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Cyclic Hardening Property and Low Cycle Fatigue Behavior of

Aluminum AlloysT

Kohsuke HORIKAWA *, Sang-Moung CHO **

Abstract

Fatigue crack initiation life of a structure may be determined by local mechanical conditions such as local stress
andfor strain, and by local material properties. The present work is intended to predict fatigue crack initiation life of a
structure by means of local fatigue concept and fatigue behaviors of smooth specimens. 4 kinds of Al alloys were tested
to investigate the cyclic hardening properties and failure lives by strain control fatigue tests. Load control fatigue tests
were performed to observe crack initiation behaviors in notched specimens (K, = 2.3). The effect of cyclic hardening
properties on local bahaviors in notch tip was also discussed.

KEY WORDS:

1. Introduction

Various stress concentrated areas (stress concentra-
tions) or notches may be formed in structures at the stage
of design and manufacturing.

In the stress concentrations, high stresses occur, and
mechanical properties of materials can be also changed.

Generally, in the case of the structures loaded cyc-
lically, fatigue cracks are initiated in these stress con-
centrations.

It is said that fatigue life of structural components is
composed of two parts: crack initiation and crack pro-
pagation life. The latter for long cracks can be evaluated
by application of fracture mechanics,) though that is not
simple for components of complicate structures. But, for
crack initiation and propagation life of short cracks at
early stage in notch tip, it is very difficult to estimate the
lives separately because the shape of notches, stress level
and material properties affect them.2 =%

Accordingly, it is usually considered that crack ini-
tiation life includes even propagation life of short
cracks.*~7)

On the other hand, crack initiation life of a structure
may be determined by local mechanical quantity such as
local stress and/or strain, and by local materials or char-
acteristic of the material properties change under cyclic
load, by so-called local fatigue behavior. Therefore, it
seems that the local fatigue behavior should be, especially

(Notch) (Fatigue Crack Initiation) (Low Cycle Fatigue) (Cyclic Hardening Property)

over the range of low and medium cycle fatigue, consider-
ed in the design of materials as well as fatigue design and
manufacturing of structures subjected to cyclic load.

It is worthwhile to mention that, if local mechanical
quantity of a component with notch and mechanical
quantity of a smooth specimen are the same, crack
initiation life of the former is nearly equal to failure life
of the latter.8—19) The present work is based on this con-
cept. Although there are some problems on the concept,
that has been used until now because of the simplicity of
the application procedure. The cyclic stress-strain curves
and failure life curves of smooth specimens must be
obtained basically. And if local mechanical quantity of a
notched component is given, crack initiation life of it can
be estimated immediately.

It is the objective of this study to investigate the cyclic
hardening properties of 4 kinds of Al alloys, to compare
the failure life of smooth specimens with crack initiation
life of notched specimens, and to examine local strain
amplitude ea6)’8) and fatigue damage parameter PSWT9—10)

as local mechanical quantity in notched specimens.

In practice, smooth specimens were tested to obtain
cyclic stress-strain curves by the incremental step test, and
to get failure life curves by the axial strain control (R,
= —1). For notched specimens, fatigue tests by axial load
control (R, = —1) were carried out to investigate crack
initiation behavior.

The effect of cyclic hardening property on local
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mechanical quantity in notch tip was discussed.

2. Materials and Experimental Procedure

The specimens used in the experiments were plates.
The kinds of materials were A5083-0 and A7NO01-T4
which were used mostly in welded structures, and A7178-
T6 and A7016-T6 which had very high strength. Chemical
composition of material is given in Table 1.

According to ASTM E606 (1983), the smooth speci-
mens which were used in cyclic load tests and low cycle
fatigue tests by axial strain control were shaped as shown
in Fig. 1 (2). The notched specimens tested by axial load
control had a center hole with 2.5 mm root radius, and
also two small grooves with 1.0 mm root radius in both
sides of it as shown in Fig. 1 (b). These grooves were
needed to measure the range of notch displacement by
ring type clip gage.

Elastic stress concentration factor K, of the notch was
2.3 by elastic FEM. Elastic FEM analysis was carried out
under plane stress condition and minimum size of trian-
gular element was 0.3 mm that was about 0.1 R1 (R1 is
root radius of the center hole).

Cyclic load tests of smooth specimens were performed
by clip gage with gage length 10.0 mm. The cyclic stress-
strain curves were determined by means of incremental
step test in which maximum value of total strain ampli-
tude were 1.4% and strain rate was 0.004/sec.

