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Initial Fatigue Crack Growth Behavior in a Notched Component

(Report M)t
—Effect of Cyclic Yield Strength—

Kohsuke HORIKAWA* and Sang-moung CHO**

Abstract

The present report was intended to evaluate the difference of initial fatigue crack propagation rate between mild
steel and high tensile strength steel in notch field subjected-to high stress.

The two used materials (SS41, HT80) had similar chatacteristics in long crack propagation (R =—1) when small
scale yield condition was satisfied. However in low cycle (high stress) region (R = —1), initial fatigue crack propagation
rate in center notched strip of SS41 was higher than that of HT80. This characteristics might result from elasto-plastic
effect on fatigue crack propagation. By application of AJ calculated in this study, the elasto-plastic effect could be

evaluated.

As the results, it would be mentioned that initial fatigue crack propagation rate in notch field taking elasto-plastic
behavior can be estimated from master curve of long crack by using AJ in which cyclic yield strength of material is con-

sidered,

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

(Cyclic Yield Strength) (AT)

1. Introduction

In the case of considering fatigue crack initiation life in
structural discontinuity (Notch) which is free from defect,
the difference of fatigue strength between mild steel and
high tensile strength steel in low cycle region of S-N curve
can be interpreted by local mechanical quantity and cyclic
material constants! 4.

However, the difference of initial crack propagation
rate between mild steel and high tensile strength steel in
notch field subjected to high stress may have not been
clarified till now with fracture mechanics.

When fatigue crack propagation life is evaluated by AK
based on LEFM, elasto-plastic effect of materials due to
high stress is not considered, because the behavior of
material is assumed to be linear elastic.

Therefore, in the previous reports), crack extension
force AJ in notch field was evaluated by considering
elasto-plastic effect and crack closure behavior. The ap-
plicability of the AJ was confirmed by fatigue tests
(R = —1) to center notched strips.

The present report is intended to evaluate the difference
of initial fatigue crack propagation rate between mild steel
(SS41) and high tensile strength steel (HT80) in notch

field subjected to high stress. These two steels (SS41,
HT80) were tested to investigate long crack propagation
characteristics when small scale yield condition was
satisfied. Initial crack propagation tests to two kinds of
notched strips made of the steels were performed. And
the effect of cyclic yield strength on initial crack propaga-
tion rate was examined.

2. Specimens and Experimental Procedure

The materials used in experiments were mild steel
(SS41) and high tensile strength steel (HT80). 4 kinds of
specimens shown in Fig. 1 were tested. Smooth specimen
of Fig. 1 (a) was used to investigate cyclic stress-strain re-
lation obtained by the companion specimens method,
in which axial strain was controlled (Re=—1). Center
cracked specimen of Fig. 1 (b) was tested to investigate
long crack propagation characteristic which was used as
the master curve of the material. Center notched specimens
(2B = 36mm) of Fig. 1 (c) was tested to observe initial
crack propagation behavior in notch field. As shown in
Fig. 1 (c), the notch root radius p of elliptical hole was
0.25mm (Kt = 6.0), circular hole was 2.5mm (Kt =2.7).
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Fig. 1 Configuration of specimens.

All notches were processed by electrodischarge.

All crack propagation tests for center cracked and
notched specimens of Fig. 1 (b) (c) were carried out under
‘constant amplitude of fully reversed axial load control
(R = —1). Load speed of sine wave was 0.5 ~ 10 Hz.
Crack length was measured on both surface of front and
back by travelling microscope (X50). All tests were per-
formed at ambient room temperature.

3. Experimental Results and Discussion
3.1 Cyclic stress-strain relation of the materials

Fig. 2 indicates the relation of stress and strain ampli-
tude at the half of failure life in the companion specimens
method for smooth specimens of Fig. 1 (a). The dot-and-
dash lines in Fig. 2 mean monotonic stress-strain curves by
tensile tests.

HT80 steel showed cyclic softening property. SS41
steel was softened in the region of low strain amplitude
(about 0.2%), but hardened in the region of high strain
amplitude. As a general trend on the two cyclic stress-
strain curves, HT80 showed considerably higher strength
than SS41.

As the relation of stress amplitude o, and strain am-
plitude €,, which is used to calculate AJ, piecewise power
hardening rule was used as follows.

65 = Ee, ;02 SO0y (1.1

(0al0yc) = (ealeyo™ O 0yC e (1.2)

where, eyc = oyc/E
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The results of cyclic load tests were applied to Eq. (1),
and then the solid lines in Fig. 2 were used as the cyclic
stress-strain curves of two materials. And in Table 1
material constants for the solid lines are given.

