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Abstract

Crack propagation is retarded after applying a tensile overload, and accelerated after applying a compressive overload in

fatigue tests under constant base stress amplitude. However, at a negative value of the baseline stress ratio, the fatigue crack

propagation rate can accelerate after applying a tensile overload. To evaluate such crack propagation behavior, the effective

stress intensity factor range has been employed. The transition of residual fatigue life after applying these loads was observed

and this behavior was dependent on the loading conditions. When the applied overload level was lower than a critical level,

retardation of crack propagation was observed. However, when the applied overload level was higher than a critical level, the

crack growth rate got higher. These phenomena are related to not only residual stress, but also crack opening behavior.

Key words: Fatigue crack, Crack propagation rate, Overload, Deceleration, Acceleration, Effective stress intensity factor

range

1. Introduction

One ofthe causes of variation in crack propagation rate

during service load application to engineering materials is

plastic-induced crack closure that was originally

introduced by Elber{1). Although applying overloads, the

crack propagation law can be evaluated by the effective

stress intensity factor range, which is calculated using the

crack opening stress (2'8). A yield strength level is the

most important material property affecting the extent of

overload-related retardation when a plasticity-induced

closure occurs. At the higher of the yield stress, the

smaller the size of the plastic zone is obtained. As a result,

the less extent of retardation is observed. However, in the

case of negative stress ratio, the effect of plastic size is

not yet known exactly. In the present study, the effect of

overload to the behavior of crack propagation was

investigated using carbon steels, S15C and S35C, and the

effect of yield strength or plastic zone size on the crack

propagation after an overload was investigated. Also, the

crack propagation date da/dN as function of (AKeff-

AKeffih)2 proposed by McEvilly et al(2>3) was examined.

2. Materials and Testing procedure

The materials used in the present study were two carbon

steels, those are, 0.36 % and 0.15 % carbon steel. The

27 0

chemical compositions and mechanical properties of the

materials are shown in Tables 1 and 2, respectively. The

shape of the specimen used is shown in Figure 1. The

notch of 2.5 mm in length with 0.1 mm root radius was

cut in the center of the flat section of the specimen by an

electrical discharge machine. After being polished by

using an emery paper and a metal polisher, the 1 mm of

initial crack was introduced from the notch roots by a

push-pull hydraulic fatigue test machine. The crack

length, 2a, is defined including the notch length, thus, the

initial crack length was about 6 mm. This specimen was

regarded as center-cracked plate. The fatigue crack

propagation test was carried out using a hydraulic testing

machine with cyclic frequency 10 Hz in laboratory room

condition. The crack length, a, function of the number of

cycles, N, was determined using the aid traveling

microscope with accuracy 10 urn at the surface of the

specimen. When the semi-crack length was reached 3

mm, a single overload was applied manually and then the

constant stress amplitude was resumed.

Table 1 Chemical composition (% wt)

Material

S35C

S15C

C

0.36

0.15

Si

0.17

0.30

Mn

0.70

0.50

P

0.019

0.013

S

0.016

0.013

Ni

0.04

0.05

Fe

Bal.

Bal.

(Mechanical Systems Engineering Department)
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Table 2 Mechanical Properties

Material

S35C

S15C

c&,MPa

292

283

qeMPa

493

449

<7rMPa

975

956

(*, %

62

69

os : Lower yield strength, O&: Tensile strength

crT : True fracture stress, ^: Reduction ofarea

Table 3 shows the testing conditions. Figure 2 shows

schematic representation of the applied cyclic stress. The

stress ratio R is defined as the ratio of the minimum

cyclic stress Smin to the maximum cyclic stress Smax, Sa is

the stress amplitude, and Sov is the overload stress. The

percentage ofoverload is defined as follow.

%Overload=
K — K

max* mini

x\ 00% 0)

where, Kmaxw is the stress intensity factor at the overload

point, and Kminf, and K«ax/>are the stress intensity factor at

the minimum and maximum constant cyclic loading,

respectively. To detect the crack opening and closing

points, the local strain was measured by strain gage

pasted on specimen center axis.