To obtain failure life curves of the smooth specimens,
low cycle fatigue tests were conducted also by the axial
strain control (R = —1) with strain rate 0.003—0.005/sec.

To diminish the influence of dynamic creep strain,
fully-reversed axial load (R, = —1) were applied to the
notched specimens with load speed 0.3—-2.0 Hz.

Table 1 Chemical compositions of materials (wt%)

Materials Si Fe Cu Mn Mg Cr Zn Ti Zr
A5083-0 0.13 0.21 0.02 0.64 4.51 0.13 0.01 0.01 -
A7TNO1-T4 {0.05 0.13 0.09 0.5 1.2 0.23 4.79 0.02 0.1
A7016-T67]0.07 0.18 0.6 0.05 1.5 0.01 53 0.01 0.12
A7178-T6%|0.07 0.18 1.8 03 26 0.2 6.5 001 -

#: Aging treatment (120°C X 24 Hr)

R.D

20
0

_I t=6.0

/<R:12

(a) Configuration of smooth specimens

200

R.D
R2:1.0
L Q:_Fu:z.s

(b) Configuration of notched specimens

t=5.0

30

Fig. 1 Configuration of specimens (unit: mm)
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All tests were performed on servo-hydraulic system
(SHIMAZU, dynamic capacity 5.0 TON), and at ambient
room temperature.

3. Results and Discussion

3.1 Cyclic stress-strain response

Fig. 2 shows monotonic and cyclic stress-strain curves
for all tested materials. In Fig. 2, monotonic and cyclic
behavior are indicated by solid and dashed lines respec-
tively. In each cyclic stress-strain curve, the stress amp-
litude o, versus the corresponding strain amplitude €, was
obtained at half-life of failure blocks.

It is clear that A5083-0 and A7NO1-T4 show remarkable
cyclic hardening, but A7178-T6 and A7016-T6 do not
reveal obvious cyclic hardening or softening.

The response of materials as Fig. 2 can be written as
following equation (1) and (2)

1

Monotonic response: € = —g: + (—g—)" 8]
1,
Cyclic response: €, =—ZL + (%)n 2)
Ae Ao
where €;,=—— , 0,5—(—
2
(M) :Monotonic A7178-T6/(C)
(C):Cyclic oD
640} P
A7178-T6( M)
= 560t
=
2 A7016-T6(C)
S 4801 B
5 _pn==
A AT016-T6(M)
a00F —A_X—_AZNG-TA( C)
Y.t
’A’/A o Ké_s(_n:;'o (C )
320f " 5.0 °
/0,
A7NO-T4 M)
240r
160k A5083-0(M)
80r
1 L 1 1
0 0.005 0.0l 0.015 0.02
Strain
Fig. 2 Comparision of monotonic and cyclic stress-strain
behavior.
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As shown Table 2, material constants were determined by
least square method, their valid range was as follows:
Monotonic response: € <3.5~ 8.0%
Cyclic response: €, <14%,

Table 2 Results of monotonic and cyclic tests

Monotonic test Cyclic test l

Materials m

E 0Oy Oy " c o oYC

(GPa) (MPa) (MPa) (MPa)

AS5083-0 | 68.6 1720 320.5 514.5 0.194 | 481.9 0.073 305.8
ATNO1-T4| 71.6 254.0 399.8 466.0 0.104 | 547.3 0.072 350.1:
A7016-T6 | 71.6 434.7 494.0 558.8 0.04 | 555.3 0.038 439.3]
A7178-T6 | 71.6 618.6 665.9 761.1 0.032] 851.1 0.045 642.3|

#:0yc=C' (0.002)7

Table 2 shows that, in the same manner of steel'!), strain
hardening exponent » in monotonic response varies con-
siderably with the kind of material, but cyclic hardening
exponent n' in cyclic response does not vary so much.

Examining the relation of yield ratio YR (= oy/0y,)
and cyclic hardening properties of materials, A5083-0 and
A7NO1-T4 with YR of 0.54 and 0.64 were hardened
significantly by cyclic load, but A7178-T6 and A7016-T6
with YR of 0.93 and 0.88 revealed nearly stable behavior.

Commonly, in metallic material which has not Liiders
strain, it shows cyclic hardening if YR of it is below 0.71,
but it does cyclic softening if YR of it is above 0.84,
between two values it does stable behavior'?). It was also
confirmed through the present experiment that yield ratio
YR, which can be obtained by monotonic test, may be an
index by which cyclic hardening property of material can
be judged.

