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Initial Fatigue Crack Growth Behavior in a Notched Component

(Report N’)T
— Effect of Tensile Residual Stress —

Kohsuke HORIKAWA*, Sang-moung CHO**

Abstract

The present report was intended to evaluate the effect of tensile residual stress on initial fatigue crack propagation

in a notch field.

Initial fatigue crack propagation rate in tensile residual stress field on center notched strip (SS41) is affected by
both residual stress and elasto-plastic behavior. In low cycle (high stress) region, the effect of elasto-plastic behavior was
remarkable. But in high cycle (low stress) region, the effect of residual stress was conspicuous.

The relaxation of residual stress by yielding of notch field was modeled and confirmed by experiments. \J to initial
fatigue crack in notch field was calculated by considering both of elasto-plastic effect and residual stress.

As the results, initial fatigue crack propagation behavior in notch field with tensile residual stress could be interpret-

ed by using the AJ.

KEY WORD:
(Residual Stress) (AJ.)

1. Introduction

In the case of considering fatigue crack initiation life in
structural discontinuity (Notch) which is free from defect,
many studies have been performed on fatigue damage
parameters to include residual stress effect!*2). It can be
explained that the effect of residual stress is conspicuous
in the region of high cycle (low stress) fatigue, but elasto-
plastic effect is remarkable in the region of low cycle
(high stress) fatigue3'6). However, there is not the study
to interprete the effect of residual stress on initial fatigue
crack propagation in notch field, and the mechanical
modelization on that is needed.

When the effect of residual stress on long crack pro-
pagation is assessed, it is assumed that the relaxation of
residual stress by plastic deformation is not devolped. And
it is generalized method that stress intensity factor K
calculated by initial residual stress is considered to deter-
mine stress ratio R®19. This method is regarded as to
consider initial residual stress as mean stress. However in
notch field, plastic strain is developed due to stress
concentration, and initial residual stress is considerably
relaxed. As the consequence it follows that residual stress

(Fatigue Crack Propagation) (Notch) (Notch Field) (Initial Fatigue Crack) (Elasto-Plastic Effect)

as mean stress decreased.

In the present report, center notched strip, in which
notch was located in tensile residual stress field, was used.
And the present report is intended to investigate and to
evaluate the effect of residual stress on initial fatigue
crack propagation in notch field. The modelization for
relaxation of residual stress due to plastic deformation
was tried. Crack opening ratio U was determined in
consideration of residual stress, and it was used to calcu-
late AJ. Moreover, initial crack propagation in notch field
with tensile residual stress was characterized by using AJ.

2. Specimens and Experimental Procedure

The material used in this report was 5.5 mm thickness
SS41 mild steel plate, which had been tested in the
previous reportll). Melt-run by automatic TIG welder was
made in longitudinal direction on the strip of 250 mm
length and 55 mm breadth. A weld line was located at the
center of the strip. The welding condition is given in Table
1. The bead of 5.5 mm width was concave. These welded
strips were machined to 240 mm length, 50 mm breadth
(=2B) and 5 mm thickness. A circular hole of 7 mm
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Table 1 TIG welding condition

Arc Length
1.3 mm

Position | Electrode
Flat ¢2.4 mm

Current | Voltage
200 A 17 V

Speed J

50 cm/min|

240

$7.0dri1l hole

‘Me]t area t

$0.2wire cut slit
(length=0.2)

t=5.0 mm

Fig. 1 Center notched specimen with residual stress by melt-run.

diameter(=2a,) was drilled at the center of the bead. The
ratio ao/B of this specimen was the same value with it in
the previous reportll), and elastic stress concentration
factor K¢ of the circular hole was 2.7. And as can be seen
in Fig. 1, slit of 0.2 mm width and 0.2 mm length as
initial defect was processed by wire cutter.

Fatigue crack propagation tests were carried out under
constant amplitude of fully reversed axial load control
(R=—1). Frequency of sinusoidal load was 3 ~ 10 Hz.
Crack length was measured on both surface of front and
back by travelling microscope (X50). All tests were
performed at ambient room temperature.