Slit

Fig. I Shape of Specimen

Table 3 Testing conditions where R was constant

No

1

2

3

4

5

6

7

8

R

0

0

0

-1

-1

-1.5

-1.5

-1.5

Sa

MPa

43

43

43

67

67

85

85

85

&«
MPa

86

86

86

67

67

67

67

67

Tensile

Sol
MPa

172

163

185

180

170

184-

160

178

%

Overload

100

90

115

85

55

77

55

66

Material

S35C

SI5C

S15C

S35C

S15C *

S35C

S15C

S15C

Fig. 2 Schematic representation ofthe applied cyclic stress

In addition, to know the effects of loading condition

after the overload on crack propagation behavior, one of

test was carried out under conditions that the stress ratio

R after the overloading was changed from that before

overload. This testing conditions is shown in Table 4. R\

and R2 are stress ratio before and after the overload as

well as Sj and S2, respectively. The schematic

representation of the loading cycles for the testing is

illustrated in Fig. 3.

Table 4. Testing conditions where R was changed (S15C).

No

9

10

R\

0

-1.5

Ri

-1.5

0

Sat

MPa

43

85

MPa

86

67

So,

MPa

85

43

MPa

67

86

Sol
MPa

180

180

%

Over

load

85

85

s T
e

MA~Tl

Ri

Time

Fig. 3. Schematic representation of the loading cycles in Table 4.

3. Experimental results.

Figure 4 shows crack propagation curves for R=0, -1

and -1.5, respectively, the arrow shows the overload point.

In the case of R=0, the usual retardation phenomenon

occurs on both S35C, and S15C. The applied cyclic

maximum stresses are same in all cases, since the S35C

has higher yield strength, however, the effect of the

overload to the extent of retardation in S35C is less than

in S15C. In S15C, the retardation cycle was longer when

the applied single overload was higher. Where specimen

No.2, % overload = 905 %, and where specimen No.3, %

overload =115 %. This behavior is also related to the
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plastic zone size created by static overload. In the case of R=-l, the

retardation phenomenon associated with a tensile

overload is less pronounced, however, the small

succeeding retardation behavior is observed following the

overload. In the case of /?=-!.5, the usual retardation does

not occur after the overload for some conditions but the

crack growth actually accelerates on S35C specimens. At

the higher overload level of S15C (specimen No.8, %

overload = 66%), the acceleration of the crack growth

was also observed. However, the retardation phenomenon

occurs at lower overload level (specimen No.7, %

overload = 55 %).

Figure 5 shows the crack propagation rate, da/dN, as

function ofthe semi crack length, a, for stress ratio of 0, -

1 and -1.5. Where stress ratio R =0, a very short period of

2

<3

1
i

8

6

4

2

SBC:
B«st

•♦-Hoi

j

S1JC:
-a-Ho2

-o-Mo3

1 2

Number of stress cycles N

S3JC

0 1 2xlCf

Niuubei- ofstress cycles N

a

a 6

|4

33JC:

- -♦-

SIX!:

-A-

But

Ho 6

Wo. 7

- -V^Ho.8

***

1 A
fr? / / "

\

1 2xi(f

Number of stress cycles N

Fig. 4 Semi-crack length as a function of the number of constant

amplitude cycles applied

acceleration just after application of the overload is

observed. After reaching maximum value of the crack

growth rate, the rates decelerates to the minimum value.

These tendencies were the same in both cases of S15C

and S35C. However, the maximum and minimum level of

da/dN is different in both cases relating to the yield stress

level. In the case of R=-\, from the crack propagation

curves, the effect of the overload to the retardation is less

pronounced. This is appeared on da/dN-a relation. Thus,

the gradient of da/dN-a after maximum da/dN is smaller

than that of the curve of R=0. In the case of stress ratio

R=-l.5, after reaching maximum of da/dN, the crack

growth rate gradually decreases to its base rate level. This

3 4 5

Crack length, a nun

(a)/?="o

S35C SI5C:

Base fl "o '
D No 4

3 4 5

Crack leuslh, a nun

f

3 4 5 6

Crack length, a nun

(c)/? = -1.5

Fig. S Crack propagation rate da/dN as a function of crack length a.
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acceleration phenomenon takes place on the both S3SC and

high % overload level of S15C.

Generally, crack propagation rate is evaluated by

utilizing the stress intensity factor in the case of small scale

yielding conditions. Figure 6 shows relationship between

the crack propagation rate, da/dN, and maximum stress

intensity factors, K^, during cycled under stress ratio R= 0,

-1, and -1.5 with the single tensile overload, respectively.

The stress intensity factor was calculated by following

equation.

