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MODELLING OF CLEAVAGE FRACTURE IN MICROALLOYED STEELS
WITH MIXED FERRITE-BAINITIC STRUCTURE
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B, Strnadel , E. Mazancova* and K. Mazanec

Model of fracture toughness prediction for
tempered bainite-ferritic steel with
spheroidal carbide particles is presented.
The effect of discrete carbide particles
and the effect of Local relative concen=
tration of carbides on the fracture tough-
ness values are evaluated. Application of
the model on microalloyed Nb steel provides
a very good conformity of the predicted
fracture toughness values with the
experimental ones. The relative error in
the investigated temperature region is not
greater than 10 %o

INTRODUCTION

In the RKR=-model of the fracture toughness prediction
for the ferritic steels Ritchie et al (1) have assumed
the cleavage fracture would originate up to the
characteristic distance Xx*at the crack tip, where the
normal tensile stress G (X) is surpassing the fracture
stress of material Ef. on the basis of known function
of stress distribution at the crack tip under plaine
strain conditions:

F(xcll)sa'(x .-...-.IO.D.UD...Q.DQDDQDDQDQDOQQ-(1)
25

where X is distance from the crack tip, Kg is stress
intensity factor and G;is yield stress, the predicted
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fracture toughness could be calculated as follows:

A
ot {4 B
Kfc=cy(x) {F‘G})} -icl-l--.a-n---lnnun--u---(2)

Curry and Knott (2) presented the statistic model of
prediction of fracture toughness for ferritic steels
with spheroidal carbides. This model is based on
assumption that a cleavage fracture would initiate by
microcracks even in the particles of brittle phase as
proposed by Guarland (3) . The model has been further
developed by Wallin et al (4) also for the bainitic
steel of 15Cr2.5MoV type. The microstructural fracture
toughness G4 and/orG;FindiSpensabl.e for initiation of
a microcrack of the same size as is that of carbide
precipitated in bainitic and/or ferritic matrix, can
be determined from the Griffith's criterion:

12 2
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where E is the modulus of eLasticity,7;”Band/or7;ﬂ;

is the effective surface energy of bainite and/or
ferrite, ¥ is the Poisson’s number and r is radius of a
carbide particle. While the models (2) , (4)have eva-
luated fracture toughness from the statistic viewpoint
of crack initiation in discrete carbide particles pre-
cipitated in the homogeneous matrix of bainite and/or
ferrite, attention is devoted in this work to fracture
toughness prediction for steel with a mixed bainite-
ferritic structure and with spheroidal carbides. Never=-
theless, this model is applied for determination of the
fracture toughness values based on the size dis-
tribution of carbide particle radii and of the dis-
tribution of their planar concentration in matrix.

MODEL

When assuming the proportion of bainite and/or ferrite
qg and/or q, in the microstructure of steel, then the
probability density of the spheroidal carbide particle
radii in the entire system f(ﬂ can be written as
follows:

f‘r)_.:q’rb(r) - 9.;-7:-(") ..-...--.nunu--ooou‘n-----u("’)

where }‘;(r) and £ (r) are the probability densities of

the carbide particle radii in bainite and in ferrite.
Then, for this case the planar density of carbides in
bainite Ngg and/or in ferrite Ny is expressed as:
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2N 2 Ny
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where Ny is the total planar density of carbides and

Q@ is parameter characterizing the relationship between
their planar densities in the individual phases and the
proportions of these phases in microstructure of steel:

aaﬁA_B—Z—B— -.---'..'-.---.-----aouual------n--{6)
Me4F

Knowing the function of probability density of the
carbide particle radii in bainite f3 (r) and/or in ferr=
ite ﬁ,u) one can determine the elementary probabiLity
of a brittle failure initiation up to the distance Xg
and/or Xgfrom the crack tip in a carbide particle of
the size of ref(r; r + dr>}£’(r)dr‘ and/or };’(r )ydr as
follows:

% (r)dr = 1- €xp [SOBNAsq_Bx; In (1-}‘;('74,-)] and/or

y; (f')‘]f' = 1" exp [SGFNAF grx:'l" (4"?;(",6;")] essescO0O®O0O0 ‘7)

where § is a factor describing the shape of the plastic
zone and Oaand/orGF is a factor characterizing the
fraction of the carbide particles taking part in the
cleavage failure procesSa Wwhen assuming the processes
of a brittle microcrack initiation would not eliminate
one another, then the elemental probability of a
brittle failure initiation is expressed as:

}‘”f{r)dr: };(r)dr * YF(")J" - rs(f)r‘:(r)alr s secoo0co00 (8)

Under conditions of a cleavage fracture initiation
when the total probability set from equation (8] is
equal one, by its rearranging, for )ﬁ(r) =)ﬁ(r) = £(r)
and 65 =& = 6 and with equations (1) and (3) , one
obtains the resultin formula for prediction of the
fracture toughness Ree @