3.2 Low cycle fatigue of smooth specimens by strain
control

Deformation of material in plastic zone is constrained
by elastic material around it when plastic zone at notch
tip is small. For that reason, it is generally known that the
behavior of the material in the plastic zone becomes
nearly strain control fatigue even though load control
fatigue.3»3) Based on this concept, fatigue test by strain
control is carried out for smooth specimen when crack
initiation life of notched specimen is compared with fail-
ure life of smooth specimen.

Fig. 3 shows hysterisis loops from 1st to 8th cycle of
A5083-0 when total strain amplitude e, of 0.6% was ap-
plied with constant value. Seeing that stress amplitude
becomes higher in spite of constant amplitude of total
strain, cyclic hardening is remarkable in this case.

The stress amplitude is changed violently at early stage,
but becomes stable gradually. In this way, stable condi-
tion may be accomplished until half of failure life as
shown in Fig. 4.

However, if plastic strain does not occur from the first
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Fig. 3 Hysterisis loops from 1st to 8th cycle at ¢, = 0.6%

(A5083-0)
4 -
00* —as083-0 JE£a=0.59%
[ --—-AmNO1-T4 - £ta=0.6%

0F e T X €ta=0.44%

€ta=0.25

o
= =]
T

PR L |
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n
o
(&)

i 1 i
103 104
Number of cycles

Fig. 4 Change of stress amplitude versus number of cycles in
strain control fatigue test.

cycle, as €,=0.25% of A50830 and ¢,=0.33% of
A7NO1-T4 in Fig. 4, stress amplitude hardly changes. It is
well known that cyclic hardening or softening needs
plastic strain which is applied reversibly.!?) A part of the
concept was validated through the present work.

Fig. 5 shows the relation of total strain amplitude €,
and failure life Ny for smooth specimens by fully-reversed
strain control.

In Fig. 5, there is little variation on fatigue strength of
materials in lower cycle range as 10% cycle. In higher cycle
range as 10° cycle, fatigue strength varies with materials,
in particular, is affected by monotonic strength. As the
result, at 10° cycle failure life, fatigue strength becomes
higher in following order: A5083-0, A7N01-T4, A7016-
T6, A7178-T6.

Fig. 6 was plotted by fatigue damage parameter Pgy
(= VOmax -€-E )'? instead of total strain amplitude €,
in Fig. 5. The parameter Pgpr is accepted that the effect
of mean stress and residual stress can be introduced sim-
ply by means of maximum stress o,

In lower cycle range as 10° cycle, variation of failure

~ —v_A7178-16
=10k R ARSI
T E —_ ) -
w = —0—A5083-0
0.51 %§
0.3F R =
0.2} A==
0.1 1 | 1 1 1 I 3
5x102 103 104 105 106

Failure life ,Nf
Fig. 5 Total strain amplitude e, versus fatigue failure life V. rin
smooth specimens.
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1000 —v—A7178-76

& ) —0O—A7016-T6

Lot Ea v an

%300“\@:5\ SN T

& 200F == \XQ o

\%—S V-

100 1 i | 1 | 1
5x102 103 104 105 108

Failure life, Nf
Fig. 6 Fatigue damage parameter Pgpy versus fatigue failure
life Nf in smooth specimens.

life curves becomes larger in Fig. 6 than in Fig. 5, because
Omax» here omax = 0,, varies with cyclic stress-strain rela-
tion of each material.

On the other hand, in the case of A7016-T6 and
A7178-T6 (both aged 24 Hr at 120°C), macro-plastic
strain could be hardly measured even if for the shortest
failure life of each material. This can mean that slip zone
is very localized in precipitate-free zone (PFZ) which may
be formed prior to or during cycling, and then micro-
cracks may initiate in the slip zone.12)14)

3.3 Fatigue crack initiation of notched specimens

Fig. 7 gives the relation between the range of notch dis-
placement (AND) and the number of cycles in A5083-0.
Here, crack initiation life N_1 was defined by the cycle
number when the AND began to increase from stable con-
dition. And crack initiation life N,2 was defined by the
cycle number when a crack at notch root grew into
0.5 mm.

Keeping constant cyclic load in A5083-0 as Fig. 7, the
AND decreases if material at notch root yields from the
first cycle. In practice, total strain range at notch root
decreases due to considerable cyclic hardening.

It can be said that the material at notch tip is deformed
under fully-reversed strain control (R, = —1) when stable
condition is built up at near crack initiation life NV,1.