900 ~—-— Monotonic tensile test

® ®m Cyclic load test
800 (Companion specimens method)

MPa

700+

Oa,
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500 [
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300(
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Fig. 2 Relation of cyclic stress-strain in HT80

Table 1 Material constants in cyclic stress-strain
curve

Material| E(GPa) | oyc(MPa) n'

HT80 205.8 480.0 0.167
SS41 205.8 205.0 0.25

3.2 Long crack propagation properties for materials

In this section, when small scale yield condition was
satisfied in center cracked specimen of Fig. 1 (b), long
crack propagation rate was evaluated. Load condition was
limited so that the small scale yield condition could be

satisfied as followsG).

0.80yg 2 Prﬂax/(A)liga .................. )

where, oyg indicates monotonic yield strength by
0.2% off-set.
HT80: oyg =676 MPa
SS41:  ogyg =305 MPa
Prax: Maximum tensile load
(A)jiga: Sectional area of uncracked ligament
Crack propagation rate was evaluated after a crack was
grown over 1.5mm from the slit tip.

Fig. 3 shows the characteristics of long crack propaga-
tion rate for SS41 and HT80. AK was calculated from
Kmax-Kmin, the effect of crack closure was disregarded.
In the region of low AK, crack propagation rate of SS41
was lower than that of HT80. However it was regarded
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that the crack propagation rates in the linear parts of the
two curves were almost the same. This is similar to the
general tendency that appears when mechanical properties
such as yield strength are different in various structural
steels’ ),

10 Load control(R=-1)
Data for long cracks

Crack propagation rate da/dn. m/cycle

Lol

50 100
AK, MPavm

Fig. 3 Relation of AK-da/dn for long cracks.

In Fig. 4, the characteristics of long crack propagation
rates were ‘evaluated in consideration of crack opening ratio
U for two materials. AJ could be obtained from AJ =
AKes2/E = (U AK)?/E when plane stress state was pre-
sumed. The crack opening ratio U was obtained by the
following empirical formular, which was derived by some
modification and simplification of the empirical formulars
in the previous report (R = —1)°).

Load control{R=-1)
Data for long cracks

Crack propagation rate da/dn, m/cycle

O
£l
0 o ol il
20 100 1000 10000
AJ, J/m?

Fig. 4 Relation of AJ-da/dn for long cracks
considering crack opening ratio.
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U = U, + (1-Up) tanh {0.710g (emax/€yc + 0.6)}

Where, €yax is nominal strain at the maximum tensile
load. U, is crack opening ratio at epax/€yc = 0.4 in
elastic state. Ue for HT80 was 0.42 (R = —1), and for
SS41 was 0.4 (R=-1).

In Fig. 4, it is recognized that the difference of long
crack propagation characteristics for two steels are de-
creased by adopting AJ rather than AK. Namely, even
though monotonic and cyclic yield strength of two steels
are different, it can be confirmed that the characteristics
of long crack propagation, when small scale yield condi-
tion is satisfied, are nearly the same.

3.3 AK- da/dn relation in notch field

The small scale yield condition is not satisfied in the
case of initial fatigue crack in notch field which behaves
elasto-plastically. This initial fatigue crack propagation
rate was evaluated by AK so that the effect of cyclic yield
strength on initial crack propagation is manifested. In this
case, AK was calculated from the following formula using
nominal stress range Ag>)» - 10),

AK=Ao/w(atag)F@) ................
where, a is crack length from notch tip

ay is notch length
F (a) is the geometric correction factor

Material constants are not involved in Eq. (4), and the
AK is governed by nominal stress which is linearly propor-
tional to external load, and governed by the geometry.

Fig. 5 (a) (b) show the relation of AK-da/dn in notch
field of elliptical hole (p = 0.25) for HT80 and SS41. Each
solid line is master curve which is obtained from the
characteristic of long crack propagation on each material
in Fig. 3. And initial crack prbpagation rate in notch field

was evaluated till crack length a from notch tip becomes

\Vaop, because the notch field had been defined as the
range from notch tip to+/ag p in the first reportll).

From Fig. 5, it can be mentioned that the extent to
deviate from master curve is more remarkable in SS41
than in HT80.

Fig. 6 (a) (b) indicate the relation of AK-da/dn in
notch field of circular hole (p = 2.5) for HT80 and SS41.
Also in Fig. 6, the extent to deviate from master curve is
more distingished in SS41 than in HT80. From this
tendency, it can be examined that the effect of elasto-
plastic behavior on initial crack propagation in notch field
is greater in SS41 which have lower cyclic yield strength
than in HT80 which have higher that. Moreover, in Fig. 5
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Fig. 5 Relation of AK-da/dn for initial cracks
in notch field (o = 0.25)

and Fig. 6, the lower nominal stress level is, and the longer
crack length from notch tip is, the closer the characteristic
of initial crack propagation is to the trend of master
curve. This tendency mean that elasto-plastic effect
depend on stress distribution in notch field when crack is
not existent. The stress distribution is the function of
nominal stress level, notch shape and material constants
(mainly cyclic yield strength). Therefore, it can be said
that elasto-plastic effect on initial crack propagation is
controlled by above three factors.

