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Cyclic true stress true strain relation in the large strain region of common steel for welded structures*

by MATSUDA Kazuki** SHIMOKA Tsukasa*** MURAKAMI Koji****,
UCHIMURA Tomoya**** and GOTOH Koji**

Cyclic true stress - true strain curves were obtained using general-purpose shipbuilding steel in the large strain region. Test methods are
incremental step test and static tensile test after cyclic loading. The stress-strain curves for static and cyclic loading were compared to investigate the
cause of the difference between each other. A simple method for estimating the cyclic stress-strain curves was proposed. The diameter and curvature
of the smallest cross-section of the specimen were measured using telecentric measurement device, and the true stress - true strain curve was obtained
using the Bridgman correction method. Using the measurement method, cyclic stress-strain diagrams were obtained in the region where the true strain
exceeded 1% by performing cyclic tensile tests using the incremental step method and static tensile tests after cyclic loading. The influence of the test
method and maximum displacement conditions on the cyclic stress-strain curve was small within the scope of this study. There was little difference in
the elongation between the static tensile test and the static tensile test after cyclic loading. The difference in yield stress between static and cyclic
loading was discussed in terms of macro-yield mechanisms at intergranular and transgranular. A simple method for estimating cyclic stress-strain curves
from a static stress-strain curve was proposed. The specimens used in this study are general-purpose shipbuilding steels, and the results should be
applicable to similar steels for welding and structures.

Key Words: Cyclic stress strain curve, Incremental step method, Static tensile test after cyclic loading, Yield stress, Common steel for welded
structures, Ship Building steel, Telecentric measurement

1. Background

Cyclic deformation or cyclic stress loading on a material causes fatigue cracking, which eventually leads to rupture. Fatigue cracking is known to
be more difficult to prevent than ductile or brittle fracture because it is caused by stress loading below the yield point of the material. As part of the
complexity of fatigue phenomena, it is known that the stress-strain diagram changes under cyclic tension compared to static tension. Toyosada et
al.Dproposed a fatigue crack propagation law with the parameter of re-tensile plastic zone generated (RPG) loading at the fatigue crack tip. The
authors further developed fatigue cracking simulations in which the dimensions of the alternating-plastic region, which is the region where the tensile
and compressive plastic deformation regions at the crack tip overlap, were used as parameters.? These simulations require the input of the stress-
strain relationship of the material of interest. For simplicity, it is more convenient to use the yield point obtained in a static tensile test. However,
since fatigue crack propagation is a phenomenon that occurs under cyclic loading, the stress-strain relationship should be based on data obtained
under cyclic loading. However, obtaining cyclic stress-strain diagrams requires a higher test cost than that of static loading stress-strain diagrams?. In
general, cyclic stress-strain diagrams can be obtained by applying cyclic loads of constant amplitude to multiple specimens and smoothly connecting
the apexes of the loops at each amplitude when the hysteresis loops become stable and steady-state. Ma et al.*) proposed a method that can estimate
cyclic stress-strain diagrams from static tensile tests and two levels of cyclic loading tests. However, the test cost is still high, given that the stress-
strain diagram for static loading is obtained from only one specimen. Landgraf et al.>) proposed a method called the incremental step method, which
can obtain cyclic stress-strain diagrams on a single specimen. This test procedure is described below, but the test cost to obtain cyclic stress-strain
diagrams can be significantly reduced by this method. Because of the difficulty of measurement, few cyclic true stress true strain diagrams have been
reported in the large-strain region, but recent advances in measurement equipment have made measurement relatively easy.

Many attempts to obtain cyclic stress-strain diagrams by estimation without measurement have been reported in the past. Lopez et al.® summarized
the stress-strain relationships of various steels under static and cyclic loading and proposed an estimation equation for cyclic stress-strain
characteristics using tensile strength and Brinell hardness. Zhang et al.” proposed an estimation equation using yield stress, tensile strength, and
elongation at break.
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Many other methods for estimating cyclic stress-strain relationships®'Dhave been proposed, but most of them are not accompanied by a consideration
from a materials engineering standpoint.

In this study, we report the results of obtaining cyclic true stress-true strain diagrams in the large-strain region using general welding steel as the
specimen. The causes of the differences between static and cyclic loading are discussed by comparing the stress-strain diagrams, and a simple method
for estimating cyclic stress-strain diagrams based on a materials engineering viewpoint is also presented.

