MECHANICAL PROPERTIES OF LOw YIELD POINT STEELS

By Eiichiro Saeki," Mitsuru Sugisawa,” Tanemi Yamaguchi,’
and Akira Wada,* Member, ASCE

ABsTRACT: The vibration of buildings due to earthquake or wind can be reduced by hysteresis damping of
structural members, and low yield point steel is one of the most efficient damping materials. One conventional
mild steel, one modified mild steel, and two low yield point steels were low-cycle fatigue tested. The following
findings were obtained: (1) the low-cycle fatigue strength (i.e., the relationship of strain to number of cycles to
failure) of the low yield point steels can be expressed by the Manson-Coffin equation; (2) the strain rate exerts
a small effect on the low-cycle fatigue properties of the low yield point steels; (3) the cumulative energy
absorption capacity of the low yield point steels to failure varies from type to type (that of the mild steels is
superior to that of the low yield point steels with strain amplitudes of larger than 0.8%); and (4) with strain
amplitude of less than 0.7%, the cumulative energy absorption capacity of the low yield point steels is much

higher than that of the mild steels.

INTRODUCTION

Since the mid-1980s, many studies have been conducted on
passive and active aseismically controlled structures, and many
seismic response control techniques have been proposed. The
vibration of buildings can be reduced by two major methods.
One method adjusts stiffness, whereas the other improves
damping performance. Improving the damping performance of
a building means fitting the building with a mechanism that
artificially absorbs vibration energy. Various designs are pro-
posed for this purpose, ranging from structural members (such
as columns, beams, and braces) to devices. These damping
techniques may be mechanically classified into the following
main types: (1) designs using a viscous material like an oil
damper; (2) designs using a viscoelastic material; (3) designs
using friction; and (4) designs using elastic-plastic hysteresis.

In 1986, the writers started work on the development of low
yield point steels for use in damping members and devices
(Saeki et al. 1995). They studied compositional adjustment,
heat treatment, and other techniques to manufacture low yield
point steels, and they carried out various mechanical experi-
ments to verify the properties of low yield point steels. Con-
ventional steels were generally used as structural members in
the elastic range; however, in the case of steels for hysteric
dampers, the plastic region is positively used, and their be-
havior in the plastic region is thus important. Low yield point
steels have no service performance as structural materials, so
their mechanical properties must be clarified to ensure their
structural integrity in service environments. Particularly where
they are expected to damp wind-induced vibration, their fa-
tigue properties in the plastic region become a problem. It is
also necessary to determine how the hysteresis of low yield
point steels will change with the strain rate and strain level of
structural members in earthquakes.

The purpose of this study is to clarify the mechanical prop-
erties of low yield point steels. The hysteresis curve, low-cycle
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fatigue, and hysteresis energy properties of low yield point
steels, mainly under high strain, are analyzed and discussed
from the standpoints of strain rate and strain level.

STEEL FOR ELASTIC-PLASTIC DAMPERS
(LOW YIELD POINT STEELS)

Steels used as hysteric dampers must become plastic in an
earthquake prior to other structural members, such as columns
and beams, and at the designed stress level. Although these
behaviors can be made by appropriately designing their shape
and/or way of use, this purpose can be easily achieved by
using steels of low yield point, which can also reduce the yield
strain. Therefore, hysteric damper steels must be low in yield
strength and small in yield point variability (or narrow in the
yield point range). In an earthquake, the damper is repeatedly
exposed to high plastic strain; consequently, low-cycle fatigue
properties are important.

The following methods may be employed to decrease the
yield strengths of steels and to increase their elongation:

1. Reduce the alloy content as close as possible to that of
pure iron.

2. Increase ferrite grain size.

3. Tie up carbon and nitrogen with other alloying elements.

Low yield point steels are manufactured by optimum tem-
perature control during rolling, followed by heat treatment as
required.