3. Distribution of Welding Residual Stress in Notched
Specimen

3.1 Distribution of initial residual stress

Fig. 2 shows the trend of residual stress measured
before (O and @ marks) and after (0 and £} marks)
processing the notch. And O marks are distribution of
residual stress on the front surface where the melt-run was
done, and @ marks are that on the back surface. After
processing the notch, the residual stress measured on the
front surface is indicated by [0 and {1 marks, which were

Without notch
Front surface
Back surface

With notch

Front surface(right)
Front surface(left)
Back surface

400

w
o
S

N
Q
=

o
=)

Residual stress,MPa

0

-100F"

-200

Distance from center of specimen,mm

Fig. 2 Distribution of residual stress before fatigue test in speci-
mens without and with notch.
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obtained from strain gages bonded with symmetry to the
center of the notch. And B marks are the trend measured
on the back surface for the same specimen. Residual stress
in notched specimens were measured on the plane of the
maximum stress by using strain gages with gage length
0.3 mm. The peak value of tensile residual stress on the
front surface was decreased slightly due to the process of
notch. But the difference of the residual stress on the
front and back surface became smaller, and the symmetric
property of the stress to the center of notch was con-
firmed. '

3.2 Change of residual stress by cyclic load.

In notch field, initial residual stress is high, and may be
considerably relaxed due to plastic deformation when
external force is loaded.

Fig. 3 shows the experimental results to examine the
relaxation of initial residual stress by cyclic load in
notched specimen. Solid line means initial residual stress.
After nominal stress range Ao =206 MPa was loaded by
150 cycle, residual stress was measured. In Fig. 3, the
residual stresses shown by w and [J marks were measured
when cyclic load test was finished after tensile and com-
pressive load had been given. In any case, the residual
stress after relaxation was clearly small in comparision
with the initial value. Especially, tensile residual stress in
notch field was very relaxed. From the trend of the
residual stress shown by w and [ marks, it appears that
the residual stress after relaxation does not very change as
tensile or compressive load is given before finish.

Next, the relaxation model of residual stress is treated
for notch field only.

Fig. 4 shows the relation of local stress and strain in
notch field having residual stress under fully reversed
cyclic load condition. G ean tO act as mean stress after

<0
|- After cyclic load(R=-1,A0=206MPa,150cycle)
V¥ Finish after tension

O Finish after compression|

N
e
o

—

o

(=3
T

Initial_residual stress

=3
=]
T

Residual stress,MPa
3°

-801-

-1601

Distance from notch tip,mm

Fig. 3 Distribution of residual stress after cyclic load test in
notched specimen.
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Fig. 4 Relation of local stress and strain in notch field with
residual stress by cyclic load.

local stress and strain were stabilized by cyclic load was
calculated here by the following modelization. The
material constants obtained in the previous reportll) were
used to relate cyclic stress and strain. The approach can be
written as follows.
(1) (Initial residual stress) + (Maximum tensile load)
— Maximum tensile stress 0 pax (Point B in Fig. 4)
(2) (Maximum tensile stress Opax) — (Stress amplitude
Oamp by load amplitude) - Mean stress 6 mean (Point
D in Fig. 4)
The descriptions on two procedures are as follows.
(1) Calculation of the maximum tensile stress o max(X)
(Point B in Fig. 4) in notch field.

In order to calculate the maximum tensile stress when
maximum tensile load is given to notched strip having

residual stress, it is needed to superpose residual stress and
external force in any form. But as can be seen in Fig. 4, it
is difficult to superpose those in form of local stress.
Consequently, the maximum tensile load was superposed
to residual stress taken in form of external force. It was
tried to apply strain energy density as intermediary
quantity used in the first reportlz). And maximum tensile
stress Omax (x) in notch field was obtained from the strain
energy density W.

When W(0) was given by the strain energy density at
x=0 of notch tip, the distribution W(x), in which residual
stress was considered, could be written as follows.