10"

7 1 t\'6

10

4 10

Kinax (MPaViu)

10
-3

2 in-5

licr6

10

S35C:

Base
D No 4

SI5C:

B No 5

10

Kinax (MPaiTm)

10"6

10
4 10 20

Kmax (MPaV~m)

Fig. 6 Relation between da/dN and maximum stress intensity Ka

for the single tensile overload

F{alW)= §- '(2)

where, a is the cyclic stress, a is the half crack length and

W is the half specimen width. Crack propagation rate does

not vary linearly as function of Kmax in each stress ratio

cases. Therefore, if a history load is taken into consideration,

an evaluation to crack propagation rate using K,^ had

better to be not used.

Paris and Hermann (4) showed that the rate of fatigue

crack propagation through the overload region is related to

the effective stress intensity factor range. Therefore, the

relation of crack propagation rate and maximum stress

intensity factors are improved by using the effective stress

intensity factor range, AKeS =/Lmar-ATop; KoP is the stress

intensity factor at the crack opening level. To detect the

crack opening point, subtracted-displacement method (9)

was employed. Figure 7 shows an example of subtracted

displacements vs. load for the specimen No 5 (/? = -1, %

overload = 55 %).

The loops in Fig. 7 were obtained when the crack tip was

traversing prior to the overload (a=2.72 mm), within the

overload zone (a=3.25 mm & a=3.32 mm), and when the

crack tip was emerging from the overload zone (cf=4.00 mm

& o=4.20 mm). The crack opening level, 5op, is higher

before the crack tip penetrated to the overload zone, and in

the overload zone, the opening level of crack is reduced.

Also, when the crack tip was with the overload plastic zone,

two crack opening level were measured. The upper level

Sop2 is employed as the opening point at the surface in the

present study. After the crack tip traversed overload zone,

the crack opening level becomes higher than in the overload

zone. This crack opening behavior relates to the plastic

50

-50

■ j
-/

*"1:5W"|

J"/

rt!to ;

//
Subtracted displacement

Fig. 7. Example of load vs. subtracted displacement plots

(R=-l .0, Specimen No.5).
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deformation caused by the overload in the vicinity of

crack tip. The example variation of crack opening level

all experimental curves are shown in Fig. 8.

Figure 9 shows unique relationships between crack

propagation rate da/dN and AKeff, which is independent of

stress ratios and the overload values. It means that the

100

50

ot,

'§ -50
§"

t>-100

-150

v • v v

(

■£> R-O(SISQ)

D R--1.0(S35C>

B R—IO(S15C)

-♦-R-1.SCS35C)

4 6

Crack length a. nun

Fig. 8. Variation ofthe crack opening stress level following an overload

at three baseline R levels.

10
-7

6

10"

10

r S35C

V No.l R=0

D No.4R-I.O

♦ No.6R=-l5

-10

10 20

(a) S35C

10

glO"

-7

10
-10

.S15C

A No. 2 R= 0

B No 5R=-1

A No 7R=-1.5

i .... i

10 20

AK „ MPa/~in
eit

(b)S15C

Fig. 9 Relation between da/dN and effective stress intensity factor AKtg

for the single tensile overload

crack propagation is controlled by the crack closure, even

if the cyclic loading is applied by such conditions as the

overload level is exceed over the small scale yielding

condition, and as the crack propagation rate is decelerate

or accelerate by the applying overload.

4. Discussion

4.1 Crack tip condition after an overload

As reported by McEvily et al(2l3) that principal causes

of the crack retardation following an overload at stress

ratio greater than zero is the lateral contraction of material

in the plane-stress that occurs on the overload zone

surface. When the overload is applied, the material in the

zone of front of crack tip will be deformed plastically

because of the high stress concentration. The deformation

process is not reversible upon unloading to minimum

load from overload level, and as the result, the material

element in the plastic zone has been permanently

extended in the loading direction. This material extension

gives rise to the development compressive residual-stress

at the crack tip upon unloading to the minimum load of

the cycle. As the fatigue crack tip penetrates through this

zone, the residual stress is relaxed when the crack is fully

opened. However, in order to relax the residual

compressive stress, the element material must extend

elastically, and this extension enhances crack closure

level in crack wake of the crack tip during unloading. In

addition, because of the higher-level crack closure

(a) Specimen No.2 (% overload = 90 %)

(b) Specimen No. 3 (% overload =115%)

Fig. 10 Crack tip conditions in S15C, /ML
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existing in the behind of crack tip as the crack grows

through the overload zone, the crack opening level in the

region is higher than elsewhere. Accordingly, the

condition of the zone serves to retard the rate of crack

propagation.