In Fig. 8, (a) shows the relation of nominal stress ampli-
tude S, and crack initiation life NV,1, (b) shows the rela-
tion of nominal stress amplitude S, and crack initiation
life N;2. The bold lines mean the data on smooth speci-
mens. From Fig. 8 (a), it is obvious that fatigue notch
factor Ky is smaller than K,=2.3. In practice, the mean
value of Kris about 1.7 in all notched specimens.

Fig. 9 shows the relation of crack initiation life ratio
N.R (= N;[Ny) and failure life Ny Here, (a), (b) give the
relation of N, 1R and Ny, the relation of N,2R and Ny
respectively. N, R may varies with, first of all, configura-

0.16L Nc1:The cycle when AND increased
= \ Nc2:The cycle when crack grew into Nf\
= 0. 5mm
a 0.12F \ NG
z o\c\o Ncl
< 0 — o,

O\O\O—o_‘
0.08F O‘Dﬂ:\o_o_\c\o—mc
0.04 i 1 1 | i 1
100 101 107 103

Number of cycles
AND:Range of notch displacement

Fig. 7 Change of AND versus number of cycles (A5083-0)
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= 300f —A—AJNOI-T4
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200 Sl ATI78-TS(S
\AN%D A7%1&-T6( }
X T A7NO-T4(
100 | K\\A_ 83-0(S)
50 sl 1y a1l Lol L2111
5x102 103 104 105 106

Crack initiation 1ife,Ncl

(a) Nominal stress amplitude S, vs. crack initiation life N1

g 388 r (S) :Smooth specimens :g:ﬁ%{g:}'g
3 wof S n

vy T —0— -

00F gl AT178T6(S
e 70\6—T6(Si

—o%=ac =
100f O RN\ A3
50 1l Lol L1 paaal L1t aaa
5x102 103 104 105 106

Crack initiation 1ife,Nc2
(b) Nominal stress amplitude S, vs. crack initiation life NV¢2

Fig. 8 Relation of nominal stress S, and crack initiation life
N1 or N2 of notched specimens.

tion of specimen, but that is the same in the present work.
Besides, we could confirm that N,R could be changed also
by the kind of material and stress level or failure life. In
Fig. 9, the larger Nybecomes, as a whole, the larger N R
becomes. That is to say, the contribution of crack initia-
tion life to failure life is larger under the low stress than
under the high. Moreover, the N,Rof A7178-T6 is, in the
present study, the largest, whereas the N.Rof A7NO1-T4
is the smallest. Difference between the tendency of N,.1R
and N 2R, though that is not striking, might result from
initiation and propagation properties of short cracks at
notch root. Going into details, there were the cases that a
dominant crack initiated in a section and then propagated
into a long one, and that several cracks initiated at early

SR WRERE| {

Lt s aaal 1
103 104 10° 108

Number of cycles to failure, Nf
(a) N1IR (=N 1/Np) vs. Ny

01 1

1t 11342

AS

11 11193 1

o141l 2

L1 1110

03 1
103 10° 10° 1c°
Number of cycles to failure, Nf
(b) N2R (=N02/Nf) Vs. Nf

Fig. 9 The ratio of crack initiation life N1 or N2 to failure
life Nf in notched specimens.
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stage, then a dominant crack grew into a long one. For
example, A7178-T6 could be related to the former,
A7NO01-T4 could the latter.

Namely, initiation and propagation properties of short
cracks at notch root were varied by material and stress
level.

Fig. 10 denotes the relation between local strain ampli-
tude €, and crack initiation life N,1 in notched specimens
of A5083-0. For estimation of local strain amplitude, the
two methods of Neuber’s rule'®) and numerical analysisw)
were adopted, and two kinds of material constants that
were obtained by monotonic and cyclic tests were used
for each method. The bold line in Fig. 10 indicates the
behaviors of smooth specimens.

Here, in the case of Neuber’s rule, from the relation of

K,=K4K, 3)
and

Mo

“)

for the stress-strain relation of materials, putting K= K,
in Eq.(3), substituting stress and strain amplitude for
stress and strain in Eq.(4), local strain amplitude €, can be
written by

Gain~€a Kf-ea<ey

Sa \— @y —1)/(7,+1)
= K, 4 2 2
Ea Kfea ( f g ) Kf'ea > €Y

)
where,

K, K. stress and strain concentration factor.
Oy, €y: yield stress and strain.

S4,€,: nominal stress and strain amplitude.

In the case of numerical analysis, the master curves in
Reference [16] were applied. Both the two kinds of
methods were proposed to denote the monotonic
behaviors of materials. However, in this paper they were
applied to fatigue of notched specimens.