2. Experiment
The specimen was KD36 steel (NK), which is widely used as a general-purpose shipbuilding steel, with a plate thickness of 17 mm. Table 1 shows
the mechanical properties of the specimens. Hourglass-shaped round bar specimens with a minimum cross-sectional diameter of 10 mm were taken
from the specimens as shown in Fig. 1.

2.1 Tensile test conditions

In this study, the specimens shown in Fig. 1 were subjected to cyclic tensile and compression tests using the incremental step method proposed by
Landgraf et al. and to static tensile tests after being subjected to cyclic loading using the incremental step method for a specified number of times.
The former is referred to as a cyclic tensile and compression test and the latter as a static tensile test after cyclic loading. Static tensile tests were also
conducted at a crosshead displacement rate of 0.2 mm/min to compare stress-strain diagrams. A 50 kN servohydraulic fatigue testing machine
manufactured by Shimadzu Corporation was used for all tensile tests. In the static tensile test, a strain gauge with a gauge length of 6 mm was affixed
to the smallest cross-sectional section to measure the axial strain during the test.

An example of the loading waveform of one block in the incremental step method is shown in Fig. 2. In this method, a hysteresis loop (relationship
between stress and strain) is obtained by applying a load waveform in which the maximum and minimum values of the load gradually increase and
decrease, as shown in Fig. 2. Then, by connecting the vertices of each loop, a cyclic stress-strain diagram can be obtained from a single specimen.
The test conditions were based on those of Nishikawa et al.'?, where the mean stress was set to 0 (stress ratio R = -1) in displacement control, the
maximum displacement was set for each condition, and the maximum and minimum displacements were set for each cycle in a linear fashion so that
the maximum displacement was at the center of the block during 25 cycles per block. The crosshead displacement rate was kept constant, and the
displacement rate for each test was the maximum displacement [mm] x 0.0385 [/s]. For example, under the maximum displacement condition of 1.3
mm, the displacement velocity is 0.05 mm/s. Table 2 shows the maximum displacement for each condition in the cyclic tensile and compression tests.
The test was conducted until the specimen ruptured.

Table 1 Mechanical properties of material used.

Yield Stress Tensile Strength Elongation Young’s modulus
[MPa] [MPa] [%] [GPa]
403 515 24 206
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Fig.1 Geometry of the specimen.

Table 2 Lists of maximum displacement conditions.

Maximum Displacement

0 time [mm]
+0.75
+0.85
+0.95
+1.0
+1.3

displacement

Fig.2 Schematics of a block shape of incremental step.
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The conditions for the static tensile test after cyclic loading by the incremental step method were as follows: After cyclic loading of half the
number of loaded blocks up to rupture at each maximum displacement shown in Table 2 (plus 3/4 and 1/4 of the number of ruptured blocks for the
+0.75 mm maximum displacement condition), a static tensile test was conducted at a crosshead displacement rate of 0.2 mm/min.

2.2 Calculation of True Stress and True Strain
True strain and true stress during tensile testing were determined by measuring the diameter and curvature of the smallest cross-sectional section of
the specimen using a Keyence TM-X5040 telecentric measurement device, and were derived using the correction method'® by Bridgman as follows.

st=2-1n(r70) (M
_ P
. _nrz (1 +2§) log (1 +%%) @
where, R: radius of curvature of the neck [mm)]

r: radius of cross section at minimum cross section [mm]
ro: Initial cross-section radius at minimum cross-section [mm]
P: Test load [N]

It has been reported that this method has a problem with correction accuracy during large deformation'¥, and Murata et al.'> found that the
Bridgman correction overestimates stress values compared to actual behavior during large deformation. However, the Bridgman correction was used
in this study, keeping in mind the results of these previous studies, because the correction methods that are considered to be more accurate are often
not easy to apply and have not been verified on a wide range of materials. For comparison with this derivation method, strain gauges were affixed to
the smallest cross section in the static tensile test and strain was measured as described above.

2.3 Cross-sectional observation

Cross-sectional observation samples were taken near the 1/4 position of the plate thickness of the specimens that had not been subjected to
specimen fabrication, subjected to nital etching, and the microstructure was observed using an optical microscope.