The overload plastic zone size, which is related to yield

strength and applied overload stress level, affect the crack

propagation life after overload. Thus, the crack tip

deformation just after applying is investigated. Figure 10

shows the examples of deformation at R=Q in the case of

the S15C specimens [No.2 ( % overload = 90 %), No.3

( % overload =115%)]. The differences of fatigue life

occurred and that was caused by crack tip condition at the

point of the application of the overload. With lower

overload level (specimen No.2), the relatively small crack

tip opening displacement at the overload point is, and the

fatigue life and the crack growth rate became longer and

slower, respectively. When the crack tip displacement

was larger (specimen No.3), the fatigue life and the crack

growth rate became shorter and faster than No.2,

respectively. Therefore, it is found that the crack-tip

condition after the application of the overload influenced

crack propagation behavior.

As previously mentioned that the retardation of fatigue

crack growth did not occur following an overload at some

cases of R= -1.5. Thus, after application of an overload,

the crack rate accelerated immediately, and fatigue life

became shorter than the case of base without the overload

application. This behavior was associated with the

conditions of the plastic zone ahead the crack tips. Upon

unloading from overload level to zero load, the

compressive residual stress developed in the plastic zone.

However, repeating application of compression stress

after overload brought the change of residual stress

condition depending on the compression stress level. If

the locally compressive load was high enough, the

affected zone by overload would be yield again, and

bulge would be started to develop. The magnitude of the

bulge increased as the minimum load level increased (7)

The bulge indicated that there was material movement to

outward, so it reduced crack closure level behind the

crack tip. Upon returning to zero load, the overload zone

was in state of tension residual stress rather than

compression residual stress. Therefore, these factors lead

to acceleration of the fatigue crack.

In the present study, not all loading conditions of

negative stress ratio led to acceleration of the crack. The

retardation of crack growth occurred on the S15C

material with lower overload level. In the case of the

No.7, the crack tip displacement at overload point was

relatively small. Hence, the crack face behind the crack

tip contacted each other during recycled with constant

stress amplitude. This condition did not cause the severe

stress concentration under the compression stress, so the

bulging of material did not occurred. Also, when the

crack penetrated through the overload zone, the

compression residual stress relaxed, which enhanced the

crack closure behind the crack tip. Figure 11 shows the

crack tip conditions of the specimen No 7 (S15C, %

overload = 55 %), at the point overload and after 4000

cycles from the overload application. It can be observed

that at that stage closed by maximum compression stress,

the crack surface behind the point at which the overload

was applied. Conversely, in the specimen with that large

crack tip deformation occurred (specimen No.8), the

crack faces behind its crack tip following the overload

was not contacting each other when the specimen was

recycled in constant amplitude load as shown in Fig.12.

Because of the condition behind the crack tip and the

residual stress in the overload zone, the local compressive

stress in the vicinity ahead ofcrack tip was in higher level

$<

Illfe W,?V " *
1

.\-
(a) At point ofthe overload

<:; 1 / / - ' |:f £****** Ovl.point

(b) 4000 cycles after the overload

Fig. 11. Crack tip conditions ofspecimen No 7 (S15C), R —! .5.
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(a) At point ofthe overload

(b) 5000 cycles after the overload

Fig. 12. Crack tip conditions ofspecimen No. 8(S15C), fl—1.5.

than elsewhere, when the specimen was loaded to the

minimum load under stress ratio of-1.5 level. The higher

compressive stress caused material bulging in the

overload zone, and local material leading to serve crack

closure was forced to outward direction. Afterward, upon

unloaded from the minimum load level to zero load,

tensile residual stress developed in the overload zone.

Therefore, the conditions of crack tip influence also crack

propagation behavior on subsequent cycles after an

overload under stress ratio R= 1-5.

In the case of stress ratio R= -1, as mentioned before,

the effect of the tensile overload was less pronounced.

Although, the plastic zone created by the overload was in

the same manner as on the stress ratio R- 0, the

compression residual stress distributing changed to tensile

residual stress just after the application of the overload.

However, during the crack propagation, the distribution

of the residual stress changed, and after some length of

crack growth, the tensile residual stress changed to the

compression again.