In Fig. 10, fatigue crack initiation curves are changed
exceedingly by the estimation method of local strain and
by used material constants.

W

~I.5r- from monotomc av)

- e

'§_' E ‘5‘ O frc;r:z )
F~= ~5:~~\ = Ty ‘Nochar

.20.5_ &= Zh —--_-byFEM(MIKI)

g —

w | Smooth

g

301 113l i1 019l P R | NS T
5102 103 10% 10° 1P

Crack initiation life, Nct

Fig. 10 Relation of local strain amplitude and crack initiation
life by several methods (A5083-0)
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Comparing notched specimens with smooth ones, as
expected, crack initiation curves of notched specimens
were closer to failure curve of smooth ones when local
strain amplitude was calculated by material constants
through cyclic tests than monotonic tests.

On the other hand, the reason on difference between
the behavior of Neuber’s rule and numerical analysis will
be discussed in the next section. But Neuber’s rule rather
than numerical method was used in Fig. 11 on account of
the simplicity of application.

Making use of material constants by cyclic tests and
Neuber’s rule on all notched specimens, the relations of
local strain amplitude €, and crack initiation life V.1 were
given as Fig. 11. The bold lines indicate the data on
smooth specimens. As a whole, curves on notched speci-
mens were located in high strength region in comparision
with smooth ones. This trend would be caused by over-
estimation of Ky, which put to use K,of 2.3 directly.

—V—-A7178-T6
I —0O—A7016-T6
| Notched specimens —A—A7NOT-TA

—0—A5083-0
(S):Smooth specimens

Ea (%)

o O O o o
[S IR TR N I R Ve
T

GG

L1l .

0.2 bl d il 2 12ty 1 NI 11
3x102 103 10t 10° 108
Crack initiation life,Ncl

Fig. 11 Local strain amplitude e, versus crack initiation life
N1 in notched specimens.

Whereas, crack initiation life curves were closer to
failure curves of smooth specimens, in case of A5083-0 in
which considerable plastic strain existed during fatigue
tests than in case of A7178-T6 and A7016-T6 in which
usually did not exist plastic strain during the tests.

Fig. 12 shows the relation of fatigue damage parameter
Pgw and crack initiation life N,1. Putting X r=K,, from
Eq.(3) Pgwy can be written by

Pswr =Ky-S, =\/Omax € E (6)

In Fig. 12, there is a similar tendency to Fig.11. But
A5083-0 which took largest strain during the fatigue tests,
exhibits a different tendency to the result of evaluation
by local strain. If plastic strain does not occur, it seems
that the difference between the results by e, and Pgyr
scarecely appears, because the present tests are fully-
reversed fatigue.

Consequently, in the case of fully-reversed fatigue, if
tip of notch deformes under elastic condition, two para-
meters of €, and Pgyrresult in nearly the same. But if tip
of notch takes plastic behavior, the results of evaluation
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Crack initiation life,Ncl

Fig. 12 Tatigue damage parameter Pgyp versus crack initia-
tion life V.1 in notched specimens.

by €, rather than Pgyr are closer to the behavior of
smooth specimens.
3.4 Discussion

If load and shape of a component were offered, local
mechanical quantity can be obtained. Then crack initia-
tion life of the component can be predicted by the data of
smooth specimens with the same condition. To do this
prediction, it is necessary that mechanical behavior of
material at the notch tip (local material) should be ex-
amined exactly.

In this section, the influence of cyclic hardening pro-
perty upon mechanical behavior of local material (local
behavior) will be discussed.

If local stress exceeds yield strength, local behavior is
very complicated. Fig. 13 gives the local behavior in
notched specimen of A5083-0. The solid lines indicate the
behavior by Neuber’s rule. The dashed lines mean the
results of numerical analysis. As stated in the prior sec-
tion, these two methods had been proposed for monotonic
behavior. of notched specimen. But the two methods,

g
= 3201
o
g 280
17
5 240r C1
3 M
—
200
160} v M:Monotonic behavior
C :Cyclic behavior
Curve M,C1,C2,C3,C: by Neuber's rule
1201 Curve MCI",C2',C3,C": by FEM (MIKI)
sok Kt=2.3
401
1 1 1 —1 1 1 1 1 1
0 02 04 06 08 10 12 14 16 18

Local strain (*/)

Fig. 13 Change of local stress-strain relation by cyclic harden-
ing property (A5083-0)
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here, are applied to consider the influence of cyclic
hardening property upon local behavior in fatigue.

