicted in Figure 2. The obtained
temperature dependence of the yield stress is given by
following Table 1.

TABLE 1 - Temperature dependence of the yield stress of
the investigated steel

T [K] 57 69 78 87 97 107 119 133
o,[MPal 1000 900 850 800 750 700 650 600

The envelope curve of the experimental values of
fracture toughness K7¥ derived from the values found
in the three-point bending test is illustrated in
Figure 3. The effective limiting crack sharpness § was
congidered as temperature independent. It was
experimentally confirmed gz4¢um. The predicted lower
bound of fracture toughness on (1-« ) level was obtain-
ed using eqns. (8) and (9) as:

et ol [T (] T o] a1

For « = 0,05 and 0,10 temperature dependences of
Ko (1-), K& (1- «) and Kf, (1-e) are shown in
Figure 3.

DISCUSSION

The proposed method of fracture toughness evaluation
applied for evaluation of a tempered microalloyed steel
with a mixed ferrite-bainitic microstructure enables to
predict the lower bound of Kg (1-« ) values on the
chosen level (1-« ), The predicted temperature depend-
ence of Kp (1- ) for « = 0,05 and 0,10 is in good
conformity with temperature dependence of experiment-
ally determined lower bound of K,;. (1-« ) values

(eqn. (10)) as it is shown in Figure 3. In Figure 4 is
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depicted the dependence of predicted Kz (1-a) values
for &« = 0,05 and 0,70 on the experimental values., It ig
obvious that the zone between the predicted and
experimentally determined Kzp values with increasing
temperature, and/or fracture toughness is widening.
While for the }emperature of 60 K this difference is
about 2 MPa m'/2, for 130 K this difference is

7 MPa m'/2, The dependence of predicted values of

Kze (0,90) and Kp (0,95) on the experimental K% values
1s not linear as it was found (2) but it has a
hyperbolic character.

CONCLUSION

The proposed solution of fracture toughness prediction
of steel with tempered mixed ferrite-bainitic micro-
structure enables to determine the distribution of
"macroscopic" values of fracture toughness and their
lower bound on the chosen level. The maximum difference
between ?xperimental and predicted values is in average
3 MPa m!/2 which can be considered as very good
conformity.

\
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