-

, = Gpp (7) o - 2
K G;{SGNA f k{. é)'( £y %y_"_})ﬂu.a) (p?f%(_'l’})]f(r)dr} L9

Evaluation of the fracture toughness based on the
distribution of planar concentration of carbides and
on assumption that probability of occurrence of the
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n-carbide particles in the invesgigated area A,g(n, A)
would be governed by the Poisson s distribution:

f(n,A)z;:-.l-(N‘A)nexp(.NAA) PN | )

Then, the concentration c of the n-carbide particles
in the area A and/or the mean concentration <c> can be
defined as follows:

. * 2 NcA
c'—/f(r),'}rCI")‘ <c>= n llllu!l.l!cnﬂllu-.(11)
AO
By applying of the relative concentration C = c/ <c>

and of equation (11) one can express the Llocal relative
concentration of carbides in an area of 1/N, as the
Limit term:

i 2 -—L' n.---------uum-oa---nc- 12
IA“:»I/NA f("'A)' f(C) T ec! ' e

where e is the base of natural Llogarithms. When
considering C! = [(c + 1) , then the probability
density of the Local relative concentration of carbide
particles makes:

-1

flch{r‘(c.f)/wr(‘éc ; } e ieacoscooscecascana (13)
s B

where integral is the normalizing factor.

When applying equations (7) to (9) , for the same
preconditions as those considered in previous case,
the predicted fracture toughness is expressed in the
following terms:

- - Vs > e
R c;{s 5 N:; j [méﬁr '{ S«%C_J }}i (1-Q) (F'{i‘gﬁ) ])l]f (C)JC} (14)

where @ is a factor characterizing the elementary areas
1/N, taking part during the failure process and($3(w
and’orG}(C) is the microstructural cleavage strength

in the regjon with Llocal relative concentration of car-
bides C as calculated of equation (3) .
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MATERIAL AND TECHNIQUE

The investigation was performed on the rolled micro=-
alloyed Nb steel having the following chemical analysis
(wt%): 0.18%C; 0.95%Mn; 0.25%S1i; 0.018%P; 0.018%S and
0.049%Nb. This steel was subjected to heat treatment

as follows: 1100°c/1 h/water; 650°Cc/100 h/aire Jgffe
and Hollomon tempering parameter M*was 20.3 . 10 The
testing material was taken from thick-walled pipes of
9168/16 mm 1in Longitunidal direction. The micro-
structure consists of tempered ferritic zones Qg*= 0,20
and of tempered bainitic zones Qg= 0.80 with spher-
oidal carbide particles. For the purpose of statistic
analysis the testing material was etched in &4 % HNO3
solution and the carbide particles were measured on
surface of etched specimens, by means of SEM with a
magnification of 2000 x 1.5. The overall planar density
of carbides was calculated as Ny~ 53.8 = 1010p=2 and
the parameter Q was 40, The histogram of relative
frequency w (N and the determined distribution function
& (r) of radii of the carbide particles are shown in
Figure 1. Figure 2 shows the function of probability
density of _local relative concentration of carbide
particles fﬂC); see equation (13).

For the sake of verification of the coincidence
of the planar distribution of carbide particles with
the Poisson’s distribution (equation (11) the number
of carbides was determined on 103 areas a = 10 x 10 mm
in size at magnification of 3 000. By a statistic
coincidence test at the significance Level o= 0.05 has
found, that mean value of number of carbides on the
area a is equal variance of number of carbides on the
area a, which is in conformity with the applied pre-
conditions. The temperature dependence of the yield
stress of the investigated steel is given in Figure 3.,
The temperature dependence of the fracture toughness
KEeP(T) was determined from temperature dependence of
the notch toughness values as proposed by Barsom (5)
and Mazancova et al (6) «

RESULTS

The function of stress distribution at the crack tip
under the plane strain condition for the yield stress
values Lying within 500 and 1 000 MPa and for material
with strain hardening exponent n = 0,2, which is in
conformity with the investigated steel and the temper-=
ature dependence of nﬁjand/or rgm- were used in present
investigation as in case (4).The critical stress 673 r)
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and/orgFUO was calculated (equation (3)) for given
radius (r) of a carbide particle precipitated in the
bajnitic and/or ferritic matrix. From such stress and
with aplication of equation (1) one can calculate the
distance X from the crack tip at which a carbide
particle with radius r could still initiate a crack.
Thus, the critical radius of carbide is expressed by

a complex function g(G'(X)) and/or rg(G(X)) o The
temperature dependence of that function in the site of
maximum stress concentration (X = Xg) is illustrated

in Figure 4, This figure shows simultaneously the
temperature dependence of the critical Llocal relative
concentration Cg(6’(X,) and/or Cg(6(X,)) determined with
application of equations (11) , (3) and (1) . Figure 5
shows the dependence of the critical value of Cg and/or
Cr On the parameter [X/( KI/Q;)Z] for the temperatures
of 57 and 69 K.