Curve M, M' show monotonic behavior, curve C, C'
stable cyclic behavior, and curve C,, C,’ transitional
behavior until stable state.

It is assumed that local material takes, at first mono-
tonic behavior M or M' and transitional behavior C,, or
C,’, at last stable behavior C or C' (see Fig. 7). Material
constant oy and n) used in stable behavior C or C'are
the values obtained by cyclic tests under fully-reversed
strain control. On the transitional behavior C,, or C;,, it is
supposed that only oy undergoes a change, n; takes the
same value to the stable behavior.

By J-integral or numerical analysis on monotonic
behavior, Neuber’s rule of Eq.(3) can be given by!'®

™)

In Eq.(7), the value of m becomes 0.5 to 1.0. As the prior
section, applying Eq.(7) to fatigue, putting K,=K,,
presuming that nominal stress amplitude S, is below yield
strength, Eq.(7) can be written by

mK;-S,=\/ 0462 F (8)

In Eq.(8), if m is equal to 1.0, the value of K-S, becomes
Pgwr.On that account, local mechanical quantity Pgwris
not affected by cyclic hardening property of local mate-
rial. Namely, in Fig. 13, even though a point on the mono-
tonic behavior M transfers to on the curve C1, C2, C3, at
last settles down on the stable cyclic behavior C, the value
of 0,-€,is kept up constant.
Considering local strain amplitude €, in Eq.(8), ¢, can
be equated by
K282 1

€, -

E o,

mK, =K, K,

©

Because K-S,/E is constant, the relation of €, and g,
result in hyperbolic curves as solid lines from M to C in
Fig. 13.

Discribing the case that m takes 0.5 to 1.0, m ap-
proaches 0.5 when local behavior is plastic, whereas m
becomes 1.0 when local behavior is elastic. Therefore, the
left term in Eq.(8) becomes larger if local material is
hardened by cyclic load, but smaller if softened.

On the other side, from Eq.(8), local strain amplitude
€, can be given by

_ Kf2_Sa2 m2
€~ g 0,

(10)

K-S
where, m is a function of — ~% and n,’
Oyc
Even if ¢, is a function of m?/a,,, the relation of ¢, and o,
may result in shape of hyperbolic curves as the dashed

lines from M to C'in Fig. 13.
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Examining o0,-€¢, by Neuber’s rule and numerical
analysis, o,-€, by Nueber’s rule does not vary with cyclic
hardening property of material, but by the other does
vary with it.

Moreover, considering the variation of only e, by
Nueber’s rule and numerical analysis, €, by Nueber’s rule
is proportional to 1/o,, but by the other m?/o,. For that
reason, even if local material is hardened or softened by
cyclic load, the variation of €, by Nueber’s rule is always
larger than by the other,

In fact, Bauchinger effect has not considered in Eq.(8).
This problem may be needed to investigate in detail.

4. Conclusion

For 4 kinds of medium and high strength Al alloys, the
cyclic hardening properties were investigated. And strain
control fatigue tests were performed for smooth speci-
mens, load control fatigue tests were carried out to ob-
serve crack initiation behavior in notched specimens. The
influence of cyclic hardening property on mechanical
behavior of local material in notched specimen was dis-
cussed.

The following conclusion may be drawn:

1) A5083-0 and A7NO1-T4 exhibited remarkable cyclic
hardening, but A7178-T6 and A7016-T6 did stable
behavior.

2) It was confirmed that yield ratio YR (= oy/0,) may
be an index by which cyclic hardening property can be
judged.

3) In the relation of total strain amplitude e, and failure
life Ny for smooth specimens by strain control fatigue,
there was little variation on fatigue strength of
in lower cycle range as 10, but in higher cycle range as
10%, fatigue strength varied with materials, namely,
was affected by monotonic strength.

4) Fatigue crack initiation ratio N.R (=N./Nf) was
altered by both kind of material and stress level even
though the shape of specimen was the same.

5) In the case of load control without mean stress, if local
behavior at notch root was elastic, two parameters of
€, and Pgyr resulted in nearly the same, but if local
behavior was plastic, the results of evaluation by g,
than by Pgwr was closer to the behavior of smooth
specimens.

6) Pgwr by Nueber’s rule in notched specimen did not
vary with cyclic hardening property, but by numerical
method did vary with it. Moreover, even though local
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(349)

material at notch root was hardened or softened by
cyclic load, the variation of €, by Nueber’s rule was
always larger than by numerical analysis.
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