W(x) = W(0)/(1 + gwp-x/p), X/[\/aop < 1.0 . ... (1.1)
where, W(0)=Kyw - W, . ... ... .. ... .. ... (1.2)
1—
Ky = K¢2 + ( 1+2 ) (K2 — ¢12 )Cw ... .. (1.3)
1 _
c‘,v=1+751n{%1<t(1;"5t 11)} ...... (1.4)
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¢=ESatorp/K)oyc ..o (1.5)
Wn=Ea+0p/K)?2E ... (1.6)

And S, is the stress amplitude in net section by external
force, O ;pk is the initial residual stress at the tip of notch.
Moreover gy, in Eq. (1.1) is the gradient of strain energy
density in notch field at elasto-plastic state, and is calcu-
lated by using notch shape and W(O)lz). If equivalent
stress is calculated from the strain energy density estimat-
ed by the above method, and then the maximum tensile
stress 0 max (x) of point B in Fig. 4 is obtained.

Also in the study by Lawrence et als), it had been tried
to replace residual stress with external force, and to
predict fatigue crack initiation life by estimating the
fatigue damage parameter at the spot of crack initiation.
But in the present study, it was tried to extend the
approach on the superposition of residual stress up to
distribution as well as a point.

(2) Calculation of mean stress 0 pean (x) (Point D in Fig.
4) in notch field.

For calculation of point C in Fig. 4, kinematic harden-
ing rule was used as a hardening rule of material. And it
was assumed that the size of yield surface is constant, and
diameter of the yield surface is 20y¢. Therefore, reversed
stress to be based on the point B in Fig. 4 decreases with
linear relation to strain as far as 2o0yc. Below 20y, the
reversed stress decreases with hardening rule depended
upon cyclic hardening exponent n’, and a point C can be
obtained.

Accordingly, ¢ of Eq. (1.5) and W, of Eq. (1.6) were
given by

S=(ASY20YC « + o oo .

Wo=(AS)2/2E . ..t

By using these parameter, strain energy density W(x) was
calculated. Equivalent stress to be determined from this
strain energy density W(x), becomes A¢(x), which is the
range between the stress of point B and point C. There-
fore, position of point C can be determined by cyclic
stress-strain  relation. Furthermore, when Gapp(x) =
AG(x)/2 is given, G pean (X) is obtained as follows.

Omean (X) = Omax(X) = Oamp(X) - ... ... ... ..
By calculation using the above approach, maximum
tensile stress O max(x), stress amplitude G4pmp(x) and
mean stress ¢ pmean(X) to be residual stress after relaxation
are indicated in Fig. 5. In the case of Fig. 5, the nominal
stress range Ao =206 MPa was given. And v and [J
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Circular notch(p=3.5)
g 400 |- —--— Calculated local stresses
Py Measured residual stress after cyclic load
o ¥ Finish after tension
5 350 [J Finish after compression
-
o N
9 300 \~\ Ginax
~—
~Z
250 ——
Ne e ———
\\
200+ -
\. ~
\‘ _ﬂ
150} S —
O ~~\__\
M hd
_ [
100~ Omean O
TN
50+
1 I I i 1 !
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Distance from notch tip,mm

Fig. 5 Various calculated local stresses and measured residual
stress after cyclic load in notch field.

marks are the experimental data refered from Fig. 3. It
may be difficult to compare directly 0ean(x) of solid
line and measured residual stress in Fig. 5. Because
0 mean (X) Was equivalent stress, but.measured residual
stress was obtained by multipling maximum principal
strain by elastic modulus. However, it may be mentioned
that estimated G eqan (x) corresponds well with measured
trend. '

In consequence, it was tried to employ the trend of
solid line in Fig. 5 as mean stress acting during fatigue
crack propagation.