LOW-CYCLE FATIGUE TEST METHODS
Test Materials

Almost pure iron (referred to hereafter as pure iron),
LYP100 (Nippon Steel-specified steel), LYP235 (Nippon
Steel-specified steel modified S5400), and SS400 (JIS) were
used as test materials. Their mechanical properties and chem-
ical compositions are given in Table 1. Pure iron, LYP100,
LYP235, and SS400 are abbreviated to P, L, H, and S, re-
spectively, where necessary. The stress-strain curves of the test
materials are shown in Fig. 1. Pure iron and LYP235 show
clear yield points, whereas LYP100 shows no yield point and
is low in yield strength and yield ratio. The yield elongation
of LYP235 is much greater than that of $5400. LYP100 and
pure iron have still greater elongation and very high reductions
in area, as evident from their fracture surfaces in Fig. 2.

Figs. 3 and 4 show the surface and midthickness micro-
structures of LYP235 and LYP100. The magnification is 109X
for LYP235 and 50X for LYP100. LYP235 is coarse grained
in the near surface layer but finer grained in other portions.
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TABLE 1. Mechanical Properties and Chemical Compositions of Test Materials

Mechanical Properties Chemical Composition (%)
Reduction in | True fracture
Test material | Yield point | Tensile strength | Yield ratio | Elongation area strain
(abbreviation) (MPa) (MPa) (%) (%) (%) (%) (o} Si Mn P S
(1) (2) (3) (4) (5) (6) (7) (8 [ (9 |(0)| (1) | (12)
LYP100 (L) 132 270 48.8 584 89.5 226 0.002 (0.02 | 0.16 | 0.01 | 0.01
Pure iron (P) 188 (165) 278 67.6 (59.5) 65.8 91.2 243 0.003 (0.003| 0.13 | 0.01 | O
LYP235 (H) 290 (240) 320 90.0 (74.9) 50.8 814 168 0.04 |[0.02 | 025 | 0.01 | 0.01
§8400 (S) 265 (255) 457 58.1 (55.8) 44.6 70.2 121 0.15 0215 099 | 002 [ O

Note: ( ) indicate lower yield points.
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FIG. 1. Stress-Strain Curve

FIG. 2. Fracture Surface of Test Specimens (Left: LYP100;
Right: LYP235)

LYP100 is coarse grained in the near surface layer, has coarse
grains to a maximum size of about 5 mm from one quarter to
three quarters of the thickness, and is mixed grained with scat-
tered coarse grains in other portions.

Test Methods

The low-cycle fatigue test specimens were 10 mm in di-
ameter and 22 mm in length in the parallel section, as shown
in Fig. 5, and were finished with #600 emery paper in the
axial direction. They were tested on a 10-ton electrohydraulic
low-cycle fatigue testing machine. A general view of the ma-
chine is given in Fig. 6.

The low-cycle fatigue test conditions were as follows:

* Test procedure: axial strain control (computer control)

* Gauge length: 15 mm

e Strain ratio: R(€,./Enix) = —1 (completely reversed)

* Measured items: load, displacement, rate, and number of
cycles
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FIG. 3. Micro Stru
ness 1/2t, x100)

FIG. 4. Micro Structures (L) (Left: Surface; Right: Midthick-
ness 1/2t, x50)

* Number of cycles to failure (N): number of cycles at
which actual load is reduced 75% from the maximum load

Test Types

The strain rate and total strain range were controlled as test
parameters. Low yield point steels were used as elastic-plastic
dampers for passive and active aseismically controlled struc-
tures, as previously noted. Their maximum strain range and
maximum strain rate range were considered as described in
the following paragraph. A steel damper for base isolation sys-
tem (Fig. 7) and ‘“‘unbonded braces’’ (Fig. 8) are taken as
typical model devices.