3. Results

3.1 Static tensile test

The true stress to true strain diagram obtained from the static tensile test is shown in Fig. 3. Note that, the graphs (a) through (c) are identical
except for the values of the vertical (true stress) and horizontal (true strain) axes. Fig. 3 plots the stress/strain relationships obtained by the strain
gauge and the projection image analyzer, respectively. (b) shows that the stress-strain diagrams obtained from strain gage and projected image
measurements are in close agreement when the flow stresses after yielding are compared. In the range where the true strain exceeds approximately
0.02, strain gauges have not been able to measure the strain. This was due to the gauge detaching from the specimen.
Since the strain measurement limit is 0.05 according to the gauge specifications, it is considered that the gauge was detached somewhat early in this
test due to a defect in the attachment.
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Fig.3 True stress-true strain curves obtained in monotonic static tensile test. (a) true strain to 1.5, (b) to 0.05, (c) to 0.005

Table 3 Lists of number of loading blocks to failure for each condition.

Maximum Displacement | Number of loading blocks to failure
[mm] [blocks]
+0.75 37
+0.85 22
+0.95 13
+1.0 12
+1.3 6
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Meanwhile, (c) shows that in the range of true strain less than 0.002, which is considered to be the elastic range, the variation of the plots obtained
by projection image measurement is large. This may be partly due to the fact that strain changes little with increasing stress in the elastic region, and
partly because strain was derived under the assumption of constant volume. The true stress-strain relationship measured and derived by the projection
image analyzer was found to be as accurate as the conventional strain gage measurement method in the elasto-plastic range, and was also able to
measure large strains that cannot be measured by strain gauges.

3.2 Cyclic tensile and compression test

Table 3 lists the number of load blocks loaded to failure for each maximum displacement condition in cyclic tensile and compression tests using
the incremental step method. The true stress-true strain relationship (hysteresis loop) obtained at half the number of blocks to failure shown in Table 3
and the cyclic stress-strain diagram obtained by connecting the maxima and minima at each hysteresis are shown in Fig. 4. Note that buckling was
observed at maximum displacements of £1.0 mm and +1.3 mm when compressive loads were applied, and was therefore excluded from the results. A
comparison of the obtained cyclic stress-strain diagrams is discussed below.

3.3 Static tensile test after cyclic loading

The true stress true strain diagram obtained from the static tensile test after cyclic loading by the incremental step method is shown in Fig. 5. Note
that the stress-strain diagrams for static loading are also plotted in Fig. 5 for comparison. (a) is a comparison of different maximum displacements
with half the number of loaded blocks in both cases, and (b) is a comparison of maximum displacements of +0.75 mm in both cases and the number
of loaded blocks at 1/4, half, and 3/4 of the way to failure. Comparison of the stress-strain diagram for the fracture strain with that for the static
loading shows that the fracture strain hardly decreases even after cyclic loading.

3.4 Microstructural observation

A photograph of the microstructure of a nital-etched cross-sectional sample is shown in Fig. 6. Fig. 6 shows that the specimen has a mixed
structure of ferrite and pearlite. From the cutting method (JIS G 0551: 2020), the average grain size of ferrite was 9.60 um with a standard deviation
0f 2.29 pm.
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Fig.4 Hysteresis loops and cyclic true stress-true strain curves obtained by incremental step test.
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4. Discussion

The differences in the true stress true strain diagrams obtained from each test are compared. Next, a method for estimating cyclic stress-strain
diagrams from stress-strain diagrams obtained from static tensile tests is discussed.

S 0
A f e

Fig.6 Microstructure of the specimen_ observed by optical microscopy.
4.1 Comparison of stress-strain diagrams

A comparison of cyclic true stress true strain diagrams for different conditions of maximum displacement obtained in cyclic tensile and
compression tests is shown in Fig. 7. Fig. 7 shows that the difference in maximum displacement has little effect on the cyclic stress-strain diagram. A
comparison of the results of the cyclic post-loading static tensile test is then shown in Fig. 5, which indicates that the maximum displacement and the
number of loading blocks have little effect on the stress-strain diagram. Polak et al. ' reported similar results regarding the effect of the number of
load blocks. A comparison of the stress-strain diagrams obtained from the cyclic tensile-compression test and the cyclic post-loading static tensile test
is then shown in Fig. 8. Fig. 8 shows stress-strain diagrams obtained at maximum displacements of £0.75, £0.85, and £0.95 mm. As shown in Fig. 8,
the difference in stress-strain diagrams between the two test methods is small. The above results indicate that, within the scope of this study, the
difference between the cyclic stress-strain diagrams obtained by the incremental step method and those obtained by static tensile loading after cyclic
loading, and the effect of the maximum displacement condition on the stress-strain diagrams are small.