4. Fatigue Crack Propagation in Notch Field
4.1 Effect of residual stress on crack opening ratio U

In this section, by evaluating effect of residual stress on
crack opening ratio U, it was intended to consider the
effect of residual stress on AJ,

If nominal stress is low, and a crack is long, then small
scale yield condition is satisfied. In this case, initial
residual stress may be considered as mean stress by assum-
ing that residual stress is not relaxed due to plastic de-
formation. That approach is very generalizedG'lo). The
feature of that approach can be said that stress ratio R is
not determined by only external forces, but is computed
by stress intensity factors considering residual stress. That
is to say, stress ratio R is computed as follows.

R = min * Kres @
rowrs SukiITTEREITERITRRIIN,

where, Ko is the stress intensity factor calculated by
initial residual stress.
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Therefore from Eq. (4), it can be mentioned that initial
residual stress is employed as mean stress. The stress ratio
R affects crack opening ratio U, and is considered in
determining AK g as follows.

AR =AK-UR,---) ... oo S

It was tried to extend the above approach based on
LEFM to the case which LEFM was not defined.

There are several reports to emphasize that crack
opening ratio U is affected stress level as well as stress
ratio R319 . In the present report, that approach was
extended and applied to notch field having residual stress.
For that approach, following hypotheses were given.

(1) Residual stress influences crack opening ratio U only.

(2) Crack opening ratio U depends upon two parameters
of stress ratio R and strain level € max (2)/€yC-

(3) Initial residual stress affects the €pax(a)/eyc, and
O mean (2) after relaxation.

(4) Stress ratio R depends upon both of external force
and residual stress 0 mean (2) after relaxation.

In order to obtain crack opening ratio U, evaluation on
the above (3) and (4) is needed.

At first, €mnax(a)/eyc could be calculated by using
initial residual stress, external force, notch shape and
material constants as shown in Fig. 4 (Point B) and Fig. 5
(dot-and-dash line). And stress ratio R was calculated by
Eq. (4). In Eq. (4), Kjax and Kpin were computed by
elasto-plastic stress in notch field when only external
force was considered. Moreover, Ko was obtained by using
residual stress O mean (2) after relaxation (solid line in Fig.
5). It was supposed that only crack opening ratio Ue was
determined by stress ratio R from Eq. (4). Practical
experimental results may be employed for the determina-
tion of the U,. But, in the present report the empirical
formulas by Katoh et al®) were used.

Ue=1.0/(15—R), R<05............. (6.1)
Ue=10,

Considering both of € max(a)/eyc of stress level and U
by stress ratio R, crack opening ratio U, as the previous
reportll), could be given as follows.

U=U, + (1 — Ug)tanh [0.7l0g {€max(a)/eyc +0.6}]
.................................. N

Fig. 6 indicates the trend of U obtained by experiment
and by estimation from Eq. (7). Measured data have some
scattering, but as a whole there is good correspondence
between the two trends of U. When external force is high,



Initial Fatigue Crack Growth (Report IV)

1.0r O ® Measured by clip gage & strain gage
0.9l Estimated by Eq.(7)

fe) o
0.8/ ©0

@UO_QOO___————

L™ ..I—LI_._
Ao=306MPa

0.5 L ! L ! 1 L
0 0.5 1.0 1.5 2.0 - 2.5 3.0 3.5
Crack length from notch tip, mm

0.7+

Crack opening ratio U

0.6 \Ao=153MPa

Fig. 6 Crack opening ratio U measured and estimated in notch
field with residual stress (p = 3.5).

the U becomes low as crack grows because of large de-
pendence on € % (a)/eyc rather than on R or U,. While
in the case of low load, because the U depends mainly
upon R or Ug, the U becomes high as crack grows.

In consequence, crack opening ratio U could be calcu-
lated by considering residual stress, and then the crack
extension force AJ, as the previous report, could be
obtained as follows.

AJ = AJe = AKeg? JE = (UAK)?E, ¢, < 1.0 . .. (8.1)

AJ 1 Sy h(n")Cy
- = — n L _

AJe 10 + CN27T {¢a n l } ¢a2 ]
Ga>1.0 o (8.2)

where, ¢, = AT (2)/20yC

4.2 Characterization of initial crack propagation rate in
notch field

In this section, experimental results on initial crack
propagation in notch field were characterized by crack
extension force.