4.2 Effects of loading conditions on crack

propagation after overloading

To confirm the effect ofsucceeding loading conditions

on the crack propagation behavior after the application of

overload, different stress ratios between before and after

the application of overload were investigated (The testing

condition and schematic representation of the applied

cyclic stress are shown in the Table 4 and Figure 3,

respectively).

The effect of the constant cyclic load condition can be

observed in Figure 13. In the case of specimen No.9

(%overload = 85%, /?,= 0, R2= -1.5), which was loaded in

constant cyclic load under stress ratio R= 0 before

overload, and continued with stress ratio R=-l.5 after

application of the overload, the fatigue life become

shorter. However, in the case of specimen No. 10

(%overload= 85%, /?,= -1.5, Rf= 0) the delay

phenomenon of crack growth was observed when it was

loaded in the constant amplitude with R= 0 following the

overload, although before the overload had been cycled in

constant load with R= -1.5.

The deceleration or acceleration can be clearly

observed in the rate of crack growth, da/dN, as a function

of crack length, a, as shown in the Fig. 14 in which the

constant cyclic load conditions after the overload have

important role to determine whether the rate of crack,

decelerate or accelerate. However, the crack propagation

1 2 X10

Number of cycles. N

Fig. 13. Relationship between number of cycles and crack length

^io-4

3
IO

X No. 9

• No. 10

• »

j ■ \ ' i—t 1
Crack lengtli, a (iniit)

Fig. 14 Relationship between crack growth rate and crack length.
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behavior post the overload is independent of the cyclic

load condition prior the overload. In these cases, therefore,

the distribution of the residual stress in the vicinity of the

crack tip is depended on the stress amplitude condition

following ofthe overload, also

In the acceleration case (specimen No 9), which was

loaded with stress ratio R= 0 before the overloading, and

then continued with the stress ratio R= -1.5 after the

overload, the tensile residual stress developed in the front

of the crack tip region in the subsequent cyclic after the

overload. Consequently, the crack opening stress level in

the region became low and after reaching the lowest

value of crack opening stress, the crack opening returned

gradually to the basic opening stress level when the crack

emerged from the effected overload zone. In contrast, the

crack opening stress increased in the effected overload

zone in the case of specimen No 10, which was cyclic in

constant stress amplitude with stress ratio R = -1.5 before

the overload, and with stress ratio R = 0 after the overload.

After the crack tip traversed the overload zone, the crack

opening stress returned to the basic crack opening level.

The variation of the crack opening stress is shown in the

Fig. 15. Besides the crack tip condition, the crack

propagation behavior following the overload is

influenced also by stress cycles condition since it will

change the residual stress state that develops in the front

of crack tips.

3 4 5 6 7

Crack length a, mm

Fig. 15 Variation ofcrack opening stress.

4.3 Evaluation of crack propagation rate by

effective stress intensity factor range.

The same as reported in the previous chapter that the

retardation or acceleration of the crack propagation after

the overload is dependent on the stress ratio /?, and the

overload level. This is similar to the crack tips conditions

effects residual stress distribution in succeeding cycle.

The rate of crack propagation in the overload zone is

related to the value of AKeff, and the following constitutive

equation for the rate of fatigue crack propagation has been

proposed by McEvily et al.(2p3).

da

dN
(3)

where A is a material constant, and AKefflh is the value of

AKeff, at the threshold level. In this study, da/dN of the

threshold value was defined as 10'n m/cycle, and AKeffth,

was found to be 3 MPa <Jm for S35C, and 2.5

MPaVw" for S15C. According to Eq. (3), the log of the

rate of fatigue crack growth should vary linearly as a

function of the quantity in parentheses in Eq. (3) and the

slope of this linear relation should be 2.0, independent of

R value, mechanical property and loading history. Figure

16 shows the results of the present investigation in the

overload regions plotted in this manner, and it is seen that

there is reasonable agreement between Eq. (3) and these

results.

When a tensile overload is applied at a baseline loading

level of R= -1.5, the residual compressive stress created

on unloading from the overload level is changed to a

residual tensile stress by the R=-\.5 cycling, and the crack

growth rate is accelerated rather than being retarded, and

this behavior occurred on both S15C and S35C. However,

the retardation or acceleration of the crack not only

depend on stress ratio and overload level but also crack

tip condition after the overload, which influence residual

stress state in front of the crack tip. Unless this effect

taking into account, an non-conservative estimation ofthe

fatigue life for components subjected to such a loading

history will be made.