The factor describing the shape of the plastic
zone was chosen, in conformity with (2) ; for the case
in question as S = 8, which refers to the shape of
double Lobe. The factor characterizing the fraction
of the carbide particles @ and/or of the investigated
elements (with area 1/N,) § taking part in the process of
brittle failure initiation was chosen the same as
elsewhere (2), (4) , say 8 = 8 = 0,01,

Figure 6 shows the summary comparison of the pre-
dicted temperature dependence of Kyec and/or KZF-values
(equation (9) and/or (14)) with the Kig® -values found
experimentally. This figure is completed simultaneous-
"Z,b,y the temperature dependence of the(Kj%’g M';;'-) and/or
(Kze" » M;; parameter. The parameter Mggpand/or ﬂ‘ s re=
presentiqg the relation between the predicted K&

=38
4

and/or Kp¢ -values and the microstructural parameters,
can be defined as follows (2) :
F Y ~BE A
5211° - Kﬁﬁlu
M8F= ; B,F= G‘ " s e ®m@ees®e® 000000000 (15)
' Gy

N TSN md e« M 7“5’&@ 2emd
T %(1a)r{F{6; \¥m)dr L a),{F{":' }) Fr)dr

in similar manner one can determine the value of 2,
As can be seen the two parameters Mggand Mg. , in the
temperature region of the transcrystalline cleavage
fracture, are practically independent of temperature,
and they reach My = M % 2,00, as found even else=-
where (2) . This 'parameter Mgyand/or Mar , however,
does not present exact conformity of the predicted and
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experimentaLLy measured fracturs-toughness values and
thus, the parameter Mg 7 and/or Mgg

sl - exp
M Kie Mg, M &tPNhF 16
= e— 0 B em— ..Il..lllﬂl.l.-n---
8F k.’ ) 8,F zar
IC p (4

should be used here. The parameter Mgr and/or ﬁ,f
reveals decreasing tendency with rising temperature
and it varies, at the investigated temperature region,
from 2.5 to 1.8 and/or from 2.8 to 1.8c

DISCUSSION

This presented model of the fracture toughness pre-=
diction for steels with a mixed pbainite-ferritic
structure with spheroidaL carbide particles was
realized from the viewpoint of both the statistic
distribution of carbide particle radii (equation (9))
and the statistic distribution of the Llocal relative
concentration of carbide particlese. 1t takes into
account the effect of carbide particles precipitated
both in the bainitic and in ferritic matrix, on the
process of initiation of a cleavage microcracka Wwhile
in the former the critical size of a carbide particle
re(G(x)) and/or re (O°(X)) s the criterion for initia-
tion of a cleavage microcrack, in the latter the
critical value of the Locally relative concentration
of carbides, C,(G'(X)) and/or CF(G'(X)) is of utmost
significancea Thus, a cleavage failure can initiate,
according to the second model, at the crack tip in the
plastic zone, where radius of any carbide does not
surpass the critical value of 5(6“n and/or&(Gun ,
however, the Local relative concentration of carbides
is higher than CB(Gm» and/or Cp(G(X)) -

The predicted ﬁfﬁ -values in the temperature
region of ﬁ;snscryst;iLine cleavage failure are approXe

by 2 MPa m smaller than those of the prediction of
KkBF (Figure 6). The accordance Qq}ween the predicted

fracture toughness (Kﬁf and/or K;é’)and the experiment=
ally determined K}ZP-vaLues seems to be quite good
here and the relative error is not greater than 10 %.

comparison of the temperature dependence of
minimum carbide particle radius taking part at cleavage
faijlure, i« €a rs(GTXJ)and/or q(G{XQ)with temperature
dependence of the minimum Local relative concentration
of carbide particles Ca(G (XN and/or Cg(6(X,) shows the
same character for the two dependences as it follows
from Figure 4, The dependence of the critical value of
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Local relative concentration of the carbide particles
Cp on the [X/(KIIE,)Z] -value (Figure 5) for selected
temperatures shows that with increasing temperature
and increasing distance from the crack tip, the Llocal
reLative concentration is increasing too, which is
necessary for initiation of cleavage fracturea.

CONCLUSION

The presented results confirmed the possibiLity of
appLication of that model for the fracture toughness
prediction in structual steels with mixed micro=
structure, which provides good preconditions for
application of that model at numerous types of steels.
A certain precis1oning of the existing modes for the
fracture toughness prediction was reached at evaluat-=
jon based on knowledge of the relative carbide part-
icle concentration.
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