Especially, in the two materials which have nearly same
characteristics of long crack propagation, even though
notch shape and nominal stress level are the same, elasto-
plastic effect in SS41 is more conspicuous than in HT80.
This may result from that cyclic yield strength of SS41 is

Transactions of JWRI
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Fig. 6 Relation of AK-da/dn for initial cracks
in notch field (o = 2.5)

lower than that of HT80.

In consequence, the effect of cyclic yield strength on
initial crack propagation rate in notch field could be
confirmed directly.

3.4 AJ-da/dn relation in notch field

In this section, AJ was used for correlating initial crack
propagation rates in notch field.

Crack opening ratio U to consider elasto-plastic be-
haviour of notch field was used for calculating AJ. It
may be reasonable to use the measured U for calculating
AJ. But it may be difficult to measure the U for engineer-
ing structures. Therefore, the empirical formular Eq. (3)
can be used for estimating the U. To apply Eq. (3) for
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notch field, equivalent strain €p,x(a) at crack tip cor-
responding point in maximum load when crack is not
existent, was substituted for ey, t0 be maximum nominal
strain.

If crack opening ratio U is obtained as the function of
crack length in notch field, then AT¢rr(a) = UAT (a) can
be estimated. When plane stress is assumed, and ¢, =
AT (a)/2 oyc is given, AJ can be calculated as follows™.

AY =AJe = MKefs? [E= {CnATetr(a) v/ ma}? [E,

Pa <10 o (5.1)
AJ h(n")C,y
= 1+n")/n’ _
AT, 1.0 o’ {p,(1+n)/n" _1} PR
Ga>10 oo (5.2)

where, Cy is the geometric correction factor based on
equivalent stress in notch field.
h(n") is the function of He and Hutchinsonlz), and
controlled by material, stress state and geometry.
In the case of small edge crack in semi-infinite
plate, h(n’) = 10.04(HT80), h(n") = 8.12(SS41).
Cp is the plastic constraint coefficient and given

by,

1 2
Cp:tanh{T m } ........... (6)
Fig. 7 (a) (b) show the relation of AJ-da/dn in notch
field of elliptical hole (p = 0.25). Fib. 8 (a) (b) are that of
circular hole (p =2.5). Each solid line is master curve
obtained from long crack propagation (AJ-da/dn) for each

Load control {R=-1) for HT80
Elliptical holes (p=0.25)

-5 Nominal stress range(MPa)
10 A 153

e 255

v 397

O 504

Crack propagation rate da/dn, m/cycle

—1100 [ERET S RTINS BN A NIt ]
20 100 1000 10000

Ad, J/m?

(a) HT80 (p=0.25)

material as shown in Fig. 4.

From Fig. 7 and Fig. 8, it can be found out that the
deviation from master curve is very small regardless of
nominal stress level, geometry and material. Namely,
fatigue crack propagation rate from initial to long crack
can be evaluated by AJ regardless of the satisfication of
small scale yield condition and of cyclic yield strength
level. Because the parameters on elasto-plastic effect and
cyclic yield strength are taken into account in calculating
AJ as shown in Eq. (5).

As a result, initial crack propagation rate in elasto-
plastic notch field is able to predict by using master curve
if AJ is determined.

3.5 Discussion

Fig. 9 shows the appearance of strain gages to observe
elasto-plastic behavior of notch field having a crack. Load
direction is y-direction, and then ey measured by strain
gages in Fig. 9 is perpendicular to load direction.

In Fig. 10 (a) (b), elasto-plastic behavior of notch field
(p = 0.25) having fatigue crack is compared for the two
materials. Fig. 10 (a) is P — e, diagram obtained from the
state that nominal stress range Ao = 397 MPa was loaded
to HT80. Fig. 10 (b) is also P — ¢4 diagram when Ag =
334 MPa was loaded to SS41. Nominal stress range was
lower in SS41 than in HT80. However, in the case of
crack length a=0.26 mm in SS41, remarkable elasto-
plastic behavior can be recognized from the large hysterisis
loop. But, when crack length a is 1.93 mm in SS41, elasto-
plastic behavior is very decreased.