Assuming a maximum interstory displacement of 200 mm,
a primary natural period of 2 to 3 s, and sinusoidal vibration,
the maximum strain and maximum strain rate in the seismic
steel damper for base isolation system are *2% and 5%/s,
respectively. Assuming an interstory displacement of 1/100 the
story height and a primary natural period of 2 to 3 s, and
calculating under the condition that the strain is uniformly dis-
tributed in the longitudinal direction, the maximum strain and
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FIG. 8. Unbonded Braces

FIG. 7. Steel Damper for Base Isolation System

maximum strain rate of the unbonded brace are *1.0% and
2.5%/s, respectively. The test types were determined as given
in Table 2 in reference to these values.

Test Results

Typical test results are shown in Figs. 9 and 10. The hys-
teresis loops are of the stable spindle shape. Almost identical
loops are drawn in 4-5 cycles after the first loop.

The hysteresis loops at the first loading (Fig. 11) can be
divided into the initial tension process and the initial com-
pression process. The stress-strain curves in the initial tension
process are the same as obtained in static tensile tests. Yield
points appear on the stress-strain curves of pure iron, LYP235,
and SS400, but do not appear on the stress-strain curves of
LYP100. The yield point values (A, a, and A') depend on the
strain rate. In the initial compression process (B1, C, D, and
E), the test materials deform at the same elastic slope as in
their tensile test, undergo plastic deformation early due to the

TABLE 2. Low-Cycle Fatigue Test Types
Strain rate Total Strain (%)

(%/sec) [0.3|(04|05|06|07|08(1.0|15(20| 3.0
(1) (2@ || (B)|®)|(7)) B ](®](0)](11)
0.1 — | L L|—|L|—]|L L L —_
0.1 — | H H|— | H|—| H H H H
0.1 P(P|P|P|—]|P|P|P P —
0.1 S S S L} — | 8 S S S —
5.0 — | L L|—|L L L L, L —
5.0 — | H H|— | H H H H H H

Bauschinger effect (C and D), and reach the initial maximum
compressive load (E) while undergoing strain hardening. In
the second tension process (E, F, G, and B2), the yield point
does not appear. Some specimens exhibit stress higher than in
the initial tension process, while others exhibit stress lower
than in the initial tension process. In either case, the specimens
converge to a steady-state hysteresis loop in 4-5 cycles while
undergoing initial cyclic softening or hardening.

Fig. 11(c) illustrates steady-state hysteresis loop models.
The total strain range &, the elastic strain range €,, the plastic
strain range €,, the strain amplitude €,, and the stress amplitude
Omax are defined as shown in Fig. 11(c).

Microstructures of Fracture Surfaces

Fig. 12 gives the typical fractures and fracture surfaces of
low-cycle fatigue test specimens. Plastic deformation-induced
surface roughening and cracking suggest that the microstruc-
tural grain size of LYP100 is much greater than that of
LYP235, as observed with their tensile test specimens. LYP100
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A . Upper Yield Point

a . Lower Yield Point

B1 : Point of Maximum Tensile Strain (1cycle)

C ! Point of Compressive Softening

FIG. 11.

A' 0.2%off-set Strength
B2 : Point of Maximum Tensile Strain (2cycles)

E : Point of Maximum Compressive Strain F ! Point of Tensile Softening

Hysteresis Loop Model




FIG. 12. Fracture Surface of Low-Cycle Fatigue Test Speci-
mens (LYP235)
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FIG. 13. Stress Amplitude (o...)—Number of Cycles (H, ¢ =
5.0%l/s)

suffers shear fracture after fatigue fracture extension. The frac-
ture surface of LYP100 reveals many coarse facets near the
fatigue crack initiation site. It is possible that the coarse grain
size may have an influence on the low-cycle fatigue property.

STRESS AMPLITUDE
Stress Amplitude—Number of Cycles Curves

Figs. 13—16 show the stress amplitude—number of cycle
curves of types H and L as classified by €, in two strain rate
cases of € = 0.1%/s and € = 5.0%/s. (Types P and S have
properties similar to those of type H with yield points.) In each
case, the stress amplitude is almost constant. Types H and L
are somewhat different due to their strain rate difference, as
characterized in the following:

1. Type H (with yield points) undergoes cyclic softening
early (in less than 10 cycles) when strain level is low (g,
< 1%). This phenomenon increases in intensity with an
increasing strain rate.

