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ABSTRACT

Several models for threshold stress intensity have been proposed in
literatures. For instance, the authors pointed out gz

lower limit stress intensity of AK exists for dislocation emission
in the dislocation group dynamics theory of fatigue crack growth.
After that, they presented a model for threshold stress intensity
ARth for fatigue crack growth corresponding to this limiting stress

intensity. On the other hand, the experimental studies
have been made on the effect of ferrite grain size on A Kth, and an
experimental formula was proposed. In this article, another

model was proposed based on the condition that it is necessary that
lead dislocation after emitted from the source should reach the grain
boundary. The mathematical formula for threshold stress intensity
thus derived is in good agreement with the experimental formula with
respect to ferrite grain dependence.

INTRODUCTION

Several models for threshold stress intensity have been proposed in
literatures [1-3]. For instance, the authors pointed out [4,5,6] a
lower limit stress intensity of AK sexists for dislocation emission
in the dislocation group dynamics theory of fatigue crack growth.
After that, they presented a model for threshold stress intensity

A Keh for fatigue crack growth corresponding to this limiting stress
intensity [2,3]. On the other hand, the experimental studies [7,8,9]
have been made on the effect of ferrite grain size on A Kth, and an
experimental formula [9,10] was proposed. 1In this article, another
model was proposed based on the condition that it is necessary that
lead dislocation after emitted from the source should reach the grain
boundary. The mathematical formula for threshold stress intensity
thus derived is in good agreement with the experimental formula with
respect to ferrite grain dependence.
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MODEL

Previously by solving the unstable problem [11] of dislocation
emission from the crack tip under applied stress, image stress and
ledge stress, the authors derived [4,5,6] the dislocation emission
condition and assumed the stress intensity satisfying this condition
as threshold intensity A Kth . 1In the present article, we assumed
another model, that is, the A Kth corresponds to the stress intensity
recguired for the lead dislocation to reach the grain boundary after
dislocation groups have been emitted trom the crack tip (Fig.l).

When the lead dislocation reaches the grain boundary, it is assumed
that the microcrack will initiated by the piled up stress and the
main crack extension will occur by joining this. The emission will
be controled largely by the dislocation groups near by the source,
and the resistance due to the grain boundary itself as an obstacle was
neglected as a first approximation in this article. This effect will
be a next subject.

ANALYSIS

In the following treatments on dislocation group dynamics with
emission [12,13] we use the two fundamental relations. The first one
is the power relation between the shear stress T and velocity v for
each individual dislocation in a linear array:

T m
U = v (A
*
O(% )
where

m = material constant
Tg°= a constant representing the stress required to give a
dislocation velocity v= 1 cm/sec (the resistant stress
against the dislocation motion),
vp= 1 cm/sec,
The second equation is the equation of motion of the ity dislocation
in the array:

dxi T\ " T b n 1 ]“’
= ug 2 Tt+ z (2)
dt TO 2m(1-v) j=1 Xi_ij
P41
where
i = the index number of dislocation in order of the emission
from the source,
x, = the distance moved by the ity dislocation in the array,

t=dt/dt = the constantly increasing rate of applied stress 1 (Fig,2)
G = the shear modulus,

v = Poisson's ratio,

b = Burgers vector

From the results of calculations, the position x. (t) of the lead
dislocation at any time emitted from the source near-by the crack
tip is given by as follows [12]:

1 (t) = a;(n) x440 () (3)
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where
%So(t) = Thg position of an isolated dislocation at any time t
emitted from the source near-by the crack tip under the
constant applied stress rate *t.
m+1
n = R
t = time measured from the instant of stress application
On the other hand, S is calculated from Eq. (1) as:
t %t m UO T i T
Xiso(t) = Vg % dt = — = = (4)
T m+l T T
0 .
According to the calculations, a1 in Eq.(3) is approximately as [12]:
Al S for n> 1 (5)
From Egs. (3), (4) and (5), we get
aj/ T m+1 ok
b SHal
x1(t) = — et (6)
m+l TO* it

In the present article also let us use the forrula by Rice [14] as
the ;oga; Stress o, caused by applied stress near-by the crack-tip,
but initial yield Stress Gy in cyclic stress strain relation, and
cycllc ;train hardening exponent 8 are used [4,5] instead of monoto-
nic vield stress oyand static strain hardening exponent A
respectively. That 1is as follows:

7

b\
oL = £(B)oy [—— O]
OeyVX
where
AR = stress intensity factor

£(8)

1]

[(B+ 3) (B+ DT (B+ 2)/T(1/2)T (8+1)] P/1*8

On Fhe other hand, after dislocation emitted the movement is resisted
by image force and ledge force, and, thus, the effective stress OQeff
exerted on the dislocation will be as follows:

2
AK - AKji —T%Ef

0%,eff = £(B)ocy
O'cyl/;

whgre. AKi is the limiting stress intensity for the dislocation
emission from the source and corresponds to the larger value of the

two critical stress intensities: AKTcr. stress and Kiop energy [2], and for
! ’

iron it corresponds to AKjcr. stress [2]. That is,
AK4 = Gb/ (1-v) /Tx . (9)

Substituting Eq. (8) into Eq. (6) using T = %oz,eff and putting x; is
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equal to grain diameter d, then we get AK.p as follows:

*\1+8 C 1+8
AKep -AK4 2 T = 7\ 0\ e
— S T I W i ELIC ) (10)
Ocy/E_ £(B) Ucy Ta*Uo al
where . ; 3
€ = the small distance from the crack tip over which og 1is

averaged.