-4
10

Load control (R=-1) for SS41
Elliptical holes (p=0.25)
-5 Nominal stress range(MPa)
10 A 153
Q214
e 255
O 334 /
-6
10
&>

Crack propagation rate da/dn, m/cycle

-10
1oL 1t Lol Lol |
20 100 1000 10000

AJ, J/ml

(b) SS41 (p=0.25)

Fig. 7 Relation of AJ-da/dn for initial cracks in notch field (o = 0.25)
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Fig. 8 Relation of AJ-da/dn for initial cracks in notch field (o = 2.5).

Fig. 9 Location of strain gages to obtain P — ex
hysterisis loops

By the way, for each crack length in Fig. 10 (a) (b),
¢, = Ao (a)/20yc was calculated, and indicated in Table
2. The stress range Ao (a) was, as aforesaid, equivalent
stress range at the crack tip corresponding point when
crack was not existent. When a crack was grown over
notch field (=+/aop), AG (a) was determined from AP/
Apet (Apet: net sectional area when crack was not ex-
istent). Considering Fig. 10 (a) (b) and ¢, in Table 2, in
the case that ¢, is higher than 1.0, loading and unloading
path is different, and hyterisis loop is depicted. From Fig.
10 (a) (b), each crack propagation rate for a=0.32 mm
(HT80) and a=0.26 mm (SS41) in notch field was
indicated by attaching an arrow on AK — da/dn relation
in Fig. 5 (a) (b). It can be regarded that the extent to
deviate from master curve depend upon the level of ¢,.

From the above discussion on elasto-plastic behavior of
notch field having a crack, the two followings are able to
be mentioned.

(1) If notch field having initial crack takes elasto-plastic

144

0,0375%
X 0.03%
P’
_ - - = - -

0.0067%
0.0075

a=0.32 a=2.46

(a) HT80, A0=397 MPa

a=0.26 a=1.93

(b) SS41, Ac=334 MPa

Fig. 10 Comparision of elasto-plastic behavior
between HT80 and SS41 in notch field
with fatigue cracks (p = 0.25)

Table 2 Normalized local stress level at crack
tip corresponding point (o = 0.25)

HT80 SS41

0.26 1.93
1.54 0.95

¢a=A6(a)/2CYC

behavior, and then elasto-plastic effect appears in
crack propagation.

(2) The aforesaid three factors governing the elasto-
plastic effect, namely nominal stress level, geometry
and material constants, can be evaluated inclusively
by ¢, = A0 (a)20yc-

Fig. 11 (a) (b) show the relation of da/dn and crack
length, and of AJ and crack length in circular notch field
(p=12.5) of the two materials. Nominal stress range Ag
was 255.0 MPa in all cases of Fig. 11. When crack is not
initiated, the notch tip of HT80 takes elastic behavior, but
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in notch field of SS41 cyclic plastic zone is developed
because cyclic yield strength of it is lower than HT80.
Moreover, initial crack in HT80 grows into elastic zone,
but in SS41 does into cyclic plastic zone formed previous-
ly by stress concentration of notch. In consequence, as
shown in Fig. 11 (a) initial crack in SS41 propagates with
higher rate than in HT80. Fig. 11 (b) inidicates variation
of AJ in notch field in the same case. This trend on AJ
corresponds well with that on da/dn of Fig. 11 (2). And as
crack length becomes long, da/dn and AJ in SS41 close to
those in HT80. This trend result from that as a crack
grows into elastic zone after it passes through plastic zone
of notch in SS41, and crack propagation turns into to be
not contributed by elasto-plastic effect.

4. Conclusions

In notch field taking elasto-plastic behavior, the effect
of cyclic yield strength on initial crack propagation was
examined. The used materials were HT80 and SS41. Fully
reversed (R = —1) fatigue tests were carried out.

The main results are as follows.

(1) When small scale yield condition was satisfied, the
characteristics of long crack propagation in SS41 and
HT80 became nearly the same in spite of different
monotonic and cyclic yield strength. (Fig. 3 and Fig.
4) :

When initial crack propagation rate was evaluated by
AK, deviation from the master curve was more
remarkable in SS41 than in HT80 although the same
nominal stress and notch geometry. This means that

)
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elasto-plastic effect contributes more to SS41 than
HTS80 because cyclic yield strength of the former was
lower than the latter. In consequence, the effect of
only cyclic yield strength on initial crack propagation
could be confirmed in notch field. (Fig. 5 and Fig. 6)
By using AJ to take cyclic yield strength into con-
sideration, the initial crack propagation property
coincided well with the master curve. (Fig. 7 and Fig.
8)

Elasto-plastic effect on initial crack propagation in
notch field could be evaluated very inclusively by
6, = AT (a)/26yc. (Fig. 10 and Table 2)
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