A comparison of stress-strain diagrams obtained from static tensile and cyclic tensile and compression tests is then shown in Fig. 9.
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Fig.7 Comparison of cyclic stress-strain diagrams with different Fig.8 Comparison of cyclic stress-strain diagrams for
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Fig.9 Comparison of stress-strain diagrams for static and cyclic loading. (a) True strain to 0.5, (b) True strain to 0.1
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Fig. 9 shows that the stress-strain diagram from the static tensile test shows a linear increase in stress up to the yield stress and then a decrease in
stress, while the stress-strain diagram from the cyclic tensile and compression tests shows a gradual curvature and transition to plastic deformation at
lower stress values than the static tensile diagram. Then, in static tension, the stress is nearly constant in a region that appears to be the yield
elongation. The stress then increases, which is in general agreement with the stress-strain diagram of the cyclic tensile and compression tests. It has
been reported that the difference in stress-strain diagrams between static and cyclic loading, i.e., cyclic hardening and softening behavior, varies from
material to material. For example, cyclic softening may occur in quenched and tempered steels'”, and the higher the tempering temperature, the
greater the cyclic softening behavior®. On the other hand, it has been reported that austenitic alloys such as SUS304 steel exhibit significant cyclic
hardening behavior due to work-induced martensitic transformation'®. For the specimens in this study, the flow stress after yielding is not
significantly different between static tensile loading and cyclic loading.

4.2 Estimation of Cyclic Stress-Strain Diagrams

As mentioned in the background, obtaining cyclic stress-strain diagrams is more complicated than static stress-strain diagrams. Although there are
methods to obtain cyclic stress-strain diagrams with a small number of specimens, such as the method used in this study, the hurdles to implementing
these methods are still higher than those for static tensile testing, such as the need for testing equipment capable of cyclic loading. Therefore, a
method for estimating cyclic stress-strain diagrams from static tensile test results would be highly useful.
One of the characteristics of cyclic loading is that the yield point is lower than that of static loading. It is understood that the high yield point obtained
by static loading is partly due to the Cottrell atmosphere in which solid solution of C adheres to dislocations.!?. However, in the present tests, no
clear upper yield point was observed in static loading from Fig. 9 (b), and the stress was always lower in cyclic loading than in static loading in the
range of true strains up to about 0.1, suggesting other causes for the lower yield point. By the way, it is known that yield stress decreases and yield
elongation disappears, when temper rolling is applied during steel sheet production®” . Although this phenomenon is not cyclic loading, it has many
similarities with the test results of this study, such as the fact that the yield point decreases to below the lower yield point under static loading due to
processing. Takagi?Vproposed two mechanisms that determine the macroscopic yielding of materials and explained this phenomenon. Yielding of
polycrystalline materials is generally considered to be the result of dislocations deposited at grain boundaries causing stress concentrations that
produce secondary dislocations and slip through the grain boundaries. Therefore, the Hall-Petch equation, which states that yield stress depends on
grain size, is widely known, and the following relationship has been reported for low-carbon ferritic steels??.

Ot = 0 + 6 x 1074 /V/d 3)

where, o Yield stress based on intergranular dislocation [GPa]

d Grain size [m]

ov: Frictional force (= 0.1) [GPa]
The friction force ov is a value that depends on alloy composition, temperature, and strain rate, etc. In the literature, a value of 0.1 GPa has been
proposed, but the method used to determine it in this study is described later. This yielding, which is caused by dislocation release at grain
boundaries, is called intergranular dislocation yielding. On the other hand, if the dislocations are bounded by solid solution elements, etc. within the
grain, and the stress required to unbound the dislocations is higher than the stress that causes intergranular dislocation yielding, then the macroscopic
yield stress is the stress that dislocations are unbound within the grain. This is called transgranular dislocation yielding. Thus, transgranular and
intergranular dislocation yielding compete, with the higher yielding generally dominating the macroscopic yielding phenomena. According to Takagi,
when an appropriate amount of movable dislocations exist in the base structure, such as after temper rolling, transgranular yielding occurs using these
dislocations as a source, and macroscopic yielding occurs when the necessary stress is applied to them. Similarly, it is possible that the dislocations in
the base microstructure may dominate the macroscopic transgranular dislocation yielding during cyclic loading. In other words, it is assumed that
macroscopic yielding occurs during static tensile loading due to intergranular dislocation yielding, and macroscopic yielding occurs during cyclic
loading due to transgranular dislocation yielding.
A method for estimating the yield stress at transgranular dislocation yielding is discussed. The effect of solid solution elements, etc. that affect
transgranular dislocation yielding is considered to be included in the frictional force op in equation (3). In addition, the following equation 23 has
been proposed as a formula for estimating the dislocation strengthening in grains A o [GPa].