Assuming the mechanism of initial cyclic yield stress Ocy i; similar
to that of monotonic yield stress oy in dislocation dynamics aspect,
then we can express Ocy as follows[15]:

N* 1 \i/ebt \
m m

Oey ~~ 2Tg* — : (11)
Py (m) \vorg 5
where ; )
N* = the specified number of the dislocation emitted
p = grown-in dislocation density per unit volume
Jm)= 1.396m 1%
Substituting Eqg. (11) into Eqg. (10), we get
. 1+8
AR¢p-AK; ~ 1 ml(m) t9* p d = o
m
Oey VE {g@R" a;, e w* b ;

Let us consider € as the length corresponding to the region e€b near
the crack tip (Fig.3) in which the number of dislocation reaches'some
critical value N.pipr that is, Nerie= BN* (B = cqnstant).. Denoting
mobile dislocation %ensity Dmd as D;d corresponding to this, then

D* eb = BN* . (13)
md

On the other hand, Dm is given by:

d

{ﬁ(m)}Z b'.l.' T(’)‘m 2/m+2

D = (14)
md bZ G mt+l Uo
where
fm = ¥(m) (m+l)/a; .
Substituting Eqg. (14) into Eq. (13), we get
BN* b
E b= 5 S - 5 2 (15)
{Amf (b T 7'm \2/ @D
Gm+1 Y, )
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Substituting Eqgs. (11) and (15) into Eqg. (12), we get
o a\ie
BRen = AKj+ Mol o5 —)2n8 : (16)
where
1+B
e N2/ 8% 1\ 1 mym) o (7me
M = 26/b il i (17)

Fm) \e ym/ J{e@" a o

Furthermore, it may be more reasonable to use the maximum value AK{
of AK; as follows:

AR * = Gb/(l—v)vnxo (18)
Xg= core cut off of dislocation, and Eqg. (16) may be written as

148

MRy = ARG + MO<N% —%)Zmﬁ (19)

For iron, let us use m=10, 15=1.972_x 102 MN/m2, G=7.943x10“MN/m?
b:3Xl0‘10m, B=05. 11 p=lOl /mz, N*=1015/m2 as reasonable values,
respectively, and assume €=1.12x10-%4m. Then from Eg. (19) we get the
following formula for AR : 1

ARth = 1.05 + 1.14 x 103d2 (29)

in MN/H13/2 e,
This equation is in good agreement with the following experimental
formula [9]: 1

ARep = 3.8 + 1.14 x 103a? (21}

in MN/mB/Zunit.

DISCUSSION

Taking AKp, as  corres ponding to stress ratio, R=0, then AKr=Kpax -
Knpin 1s expressed as: A = (1-R)[9]. Thus with respect to mean
stress, Eq.(19) may be written &: AK¢p=(1-R) (AK;*+Mal/2).

The first term AKi* in Eg. (19) may be consicered as corresponding to
ARy proposed based on the model [2] in which rate determning process
is for spontaneous emission of a dislocation from the crack tip. The
first term AK{* in Eq.(20) is smaller than that in the experimental
formula [ 9] Egq.(21). This may be due to that in the analysis based
on the model [2], source activation stress Tgat the source is
neglected, and, actualy after the exerted effective stress Teff
becomes larger than Tg, emission of dislocation will occur.

ON THE REASON WHY CYCLIC
START OF CRACK EXTENSION ?

LOADING IS NECCESSARY FOR

T —

e e R

T ——
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It is very salient feature why cyclic loading is neccessary for
starting of crack extension. In other word, it is very important
problem to clear whether the value of threshold stress intensity is
the same or not for cyclic loading (i.e. fatigue test) and for
montonic and single loading (i.e. static tensile test). Next
consider this problem.

It is reported that the emission number of dislocations from the
source is some finite value [16]. On the other hand under cyclic
stress dislocation density increases and sub-grain volume decreases
with increase of repeated number and saturates to some value [17] .
From these results, it may be reasonable to assume that activation
stress tg will decrease with increase of the number of repeated
cycles, and will probably saturate to some value. Since no attempt
has been made to formulate this problem, in a first approximation,
let us express this effect as follows:

TSO
Tgr I SROVE g e (22)
(1+aN)

where N=the number of repeated cycles. 1Tg*= asymptotic value of Tge
Tgg + @ (>0) and §(>0) are constants.

Thus, as mentioned above, the spontaneous emission of dislocation
from the source will not occur until the exerted stress intensity
exceed AK{ + TgYE. That is, in order for the dislocation to be able
to emit, the repetition of load cycle is needed for T4 to decrease
according to, for instance, Eg. (22).

In this way, more exactly the criterion for the threshold stress
intensity will be:

1
BRep = AK: + Tg* + Myd? (23)
instead of Eq. (16). The physical significance of Tg* may be a future

problem needed to study.

CONCLUSIONS
The following conclusions are obtained.

(1) A criterion for threshold stress intensity has been derived as:

g 1+8
P d |2mB

N* & b '

AR, = 8K + M

where d is ferrite grain diameter.

(2) The criterion is in good agreement with the experimental formula
with respect to ferrite grain diameter.

(3) Assuming that the source activation stress will decrease with
increase of the number of cyclic load repetition, it can be
explained why some number of the cyclic load repetition is needed
for starting of the crack extension. It is the salient feature
for AKyp different from the situation in the case of monotonicaly
single loading test.
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(4) It is needed to study on the effect of Tg in terms of more
detailed model upon the criterion for AKgy.
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Fig. 1. Emission of dislocation from the source ,
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Fig. 2. Cyclic stress by applied load.
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Fig. 3. The high dislocation density area
near-by the crack.
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