2. In the region of 10—-10°* cycles, type H is almost constant
in stress amplitude when € = 0.1%/s and softens when
€ = 5%/s.

3. When & = 5%/s, type L undergoes slight cyclic softening
early (in less than 10 cycles) in the range of € < 1% and
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cyclically hardens in the range of g > 1%. After 10 cy-
cles, its stress amplitude becomes almost constant. When
€ = 0.1%/s, type L cyclically hardens; this tendency in-
tensifies with an increasing stress amplitude.

4. Types L and H both differ in stress amplitude to strain
rate in initial cycles. The effect of the strain rate dimin-
ishes in N//2 cycles.

Cyclic Stress-Cyclic Strain Curves

The curve relating the stress amplitude, 0,,, to the strain
amplitude, €,, at a certain number of cycles after the hysteresis
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loop reaches the steady state in Fig. 11(c) is called the cyclic
stress-strain curve. The cyclic stress-strain curve is shown
schematically in Fig. 17 and is obtained by connecting @, of
each hysteresis loop. The cyclic stress—cyclic strain curves of
type H in 20 cycles and in N/2 cycles are shown in Figs. 18
and 19, respectively. The cyclic stress—cyclic strain curves of
type L in 20 cycles and in N/2 cycles are shown in Figs. 20
and 21, respectively. As evident from the stress amplitude—
number of cycles curves discussed previously, the stress am-
plitude difference due to the strain rate difference is conspic-
uous in 20 cycles and is reduced in N/2 cycles. The alternate
long and short dash curves are the siress-strain curves of types
H and L obtained in their static tensile tests. These curves

O Cyclic Stress - Strain Curve

FIG. 17. Cyclic Stress—Strain Curve
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show that type H cyclically softens when the strain amplitude
is small and cyclically hardens when the strain amplitude is
large. Type L undergoes cyclic hardening over the total strair
range.

Mathematical expressions of cyclic stress—cyclic strair
curves are studied, and each study makes use of a power func-
tion or hyperbolic function. Morrow (1965) describes a cyclic
stress-cyclic strain curve by the following equation:

€ = € + 0 = (100/E)a, + &/(0,/a)"" (1

where €, = strain amplitude (%); €., = elastic strain amplitude
(%); €,. = plastic strain amplitude (%); o, = stress amplitude
(MPa); o, = true fracture stress (MPa); €, = true fracture strair
(%); E = Young's modulus (MPa); and n = cyclic strain hard-
ening exponent (=0.15).

TABLE 3. «aand p Values of Cyclic Stress-Strain Curve

Values of Test Results Morrow’s Values

Test
number | Cycle a B o | n «a B
(1 (2) (3) [QEROREOING) (8) (9)

HO.1 20 1.72E-10 | 6.77 | 168 | 91 [ 0.15 | 1.46E-11 | 6.67
H5.0 20 1.98E-14 [ 9.36 | 168 | 91 [ 0.15 | 1.46E-11 | 6.67
HO.1 N;/2 | 5.80E-09 | 5.55| 168 [ 91 [ 0.15 | 1.46E-11 | 6.67
H5.0 N,/2 | 5.21E-13 (8.33 | 168 | 91 | 0.15 [ 1.46E-11 | 6.67
LO.1 20 | 3.68E-06 (3.95| 226 | 92 | 0.15 | 1.80E-11 | 6.67

L5.0 20 2.50E-09 | 6.16 | 226 | 92 | 0.15 | 1.80E-11 | 6.67
LO.1 N2 | 4.32E-07 | 439|226 | 92 | 0.15 | 1.80E-11 | 6.67
L5.0 Ny/2 | 8.13E-03 | 8.62| 226 | 92 | 0.15 | 1.80E-11 | 6.67




When the cyclic stress—cyclic strain curves obtained in this
experimental study are approximated by

g, = (100/E)o, + ach 2)

and the plastic strain portion is plotted on logarithmic coor-
dinates, an almost straight line is obtained. The values of «
and B calculated by the least square method are given in Table
3. They are different from the values of a and B proposed by
Morrow.

