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Abstract

in order to understand the mechanism of fatigue crack propagation in
wteels with different yield strength, the amount of slip at the crack tip
vias measured under the monotonic and cyclic loading conditions by the step
joading method. The results show that the amount of slip at the crack tip
1% in accordance with that predicted from the theory obtained under
~ monotonic loading conditions. However the amount of slip at the crack tip
under cyclic loading conditions is very small and is nearly equal to the
amount of crack growth in one cycle of the loading process. This sudden
decrease in the amount of slip at the crack tip under the cyclic loading
condition can be explained by assuming the existence of a thin ideal
sirength phase near the crack tip.
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Introduction

Although the slip amount at the crack tip is the rate controlling factor for
crack propagation and is important for understanding the mechanism of
fatigue, there have been few reports measuring this amount. One of the
reasons is that these measurements are difficult. However as the personal
computer has become developed, controlled K-value step loading tests have
become easier.

In this paper, in order to understand the mechanism of fatigue crack
propagation, various controlled K-value step loading tests were carried out
for steels with different yield strength and the slip amount at the crack
tip was measured by a fractographic method. In addition, the factors which
control the slip amount are discussed.
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Experimental Method

The test materials used were SUS304 stainless steel, SUS329)1 duplex stain-
less steel, SM50B steel and SNCM439 high strength steel ( tempered at 600° C
). The chemical composition and the mechanical properties of test materials
are given in Table 1. Fatigue tests were performed on compact tension type
specimens of 50 mm width in the air at room temperature. The test
frequencies used were from 2 to 30 Hz. The tests were performed by using the
computer system (Masuda et al., 1986), and the crack length and the crack
closure level were derived from calculating the elastic compliance. The
crack propagation test employed was a maximum constant load AK-decreasing
method ( R = 0.3~0.9 ) when AK = 10 MPa-ml/2 and a constant stress ratio
( R =0.3, 0.5 ) AK-increasing method when AK Z 10 MPa-m1/2 for the pur-
pose of preventing crack closure. The slip trace at the crack tip was
produced by using four types of step loading test as shown in Figure 1(a)~
(d), where AK was kept constant except when the mean load was changed.
After the fatigue tests were finished, the slip amount at the crack tip was
measured by a fractographic method.

Experimental Results

Crack Propagation Properties

Fig.2 shows the the crack propagation curves for various alloys. The crack
propagation curves are similar to each other and independent of the yield
strength of the alloys It is notable that the crack propagation rate is
proportional to AK2 when AK 2 30 MPa-ml/2,

Slip Amount at Crack Tip

In order to measure the slip amount at the crack tip, the test method shown
in Fig.1(a) was used. In this method, care was taken to ensure that the
reverse slip during unloading was kept to a minimum. Therefore AK = 5
MPa-ml/2 was used for the crack propagation. In addition, fatigue tests were
carried out under the condition that Kyj, 2 5 MPa-m1/2 for the purpose of
preventing crack closure. An influence of the value of Kyj, on the slip
amount was not observed. The effect of yield strength on the slip amount was
first studied for all alloys shown in Table 1 under the condition that the
amount of K-mean change AKp = 28 MPa<ml Fig.3 shows the slip trace (
stretch zone ) on the fracture surface of two alloys with different yield
strength, where the photo was taken with a tilt angle of 45° to the crack
plane. |t is generally observed that the stretch zone has the angle of 50~
70° to the crack plane. Fig.4 shows the relation between its width ( stretch
zone width hereafter SZW) and yield strength 0y. There is a tendency for
the SZVW to become bigger as the yield strength decreases and SZW is given by
the equation (1):

SIV 5 AKp2/20 B )

where E is Young’s modulus and is 2 x 105 MPa for iron.

Table 1 Chemical and mechanical properties of materials
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Material C Si_Mn_ P S Ni_ Cr Mo Cu oy(MPa) o B(MPa) 2 LI R:}) .
SuUS304 0.06 0.53 1.11 0.039 0.010 9.04 18.3 - = 336 629 Oy (M

SUS329J1 0.02 0.58 0.68 0.013 - 5.80 24.9 2.35 0.01 549 705

SM50B  0.15 0.37 1.36 0.020 0.005 0.03 0.02 - 0.01 372 530 Fig.d Relation between SZW and oy
SNCM439  0.40 0.33 0.77 0.008 0.004 1.88 0.88 0.26 0.02 974 1083
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experiment, because the observation of the SZW is the easiest among the
tested alloys. Fig.5 shows the stretch zone produced under various AKj con-

dit(io;ls. The SZW is dependent on AKp as shown in Fig.6 and is expressed by
eq.(1).

