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The distributions of stress and strain in the vicinity of fatigue
crack tips were measured by means of the X-ray microbeam back-reflection
Debye method and optical microscopy, and were compared with the results
of theoretical analyses based on Dugdale's and Rice's models. The rate
of fatigue crack growth was discussed by combining the data of micro-

scopic observations with fracture mechanisms.

The materials employed in this study were five carbon steels with the
carbon content ranging from 0.001 to 0.31%. The specimens were fatigued
under completely reversed cyclic loads at room temperature in fatigue

testing machines operated with a frequency of 2,000 cpm.

Stress-Strain Distribution near Crack Tips

Figure 1 presents a macrograph and X-ray microbeam films taken from
the neighbourhood of a propagating fatigue crack tip. The diffraction
arcs in film (i) reflected from the crack tip are divided into very
small spots, while those in film (ii) corresponding to a place 0.40 mm
from the crack tip do not contain small distinct spots. The clear for-
mation of subgrain structure due to cyclic stress was observed only in
the close vicinity of the crack tip, but not throughout the surface-
depressed zone.

Dark and dispersed slip bands characteristic of slip deformation under
cyclic stressing were detected near the fatigue crack tip with an optical
microscope. The size of the slip band zone ahead of the crack tip ¥ was
found to be correlated to the gross stress amplitude ¢ and the crack

length L as

€=ng; QE{SGC(HO’/2C5°})—I}L, (1)
where 0} is the lower yield stress in monotonic tension tests, and C,
and (5 are empirical constants [1]. The values of C, and Cjof five
steels are given in Table 1. The specimens of 0.31% C steel were
quenched in water and then tempered at 700°C, while those of the other
steels were fully annealed at temperatures higher than the Aj-trans—

formation temperature. The product O;FE(;O} indicates the yield stress
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of the material in the slip band zone as described below. The value of

Oy is about twice the frictional stress U;r as shown in Table 1. The

slip band zone size is merely several percent of the size g calculated

from Dugdale's equation [2]. Surface depression was observed near the

fatigue crack tip under high stress intensity factors, but not under low

stress intensity factors. The depressed zone size measured for the cases

of high stress intensity factors was found to be smaller than that given

by Dugdale's equation [37].
on of the excess dislocation density D near fatigue

e X-ray method [1,4], and the D

The distributi

fracture surfaces was measured by th
value was converted to the plastic strain € by using the relation
between D and plastic strain obtained in tensile deformation [5].
Figure 2 shows the results of 0.03% C steel. The plastic strain thus
measured corresponds to the strain energy accumulated within the slip

band zone near the crack tip. The spread Q of the region with a con-

siderable amount of plastic strain defined as given in Fig. 2 was nearly

equal to about 20 percent of the slip band zone size in the case of

0.03% C steel [4].

The stress existing in a localized area of about 1&0}1 diameter was

measured by using a new X-ray micro-camera which has a specimen-film

oscillation device [%,6]. Figure 3 shows the distribution of the axial

residual stress measured after the interruption of the fatigue test (open
circles). The residual stress at the crack tip is compression and gradu-

ally changes to tension away from the crack tip. The values of the

stress at a place 100}L from the crack tip measured under the application

of maximum tensile (an open square) and compressive loads (a solid square)

. ; 4 2
are nearly equal to the fatigue yield stress of the material 30.2 kg/mm

and -30.2 kg/mmz, respectively. The dot-dash line in the figure indicates

the residual stress distribution calculated by using Rice's rigid plastic
strip model[7] under the assump

4 tensile load and that the compression cycle
Che shape of ‘the residual stress

tions that the crack does not close under

of the stress does not

affect the residual stress distribution.
distribution ahead of the crack tip agrees with the analytically derived
curve, although the maximum compression at the crack tip is lower than

the calculated value. The calculated distance from the crack tip to

the point where the residual stress changes from compression to tension

is twice the distance measured by the X-ray method.
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Mechanisms of Fatigue Crack Propagation

The propagation rate o fatique cr cks d was correlated to each
pag f qu acks MdN a

one of four microscopic

SO parameters, i.e., the slip band zone size ahead
ac i i
P § and the excess dislocation density Ey, the subgrai
n

size ¥ and the pl i i e
2 plastic strain €F on the fatigue fracture surface, wher
' 2