The solid and broken curves of Figs. 18-21 are plots of

(2.

RESULTS OF LOW-CYCLE FATIGUE TESTS

Figs. 22 and 23 show the low-cycle fatigue test results (re-
lations between the strain range € and the number of cycles to
failure Ny) of LYP100 and LYP235 as examples, €, €,, and €,
are related as expressed by €, = €, + €, and &, is controlled
in fatigue testing. The Manson-Coffin equations (Manson
1966) for €, €,, and ¢, are as follows:

& = Cy*NJ" 3)
g, = CQ'N}HJ (4)
& =C-N" + C,-N? (3)

Regression of the low-cycle fatigue test results by these
equations yield the following empirical equations:
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FIG. 22. Strain Range (e)—Number of Cycles to Failure (N,) Re-
lationship (L, € = 0.1%/8)
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FIQ. 23. Strain Range (g)-Number of Cycles to Failure (N,) Re-
lationship (H, & = 0.1%/s)

When & = 0.1%/s, &, = 72N;°% + 0.88N;*"*  (6)

When & = 5.0%/s, €, = 184N; % + 0.4IN;°7  (7)
« LYP100

When £ = 0.1%/s, €, = 33N;** + 047N;°%  (8)

When & = 5.0%/s, € = 328N;°™ + 037N/ °  (9)
+ $8400

When & = 0.1%/s, € = 35N;°¥ + 0.74N;/*"  (10)
= Pure iron

When € = 0.1%/s, g = 24N;* + 0.56N;°"  (11)

Differences in Steel Type

Fig. 24 shows the relationship between €, and N, of the test
materials. The low yield point steels have large fracture duc-
tility in comparison with SS400, as shown in Table 1, but are
not appreciably different in low-cycle fatigue properties from
$5400.

Effect of Strain Rate

Figs. 25 and 26 show the effect of strain rate on the rela-
tionship between ¢, and N, of types L and H, respectively, in
two fatigue tests with different strain rates. Some differences
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C ALl Specimens (¢ -0.1%1};ec) )
g | ]
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FIG. 24. Strain Range (e,)-Number of Cycles to Failure (N,)
Relationship (All Specimens, € = 0.1%/s)
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FIG. 25. Effect of Strain Rate (L)
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are observed in the high-cycle region, but the strain rate exerts
only a small effect on the low-cycle fatigue strength.

Low-Cycle Fatigue and Static Tensile Properties

Many studies have been conducted on the relationship be-
tween low-cycle fatigue properties and static tensile properties
for the simple estimation and evaluation of low-cycle fatigue
properties, and several equations have been proposed for re-
lating the exponents and coefficients of (5) and (6) to static
tensile properties.

Manson (1966) proposed m;, = —0.6 as a mean value for
many materials and the relation C, = €° between the coeffi-
cient C; and the true fracture strain €. In addition, he expressed
C, by the tensile strength €, and derived the following equation
from (5):

g =€ N7 + 3.5(c.,/E) N;*" (12)

where € = In[100/(100 — RA)]; and RA = reduction in area
(%).
Coffin (1962) proposed m;, = —0.5 and C, = 2'& by con-
sidering that fracture life in static tensile test is equivalent to
N; = 1/4 in low-cycle fatigue test with €, = 2-g,and R = —1.
Martin (1961) derived m, = —0.5 and C, = &/\/2 from a
hysteresis energy point of view.

In each of the equations proposed, C, increases with an
increasing €. Low yield point steels have much larger static
fracture ductility than SS400, but their €,-N; relations are not
much different from that of SS400, as shown in Fig. 24.