On the test method shown in Fig.1(a), both Kmax and Kyin were changed. In
order to study the influence of test method on g’ZU two different types of
test were performed. One is that where Kmin is kept constant and only K ax
is changed as shown in Fig.I(b). The other |s where Kyay is kept constant
and only Kyip is changed as shown in Fig.1(c). The SZ\ observed by the test
method shown in Fig.1(c) corresponds to the slip amount produced at the
crack tip during propagation. Fig.7 shows the stretch zone for SUS304 stain-
less steel produced bf’ the test method shown in Fig.1(b) where AK is
changed 10 =40 MPa-ml/2 |} s surprising that in spite of some reversed
slip having occurred during the unloading process, a large stretch 2one with
an angle of 50~70° with respect to the crack plane was observed on the
fracture surface. While in the case of the test carried out using the method
shown in Fig.1(c), the SZW was very small and was independent of the test

Fig.5 Stretch zone produced under various AKh.
(a)AKh= 6 MPasy m,(b)Akh= 9 MPa«y/ m,
(c)AKh= 12 MPasyv m and (d)AKh= 15 MPa<y/ m.
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Discussion

gggnqzisn of Crack Propagation
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%1ip Amount at Crack Tip

i1 we regard the material is a perfect elastic-plastic body, the stress dis-

tribution on the extension line of the crack tip oy, 0Oy and the displace-

#ent at the crack plane u as shown in Fig.12 are given by eq.(2) and (€))
peapectively (lrwin, 1957):

oy=0 y=kl/Q@mr)l/2 (2
u=Cr +1DKICr/2m)1/2/26 3

where r is the distance from the crack tip, x is the constant and G is the
wodulus of rigidity. However since materials yield near the crack tip, the
stress distribution near the crack tip is considered to be that shown by a
solid line. From the view point of energy balance: the area shown by an
oblique line is equal to that shown by a dot line, the plastic zone size Rp
= (Ki/o Y2/7 can be obtained. Then using the stress distribution where the

_erack tip locates as if it were a + Rp/2, the crack tip opening displacement

(CTOD)is given by eq.(4):
CTOD=2u=( K +1)KI (Rp/4 1 )1/2/G
=4K12/m o \E (plane stiress)
24(1-v2)KIZ/m oy (plane strain) (4

where a is the crack length, v is Poisson’s ratio and usually 1/3. It is
apparent from the experimental results that AKp is one of the controlling
factors for the amount of slip at the crack tip. Assuming that the angle be-
tween the crack plane and the stretch zone is 65° and that the effective AK
is equal to AKp: the crack opening starts at K = Kpeanl» the SZW measured
from the photo is considered to be nearly equal to CTOD/2. As the tests were
done under the plane strain condition, the SZW is expressed by eq.(5):

SZW % CTOD/2=0.57AKp2/ 0 yE (5

there is a good coincidence between the theoretical value and the experimen-
tal results. Thus the slip behavior under the monotonic loading condition
was found to obey the theory. While according to Rice (1967), the amount of
slip at the crack tip and plastic zone size under the cyclic loading condi

- G agv/ae =1/5

av/aoe = 1/20 Y

i} Q.1 0.2 0.3 0.4 0.5
rt/ARp

Fig.14 CTOD ratio (&) as a function of rO/ARp and agy/ce
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tion is given by substituting Oy to 20y
SZW% CT0D/2=0.28AK2/ g )
ARp=Rp/4=(AK/ 0 )2/47 (M

However the amount of slip predicted from the theory is completely dif-
ferent from that observed on the test method shown in Fig.1(a): the amount
of slip at the crack tip during loading is very small and nearly equal to
the crack growth in one cycle of loading process. The slip behavior observed
on the two step loading tests shows that the amount of slip during unloading
(reverse slip) became much smaller than that during loading. These sudden
decrease in the amount of slip at the crack tip is considered to be due to
the increase of the yield strength of the materials near the crack tip.

Therefore the amount of slip on the duplex phase material with the yield
strength of ¢, and ¢ e Is considered. From the view point of energy
balance, the stress distribution shown in Fig.13 is considered. Fig.14 shows
the result of the analysis for the amount of slip at the crack tip on the
two phase material where rp is the width of the phase with the yield
strength of oo and & s the ratio of CTOD for the duplex phase material to
that for the single phase material with the yield strength of o,. Since A
Rp is a function of AK, ro/ARp closes to 0 as AK increases i} ro is as-
sumed constant. It is apparent from the figure that the amount of slip in-
creases rapidly and approaches to that on the single phase material when ro
/ARp<oy /20.

Considering from the sudden increase in the amount of slip when Kmean is
increased, rg at maximum loading during the cyclic loading seems to close to
ARpoy /20,. ﬁwnmeaMWMS,aeisswmmw to be nearly equal to the
ideal strepgth of E/10. For example calculating from eq.(6) the SZW at AK =
30 MPa-ml/2 for SNCM43g steel is 1.3um. since Oy /0¢ is about 1720 and ¢
is 0.16~0.2 around ry % Abyoy /20 ¢(=1.8um); we have the SZW of 0.21~
0.26 um during the crack propaga¥ion which is in accordance with the ex-
perimental results. The possibility of the existence of high strength phase
is high, however the proof of it is the future work.

Conclusion

The amount of slip at the crack tip under the monotonic loading condition
was found to obey the theory. However the amount of slip at the crack tip
under the cyclic loading condition was small and nearly equal to the crack
growth in one cycle of loading process and not in accordance with the
theory. These sudden decrease in the amount of slip at the crack tip under
the cyclic loading condition an be explained by assuming the existence of a
thin high strength phase near the crack tip.
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