. D N»4(S35f
I n n«».5jsisc>

10'

10"

IO'

I0'1

Fig. 16. Rate of fatigue crack growth following an overload as a function

of the parameter A K,j;r ■

No7<S15C> .

10

cfflh MPa/*m
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Fig. 17. Definition ofthe number ofdelay cycle

4.4 Delay and acceleration Cycles

The number of delay cycles, No, and the delay length,

cto associated with the overload application during a

constant stress amplitude test are defined as in the Fig. 17.

Figure 18 shows typical variation in the rate of fatigue

crack growth as the crack tip penetrates the overload zone.

When the crack propagation accelerates after overload,

fatigue life become shorter than base testing without

overloading. To define the shortening cycles by a-N

curve is difficult. We called this cycle as acceleration

cycle, Nac> and determined this using da/dN-N curve.

Figure 19 shows the example of the da/dN and N relation.

The acceleration cycles NAC, is defined as the subtraction

the number of stress cycles of overloading test from that

of the baseline at which the crack propagation rate da/dN

reached minimum value after applying overload. Figure

20 shows schematic representation of the relation

between da/dN, and definition ofNAC.

Table 5 shows the result of predicted number of delay

cycles and acceleration cycles according to the definitions

as shown in Figure 17 and 20, respectively. The negative

sign for number of cycles, N, denotes number of cycles

acceleration. A prediction of number of delay cycles, ND,

following an overload has been proposed by Bao and

McEvily (3) as Eq. (4).

OLPZ OLPZ
(4)

where A is the material constant, AK.effih is the effective

stress intensity factor range AKeff at the threshold level,

which is taken to correspond to a growth rate of 10"

m/cycle, /w/, is maximum stress intensity factor in

baseline condition, Kopb is the opening level of Kmaxh, and

in the overload zone, the K opening level is Kop2max

corresponding to the minimum crack growth rate. The

first on the right hand side of Eq.4 represents the total

If
Application of

/

\ wrwl0(l0 yf
\
/
/

^/
i Nd .

N

Fig. 18. Characteristic feature ofcrack growth rate post-overload

10

10

-5

<

-6

-7

- £

>

R--1.5

-O-Basic

U J> ♦No.6

$r r-oz-15 :

A No.9

0.5 1 1.5

Number of cycles. N

Fig. i 9. Relationship between crack propagation rate da/dN and number

ofcycles N

Baselinerate

Number of cycles, N

Fig. 20. Definition ofthe number ofacceleration cycles

Number of cyles,

Table 5—Number ofdelay and acceleration cycles

Specimen

Number

1

2

3

4

5

6

7

8

9

10

R

0

0

0

-1

-1

-1.5

-1.5

-1.5

0/-1.5

-1.5/0

Number ofdelay

or acceleration cycles

740000

1600000

1090000

770000

840000

-690000

640000

-500000

-549000

695000

Material

S35C

S15C

S15C

S35C

S15C

S35C

S15C

S15C

S15C

S15C
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number of cycles to traverse the overload plastic zone

(OLPZS), and the second term is the number of cycles to

traverse in the same distance in the absence of an

overload.

The distance to the end of the overload effect is also

material dependent. The following relation has been used

to approximate this distance:

OLPZS = - (5)

where, Kov, is the stress intensity factor at the overload

level, and ay is the yield strength.

In the present paper, the above equation is modified to

take into account the baseline closure level, Koph, as

follows;

2

OLPZS =-
n cty

(6)

In this study the prediction of number delay cycle, ND,

proposed by Bao and Mc.Evily {3) was examined. In the

acceleration cases of crack growth rate following an

overload, the Kop2max should correspond to the maximum

rate in the overload zone. Figure 21 shows the rate of

fatigue crack growth rate under constant load amplitude

conditions as function of AK for R ratios of-1 and -1.5,

also in the figure a calculated curve is shown, which is

base upon Eq. (3). The constants used in the calculation

are given in the Table 6, and the stress intensity factors

for a center cracked plate is given as Eq.(2).

To predict the delay cycles, ND, or acceleration cycles

NAC , the Eq. (4) was employed and the K values in the

Table 7 were used in this calculation. Table 8 presents the

results of the calculations and the experiment results for

ND and NAc- It is considered that the calculated values of

ND and NAC are in reasonable agreement with the

experimental result.