HYSTERESIS ENERGY
Hysteresis Energy—Number of Cycles

The relationship between the hysteresis energy per cycle W,
(hysteresis loop area) and the number of cycles is shown for
type H in Fig. 27 as an example. This relationship is almost
the same as a corresponding stress amplitude—number of cy-
cles curve, because the hysteresis energy is a physical quantity
that is almost proportional to the first to second power of o'y
The cyclic softening and hardening tendencies thus correspond
to decreasing and increasing amounts of hysteresis energy, re-
spectively.

The strain amplitude being equal, the hysteresis energy of
low yield point steel is small because of the small stress am-
plitude. The hysteresis energy of type L is about 70% that of
type H in initial cycles, but this difference decreases with an
increasing number of cycles.
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Hysteresis Energy-Total Strain Amplitude Curve

The relationship between W, and &, of type L in three cycles
and N,/2 cycles is shown in Figs. 28 and 29, respectively, in
order to discuss the effect of the strain rate on W,. In three
cycles, the strain rate has a remarkable effect on W,, and the
difference in W, between the strain rates of 0.1 and 5.0%/s is
20-30%. In N,/2 cycles, the strain rate has little or no effect
on W,.

Type H exhibits tendencies similar to those of type L,
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though not as conspicuous. The difference of W, due to the
difference of the strain rate is smaller at N,/2 cycles than at
three cycles.

Hysteresis Energy—Number of Cycle to
Failure Curves

Fig. 30 shows the relationship between W, at N,/2 cycles
and N;. Like the total strain amplitude—number of cycles to
failure (g-N;) curve, regression of the data by a power function
on log-log coordinates yields the following approximate equa-
tions:

For type H, W, = 843N %% (13)
For type L, W, = 284N % (14)
For type P, W, = 255N % (15)
For type S, W, = 343N/ (16)

In the strain range of this study, the fatigue strength of the
low yield point steels is lower than that of the mild steel at
the same level of hysteresis energy.

Relationship of Cumulative Hysteresis Energy to
Failure and Strain Amplitude

Fig. 31 schematically illustrates €-N,, €,-N;, and €,-N;curves
from low-cycle to high-cycle regions. Point ““A’’ is the elastic
limit point, and the €,-N; curve approaches line “a.”’ The
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cyclic load-deformation relationship in the region below point
“A’ is elastic; therefore the hysteresis energy is 0 in the region
where the strain is smaller than &,.

The elastic limit stress o,; and elastic limit strain €,; (=€4)
are assumed as given in Table 4.

These assumptions mean that the hysteresis energy—total
strain range (W)-g,) curves of Figs. 33—36 can cross the x-axis
at the point € = 2-¢g,. Fig. 32 shows the W, — [g, — 2&,]
relationship of each steel type in N,/2 curves. These curves are
each approximated by a power function and can be given as
follows:

For HO.1, W, = 4.18 (g, — 0.234)"* (17)
For LO.1, W, = 3.11-(g, — 0.081)"% a8)
For S0.1, W, = 4.95-(g, — 0.248)'# (19)
For P0.1, W, = 3.68: (g, — 0.161)"*® (20)

The low-cycle fatigue test results yield the following total
strain range—number of cycles to failure (€-/V;) relations for
the four steels:

For HO.1, g, = 72N/ + 0.88N/*" )
For L0.1, & = 33N, °% + 047N/ ®)
For S0.1, €, = 35N; % + 0.74N;*" (10)
For P0.1, €, = 24N;°* + 0.56N; " (11

Because mean hysteresis energy per cycle is almost equal
to hysteresis energy in the N/2 cycle, the cumulative hyster-
esis energy (£ W),), i.e., W, (at N/2 cycles) multiplied by N;,
represents the energy absorption capacity.

The relationship between the cumulative hysteresis energy
(£ W,) and the total strain range (g, of each steel can be
expressed by (17)—(20) and (21)-(24).