Ey was evaluat 5
- ated from Dp [5]. The relation bétween df/AN and § was

found to be de ndent on specime L
pe the pecimen qeometry, the luaduv; node and the

experimental ma i i
terial. The material is the only factor that influences

i !z/”' D t 0 t ther hand dl AN vas expressed
. . * / 2 2
as a unique fi ion o i . t peci-
q inction of EF y which was not only indt,pendent of the s i
men geometry a the 1 i e t 1 ft z2Xperi tal materials
n Y and th oad ng mode but also o he =x imenta t i
1

(0.
01, 0.03 and 0.16% C steels), as shown in Fig. &
T'he micro-me i i ion
mechanisms of fatigue crack propagation in 0,03% C steel

were comprehend i i
ed in previous papers [4,8] from the observation result
s

of mlcrofractogx‘aphy and the fea >
feature of occurrence of fatlgue crack

growth. For the ca i
se of a propagation rate smaller than 10-5 mm/cycle
]

a fatigue crack grows 1ntexmlttent1y aloug subboundaries formed ahead of

the crack tip after a cri tical amou o1l eXxcess di n re a =
a t dislocations a e accumu
ica n f s

lated in subbo i
undaries at the crack tip. The critical value of the exc
excess

dislocation densit
) y was found to e 4
equal about 2x1010 cp=2 [4]
. The crack

. ! 3 . . . N
tip )lUIILIH(J‘alld‘ShaX pening mechanism is responsible for crack growth

within the rate range of dbd‘v-Ex 0 "~ 2x gl Yy .
1 ve
10 m/cycle The dl/dN rsus

8,: é > C -
relation given above shoul e explained on the ba
latio b h d b he basis of these micro

mechanisms.

Fatigue Crack Propagation Behavior

he results obtained in the study described in the precediiiy ci.z
Yy Scribe
I lily ‘

will be used f £ int tati n o ‘
or the interpretation of the condition of the non pProp
gation of fati rac v ' “«"l e 4‘1""'3-~
1que cracks and the propagation behavior of fatigu
vi =] racks

under doubly repeated stress

For a certain e rimental r the condition of the
Xpe en m,
ateris
2 1a1, hy 2 t1¢ Q L

gation of i o
of fatigue cracks was found to be given by a critical
the slip band zon i l | ’ e
e ;
size Ec, and the & value could be calciiaied by

s‘lblstltutlllg the critical propagation rate 4x10 mm/cycle into th
m/ 3 ine
7 . I s IR & s )
dl dN vs § relation obtained at rather high propagatic a
C Y s - fiw

substitution of 7 i ‘
of £ for § into Eq. (1) leads to

Se=CaGey €. .- {sec(no/2C5 ) -1le,



§c is denoted by §C . The values of

where the value of G corresponding to
n Table 2. From the comparison

§C and Qc for each steel are presented 1

and the grain size d, the G, value is fo

When (0 is much smaller than Oy ,

und to increase nearly

between QC
the right

proportionally to the sized.

given above can be rewritten as

Ke = 1.01 Y6, Gr , (3)

The

hand equation

where Kd is the threshold stress intensity factor Kc=1.120'7’z .

cyclic yield stress Jyp was an increasing function of the frictional
stress. Therefore, it can be concluded that the grain size and the
frictional stress are the material parameters controlling the condition

of the non-propagation of fatigue cracks.

For the case of fatigue crack propagation under doubly repeated
stress, the influence of stress cycling at the first stress amplitude on
the rate under the second stress amplitude was quantified with a parame-

ter K/ as
(4)

K’Kr/Ky

where K is the applied stress intensity factor and KP is the value of
the stress intensity factor obtained by substituting tae measured value

of di/dN into the K vs. de/dN rel

An example of the variation of

ation for constant stress amplitude

fatigue. K with the increase A of the

e high-low stress level change is shown in Fig. 5,

crack length after th
and § just before the

where 7,4 gv and gu, indicate the values of n.&
stress change. The minimum value of X does not occur at A =0 but at
A =0.2 mm, which means that the strain hardening due to the first stress

inimum rate of crack growth under the

level repetition determines the m

second stress level rej.
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