Fig. 7 (a) (b) show the initial crack propagation rates
arranged by AK. In this case, both effects of elasto-plastic
behavior and residual stress were disregarded. (a) shows
the case in the circular notch field (p =2.5 mm) that
residual stress is not existent as referred in the third
reportll). On account of disregard for only elasto-plastic
effect, initial crack propagation rate approaches to the
master curve as crack becomes long and then AK becomes
high in each nominal stress level. However, in (b) of the
case that residual stress is existent, initial crack propaga-
tion rate does not approach to the master curve although
crack becomes long and then AK becomes high in each
nominal stress level. This tendency could result from the
disregard of residual stress as well as elasto-plastic effect.

Fig. 8 (a) (b) are the initial crack propagation rates
arranged by AJ. In Fig. 8, only elasto-plastic effect was
considered, but residual stress was disregarded. In (a) of
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Load control (R=-1)
for SS41 without residual stress
Circular holes (p=2.5, K¢=2.7)

_E? Nominal stress range (MPa)
1 A 153
< 214

® 255
O 334

R AL T IIHIIII T TIT

IR

Crack propagation rate da/dn, m/cycle

UNERERRL|

A
A Trend for long cracks
o without residual stress
ol 111 L I Loy
6 10 50 100

AK, MPavm

(a) Without residual stress

9 ]OE Load control (R=-1)
g ~ for SS41 with residual stress
O B Circular holes (p=3.5, K¢=2.7)
E s Nominal stress range (MPa)
0E 153
e = O 206
3 - e 255
o - O 306
S L
-6
L2 joE
I} =
=~ -
= r
hel ~
=]
=7
o T0E
[v] )
8. r
& _F a°
f 10 & A
®© = Trend for long cracks
6 r without residual stress
T ! TR S N R B
5 10 50 100

AK, MPavm
(b) With residual stress

Fig. 7 da/dn vs. AK calculated in disregard of residual stress in
notch field.

the case that residual stress is not existent, the initial
crack propagation rates correspond well with the master
curve. While, in (b) of the case that residual stress is ex-
istent, the lower the load is and the longer the crack from
notch tip is, the more the initial crack propagation rates
are deviated from the master curve. This tendency may be
caused by the relaxation of initial residual stress. That is
to say, the lower the load is and the longer the crack is,
the smaller the initial residual stress is relaxed. Because of
just this reason, the effect of residual stress on initial
crack propagation varies with load level and crack length
from notch tip. On the other hand, when load level
is high in Fib. 8 (b), initial crack propagation rates be-
come close to the master curve. This tendency can be
caused by not only the large relaxation of residual stress,
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Load control (R=-1)
for SS41 without residual stress
Circular holes (p=2.5, Ki=2.7)
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(a) Without residual stress

Load control (R=-1)
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(b) With residual stress

Fig. 8 da/dn vs. AJ calculated in disregard of residual stress in
notch field.

but also that crack propagation rate in high propagation
rate region is not much susceptible to stress ratio R17.

In Fig. 7 (a) and Fig. 8 (b), the deviation of initial
crack propagation rate from the master curve was examin-
ed for crack length.

In Fig. 7 (a) of the case that residual stress is not
existent, because elasto-plastic effect is disregarded, the
shorter the crack is, the more the deviation is. While in
Fig. 8 (b) of the case that the residual stress is existent,
because elasto-plastic effect is considered, but residual
stress is not done, the longer the crack is, the more the
deviation is. This is contrary to Fig. 7 (a).

From the above examination, it can be mentioned that
if notch field with residual stress takes elasto-plastic
behavior, initial crack propagation rate is affected by both
of elasto-plastic behavior and residual stress.
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Fig. 9 da/dn vs. AJ calculated in consideration of residual stress in
notch field.

Fig. 9 shows the relation of AJ-da/dn in notch field
with residual stress. This AJ was computed by considering
residual stress in notch field as shown in Eq. (4) ~ (7) and
Eq. (8). As a whole, initial crack propagation rates coin-
cide well with the master curve obtained from long crack
propagation property of the material in elastic state. It
can be referred that initial crack propagation rate can be
characterized by AJ regardless of nominal stress level,
crack length and residual stress.