Fig. 33 shows the cumulative hysteresis energy —total strain
range (£ W,-g) curves of the four steels. The energy ab-

TABLE 4. Elastic Limit Stress and Strain Values

Elastic limit strain
Elastic limit stress o Eol
Steel type (MPa) (%)
(1) (2) (3)
H 240 (upper yield stress) 0.1170
83 (elastic limit stress) 0.0405
S 255 (lower yield stress) 0.1240
P 166 (lower yield stress) 0.0805
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sorption capacity of low yield point steels is not superior to
that of mild steels in the range of €, > 0.8%, but is extremely
good in the range of € < 0.7%. Particularly in the range of
0.1% < g, < 0.3%, where mild steels are elastic and have no
energy absorption capacity, low yield point steels have a great
energy absorption capacity.

It is necessary to select an appropriate steel for an elastic-
plastic damper by considering the absolute value of the strain
amplitude. A low yield point steel is an effective material for
horizontal elements resisting wind-induced vibration and col-
umn and beam edges subjected to earthquakes, or structural
members exposed to external forces of relatively small strain
amplitude and high cumulative frequency.

Few literature can be found on the medium-cycle fatigue
properties of low yield point steels in the total strain range of
€ < 0.4%, as noted previously. There are many problems to
be solved before the medium-cycle fatigue properties of low
yield point steels can be quantitatively evaluated with high
accuracy. These issues, including the method of evaluating the
cumulative fatigue damage of seismic dampers, will have to
be investigated further.

CONCLUSION

Two mild steels and two low yield point steels were low-
cycle fatigue tested. The following findings were obtained:

1. The four materials are almost constant in the stress
amplitude—number of cycles curves. Type H undergoes
cyclic strain softening, whereas type L undergoes cyclic
strain hardening. The relationship between the cyclic
stress and cyclic strain of test steels can be given by the
equation € = (100/E)o, + ac?, The coefficients, a and
B. change with steel type, strain rate, and number of
cycles, and differ from research results reported in the
literature.

2. The low-cycle fatigue strength of low yield point steels
can be expressed by the Manson-Coffin equation. The
coefficients C, and m, of the Manson-Coffin equation for
low yield point steels are not correlated with those of
equations proposed by other researchers; particularly,
they show no correlation with the true fracture strain.
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3. The hysteresis energy—total strain amplitude relationship
of low yield point steels can be approximated by a power
function with the power of 1.12 to 1.47. The effect of
the strain rate is 20—-30% in initial cycles, and diminishes '
in N;/2 cycles. The cumulative energy absorption capac-
ity of the four steels to failure varies from type to type.
S§8400 and LYP235 are superior to pure iron and LYP100
with the strain amplitude of & > 0.8%. With the strain
amplitude of &, < 0.7%, the cumulative energy absorption
capacity of low yield point steels is much higher than
that of SS400 and LYP235.
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APPENDIX Il. NOTATION

The following symbols are used in this paper:

¢, ¢; = coefficients of Manson-Coffin equation;
E = Young’s modulus (Kato-Akiyama equation);
m,, m; = exponent of Manson-Coffin equation;
N; = number of cycles to failure;
n = cycle strain-hardening exponent (Morrow’s equation);
R = strain ratio (€,.,/Emn);
RA = reduction in area;
W, = hysteresis energy;
o, B = coefficient of cyclic stress-strain curve;
€ = strain rate;
€4 = strain at “elastic limit point’’;
€, = strain amplitude;
€, = elastic strain range;
€., = elastic strain amplitude (Morrow’s equation);
€, = elastic limit strain;
& = true fracture strain; .
Emex = Maximum strain;
€mn = Minimum strain;
€, = plastic strain range;
€,, = plastic strain amplitude (Morrow's equation);
€, = total strain range;
Z W, = cumulative hysteresis energy;
o, = stress amplitude;
o, = elastic limit stress;
o, = true fracture stress;
O..x = Mmaximum stress; and
o, = tensile strength.
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