Ao =18%x107%/p 4

where  p: Dislocation density [/m?]

Tanaka et al. 2% obtained the amount of dislocation to be introduced from the grain size and true strain & .. Equation (5) is a modified version of the
relationship with the measured values.

p=292x10"% /e /d 5)

Substituting equation (5) into equation (4) and adding the frictional force of oy yields the yield stress gians for transgranular dislocation yielding.
Otrans = 0o + Ao = gy + 0.0307 x y/&./d (6)

Using the above equations, a simple method for estimating cyclic stress-strain diagrams is described. First, the yield stress ix, the true strain at that
time &, and the average grain size are obtained from static tensile tests and from observation of the specimen's microstructure. The friction force oy is
then obtained from equation (3), and the cyclic yield stress guans is estimated using equation (6). For simplicity, the hardening law of powers is used
to estimate the stress-strain diagram. Substituting grans/E as the strain corresponding to the yield stress gians, taking into account the fact that the
deformation is elastic until the cyclic yield stress guans, the coefficient K of the power hardening law is obtained by the following equation.
En
K=" (7

n
Otrans

where, E: Young's modulus [MPa], n: work hardening exponent
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From Fig. 9, considering that the stress-strain diagrams for static and cyclic loading are almost identical except for the transient region from yield
elongation immediately after yielding to uniform plastic elongation, the work hardening exponent is obtained from the stress-strain data after this
transient region by the least-squares method, considering equation (7).

The cyclic stress-strain diagram estimated by the above method is shown in Fig. 10. For comparison, Fig. 10shows the static loading stress-strain
diagram, the cyclic stress-strain diagram at each maximum displacement, and the static loading stress-strain diagram after cyclic loading. Fig. 10
shows that the cyclic stress-strain diagram obtained by this method is in good agreement with the cyclic stress-strain diagram obtained in the test. The
specimens used in this study are general-purpose shipbuilding steels, and the results should be applicable to similar welding or structural steels.
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Fig.10 Comparison of stress-strain diagrams for static and cyclic loading.
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For reference, the dependence of grain size and true strain on yield stress during static loading and cyclic loading calculated by Equations (3) and (6)
is shown in Fig. 11. In (a) the true strain & is 0.002 and in (b) the grain size d is 9.6 um based on the observations in Fig. 6. From (a), the ratio of cyclic
stress to yield stress under static loading increases as grain size increases. This is because the yield stress depends on -1/2 power of grain size in static
loading according to equation (3) and -1/4 power of grain size in cyclic loading according to equation (6), respectively, and the ratio of the two is
positively correlated with the grain size. From (b), the true strain only affects the yield stress owans during cyclic loading, so the change behavior in
(b) is equal to that of owans. Although the yield stress ratio increases as the true strain value increases, the yield stress under cyclic loading is less than
that under static loading even when & reaches 1%. All of these trends were obtained from mathematical equations, and verification by testing is an issue
to be addressed in the future.

5. Conclusions
In this study, we attempted to obtain cyclic true stress true strain diagrams in the large strain region using a general-purpose shipbuilding steel. The
stress-strain diagrams for static and cyclic loading were compared to investigate the causes of the difference between the two, and a simple method for
estimating cyclic stress-strain diagrams was studied. The results obtained are described below.
« The diameter and curvature of the smallest section of the specimen were measured with an telecentric measurement device and a true stress true strain
diagram was obtained using the Bridgman correction method.
« Using the above measurement method, cyclic tensile and compression tests using the incremental step method and static tensile tests after cyclic
loading were conducted to obtain cyclic stress-strain diagrams in the region where the true strain exceeds 1% .
« Differences in maximum displacement in the incremental step method had little effect on the behavior of the cyclic stress-strain diagram.
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The differences in the stress-strain diagrams obtained from the incremental step method and the static tensile test after cyclic loading were small. The
difference between the cyclic stress-strain diagrams obtained by the incremental step method and those obtained by static tensile loading after cyclic
loading and the effect of the maximum displacement condition on the stress-strain diagrams were small in the range conducted in the present study.
There was little difference in the fracture strain between the static tensile test and the static tensile test after cyclic loading.

e The difference in yield stress between static and cyclic loading is discussed from the viewpoint of macro-yield mechanisms at grain boundaries and
within grains, and a simple method is proposed to estimate the stress-strain diagram under cyclic loading from the stress-strain relationship under

static loading.
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