Figure 22 shows the predicted number of delay cycles,

No, as function AKb of the baseline cycles, which was

calculated base upon Eq.(4), and it is possible if Koplmax

were known as a function ofAK. In this present study, the

following expression proposed by McEvilly et al (2>3) is

used to determine Kop2, max without considering the

experimentally determined values.

KopXmKK = O.SAK (7)

As shown in the Fig. 22, in the delay cases, the

calculation results agrees quiet well with the experimental

results for the number of different AK levels. However,

Material

S35C

S15C

Table 6 Material Constants

cy,MPa

292

283

ACMPa)-2

3x10-'°

3xl0"«>

AKahMPa-yfm
3.0

2.5

-7
10

lio-9

10
-10

; 0 No.4 (S35C)

r

1 i □ ' :

^ ]
R=-l.5: "

♦ No.6(S35C) J

V No.8(S15Q :

Calculation

ib It)

Fig. 21. Fatigue crack growth rate as function M

Table 7. Stress Intensity factors' and OLPZS

No.

1

2

/?

0.0

0.0

9.44 1.90

8.601.30

7.54

7.30

5.30

5.40

Kov

21.75

20.61

OLPZS

0.00161

0.00159

Material

S35C

S15C

3

4

5

6

7

8

0.0

-1.0

-1.0

-1.5

-1.5

-1.5

8.691.30

6.791.20

6.700.80

6.801.07

6.900.82

6.701.10

7.39

5.59

5.90

5.73

6.08

5.60

5.10

2.30

2.80

-5.20

2.83

-5.50

23.40

22.76

21.50

23.27

20.23

22.51

0.00207

0.00177

0.00174

0.00185

0.00153

0.00191

S15C

S35C

S15C

S35C

S15C

S15C

9 0 to-1.5 6.700.97 5.73

10 -1.5toO 8.601.70 6.90

-6.20 22.76

4.20 22.76

0.00196

0.001%

S15C

S15C

♦Unit for K are MPa 4m

Table 8 Calculated and Experimental Values ofM> and NM-

Specimen

Number

1

2

3

4

5

6

7

8

9

10

' R A

0

0

0

-1

-1

-1.5

-1.5

-1.5

0/-1.5

-1.5/0

fd or NK Exp Ni or A/~ Cal Ratio

(xlO5} (x1<?) Calc/ExD.
7.40

16.00

10.90

7.70

8.40

-6.90

6.40

-5.00

-5.49

6.95

9.29

1.62

121

7.77

8.59

-6.91

6.13

-5.41

-5.17

5.32

1.25

1.01

1.11

1.01

1.02

1.00

0.96

1.08

0.94

0.76

Material

S35C

S15C

S15C

S35C

SI 5C

S35C

S15C

S15C

S15C

S15C

Avg. = 1.02
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where the crack growth was accelerated, the present

prediction cannot be applied. It is caused by the

determination method of the value Kop2,max where K0P2,max

is negative. The method of this will be improved in the

future.

0-

-1

O R = 0(S35C)

• R=0(S15C)

A R=-1(S35C)

A R=-1(S15Q
D R = -15(S35C)

■ R=-15(S15C)

V R = GM.5(S15C)

O R=-15/0(S15C) -

0 4010 20 30

AK MPaVm
Fig. 22. Predicted number of delay cycles^Vo , and acceleration

cycles, Nac, as function ofthe baseline AKh level.

5. Conclusion

Main results obtained in the present study are as follows:

(1) Crack propagation behavior after an application of the

overload depends on the stress ratio R, overload level,

crack tip condition and mechanical properties of the

material.

(2) Where R value was zero, the crack closure induced by

an overload retards the rate of fatigue crack growth.

The retardation associated with the overload was more

profound on the S15C than S35C because the yield

strength ofthe S15C is lower than S35C. Also, where R

value was -1, the retardation ofthe crack growth, which

occurred on both S15C and S35C was observed. But,

the retardation period at R=-] was shorter than that at

R=Q.

(3) Where R value was -1.5, the crack closure induced by

the overload can be eliminated and the rate of fatigue

crack growth can be accelerated rather than being

retarded. However, the acceleration or retardation that

occurred is related to the crack tip condition after the

overload

(4) The rate of fatigue crack growth as function of

AKejf - AKcfftt, is independent of the R value, the

overload level and the mechanical properties.

(5) The crack propagation behavior after the overload is

strongly influenced by the constant cyclic stress

condition following the overload.

(6) The calculated number of delay cycles following an

overload level has good agreement with experimental

values.
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