In consequency, initial crack propagation rate in notch
field with residual stress may be predicted by the relation
of AJ.da/dn for long crack in the state which residual
stress is not existent. '

4.3 Discussion

When the small scale yield condition is satisfied and
tensile residual stress is considered for crack extension
force, effective stress intensity factor range AKqsr may be
used. It was discussed to apply AKegr for notch field taking
elasto-plastic behavior. In this case, the AK s may be
obtained by two methods as follows.

AKer=UAK . . .. .. (9.1)

AKesr = AT cr(a) v/ma-Cy
= {UAG (a) }+/7ma-Cn

In Eq. (9.1), AK is computed in disregard of yielding in
notch field (Yield strength of material is not used),
namely AK is obtained by assuming only elastic be-
havior. But, in Eq. (9.1), crack opening ratio U can be the
consequent measure upon elasto-plastic effect and residual
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stress. That is to say, in order to obtain one parameter of
AKegr, the two behaviors (elastic and elasto-plastic) are
considered,

Employing Eq. (9.2) in which elasto-plastic stress
Ag (2) in notch field is used, right term of Eq. (8.2) to
calculate AJ becomes 1.0 regardless of elasto-plastic effect.
Therefore, in cyclic plastic zone of notch field, small
crack extension force is given.

Fig. 10 indicates that the effect of residual stress on
crack extension force in notch field varies with stress
level. The crack extension force computed in disregard of
residual stress was given by AJ,, and that considering
residual stress was given by Alye. If the ratio of Al to
AJq becomes to 1.0, the effect of residual stress becomes
to vanish. The ratios for two different nominal stress
range (Ao) were compared in notch field. The ratio is
higher at Ao =153 MPa than at Ag =306 MPa. Namely,
when nominal stress range is low, the effect of residual
stress may becomes significant. And the ratio as a func-
tion of crack length (or distance from notch tip) becomes
higher as crack propagates. Namely, when a crack is shbrt,
and propagates in high stress field of notch, the effect of
residual stress may become insignificant. In the case of
Ao = 306 MPa, when crack is short, the ratio becomes
close to 1.0. This endorses to some extent that Lawrence
et al®) disregard the effect of residual stress on initial
“crack propagation in notch field. However, the error
resulted from that residual stress is ignored, may become
greater as local stress becomes lower.

5. Conclusions

In order to evaluate the effect of residual stress on
initial crack propagation in notch field, center notched
strips having tensile residual stress in the center were used
for fatigue tests (R=—1). The crack extension force AJ was
calculated in consideration of tensile residual stress in
notch field. And it was tried to characterize initial crack

Load control(R=-1) for SS41
Circular holes(p=3.5,K:=2.7)
0 AJres:with residual stress

AJo :without residual stress

ES
(=)

w
(&)
T

\_Ao=163 MPa

w
o

Mres/0Jo

~n
v

2.0 Ac=306 MPa

1.0 1 | ! 1 | L
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Distance from notch tip, mm

Fig. 10 Effect of residual stress on fatigue crack extension force
AlJ.

propagation rates by using the AJ.
The main results are as follows.

(1) It was confirmed with experiment that tensile re-
sidual stress to exist in notch field is relaxed by
plastic deformation, and only part of the stress
persist. The present model for this relaxation cor-
responded comparably with experimental results (Fig.
5). '

(2) In initial crack propagation in notch field, elasto-
plastic effect was distinguished when local stress
range was high, but the effect of residual stress was
significant when local stess range was low (Fig. 7 (a),
Fig. 8 (b) and Fig. 10).

(3) Crack opening ratio U was estimated in consideration
of residual stress. Crack extension force AJ was
calculated by using the U in notch field. And, by
applying the AJ, initial crack propagation rate in
notch field corresponded well with the master curve to
be long crack propagation property in the material
without residual stress.
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