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Abstract
True stress-true strain curves are fundamental for designing and analyzing structures such as
fusion reactors. These curves are typically obtained by conducting tensile tests on round bar
specimens. However, due to material dimension limitations, plate specimens are sometimes
used instead of round bar specimens. Obtaining true stress-true strain curves experimentally
from plate specimens can be challenging. To address this challenge, this study aims to obtain
true stress-true strain curves of miniature plate specimens using both analytical and
experimental methods. The analytical method involved inverse finite element method (FEM),
while the experimental method utilized real-time measurement of the minimum cross-sectional
area and radius of curvature of a miniature plate specimen with a high-speed laser profiler.
Comparing the true stresses obtained from the analytical and experimental methods, we found
that the difference was typically within 5%. These findings suggest that inverse FEM and laser
profilometry are effective methods for determining the true stress-true strain of miniature plate
specimens.

Keywords: true stress-true strain curve, miniature plate specimen, minimum cross-sectional area,
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1. Introduction

Power generation through fusion reactions is expected to be a
significant energy source in the future [1, 2]. In fusion reactors,
blanket modules are essential components that are subjected to
neutron irradiation during the fusion reaction. This irradiation
can cause material hardening due to irradiation effects [3].
For example, in reduced activation ferritic steel F82H, one of
the candidates structural materials for fusion reactors, neutron
irradiation can displace interstitial atoms and generate vari-
ous lattice defect aggregates by displaced atoms and vacan-
cies. This results in shape changes due to the so-called void
swelling [4–6]. Irradiation effects on material properties have
been found to increase tensile strength and decrease elonga-
tion compared to unirradiated materials [7–10]. It is challen-
ging to design fusion reactors within elastic deformation due
to reduced elastic deformation capacity caused by irradiation
effects, and thus designwithin the elastic-plastic range is being
considered [11, 12]. True stress (equivalent stress) and true
strain (equivalent strain), which are crucial material paramet-
ers for the design and analysis of fusion reactors and other
structures, are typically obtained through tensile testing using
round bar specimens [13–15]. Recently, a method to obtain
true stress and true strain from nominal stress and nominal
strain by inverse finite element method (iFEM) analysis has
been developed. It has been reported that this method shows
good agreement with the true stress and true strain obtained by
experimental methods [16–18].

It is well-known that to calculate true stress and true strain
after the onset of necking from experimental data, tensile tests
are conducted on round bar specimens, and the results are
applied to Bridgman’s equation [15]. To apply Bridgman’s
equation to plate specimens, average stress obtained by divid-
ing the incremental test load by the incremental minimum
cross-sectional area, the radius of curvature at the neck, and
the specimen half-width are required to calculate true stress.
Among these parameters, measurement of theminimum cross-
sectional area has been a challenge. Previous papers on the
measurement of the minimum cross-sectional area have been
unclear about the measurement method or have had problems
with measurement accuracy [9, 19–22]. Recently, our group
has used image measurement using reflected and transmitted
light, where the minimum cross-sectional area can be meas-
ured from the image taken because the minimum radius of a
round bar specimen decreases after the maximum load point,
while it remains almost circular [7, 23, 24].

However, the tensile specimens used in neutron irradiation
tests are not miniature round bar specimens but miniature plate
specimens for reasons of temperature control and temperature
distribution during irradiation tests [25, 26]. Although there
have been methods to experimentally determine the minimum
cross-sectional area of plate specimens, such as attaching a
mirror to the side of the specimen and obtaining dimensional
deformation information on the side using digital image cor-
relation technology [27, 28], the center of each face of a plate
specimen is depressed and deformed, making it challenging

to measure the cross-sectional area in the same way as for a
round bar specimen. In addition, this method does not provide
information in the depth direction, making it difficult to eval-
uate the minimum cross-sectional area in real time. The depth
of focus of the optical system is critical to accurately measure
the direction of depression, and a laser microscope is an ima-
ging device with a deep depth of focus [29]. However, laser
microscopes have the disadvantage that they take time to take a
single image, and the tensile test must be interrupted each time
the image is taken. Recently, with the development of shape
measurement technology using laser profilers, there is now the
possibility of measuring the minimum cross-sectional area of
miniature plate specimens in real time using a high-speed laser
profiler [30].

In this study, our focus is on the methodology of acquiring
true stress-true strain from iFEM analysis and experimental
methods for miniature plate specimens. The results of the
iFEM analysis method were compared with those of miniature
plate and round bar specimens. To introduce a novel experi-
mental approach, we employed a high-speed laser profiler to
measure the cross-sectional area and radius of curvature of
necking in real time. We determined the true stresses and true
strains using the acquired data and Bridgman’s equation, and
subsequently discussed the effectiveness of each method.

2. Experimental procedure

2.1. Material

In this study, the candidate material for fusion reactor struc-
tural materials is the reduced activation ferritic steel F82H.
This material was developed around 1980 by Japan Atomic
Energy Research Institute and NKK as an alternative to
Mod.9Cr-1Mo steel, with improved creep strength and lower
activation through the conversion of Mo to W and Nb to V in
the (9-12) Cr-(1-2) Mo-VNb steel [31]. The specific material
used in this study was F82H-BA07 (ID: 25A1-1), and its heat
treatment conditions and chemical composition are presented
in table 1. The material was produced using vacuum-induced
melting followed by electroslag melting [32].

2.2. Inverse FEM

In recent years, an inverse analysis technique combined with
the finite element method has been developed to obtain true
stress-true strain curves for large strain regions, including
materials after tension and expansion necking [16]. This
method, known as the iFEM, is primarily used to obtain the
true stress-true strain curve of the specimen in the finite ele-
ment model using predefined true stress-true strain curves.
The predefined true stress-true strain curve is then corrected
by iteratively comparing finite element results with experi-
mental results. The analysis flowchart of iFEM is provided in
figures 1 and 2, and the specific steps are outlined as follows
[17]:
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Table 1. Chemical composition (mass%) and heat treatment condition of F82H-BA07.

C Si Mn P S Cr W V Ta B Cu Ni
0.091 0.17 0.46 0.009 0.002 8.02 1.99 0.19 0.03 0.002 0.01 <0.01
Ti Mo Nb Al Co Ag Sn As Sb O N Fe
<0.003 <0.01 <0.005 0.007 <0.01 <0.001 <0.003 <0.003 <0.003 0.001 0.016 Bal.

Heat treatment: normalizing:1040 ◦C × 40 min/AC + 960 ◦C × 30 min/AC; tempering: 750 ◦C × 60 min/AC.

Figure 1. The analysis flowchart for determining the true stress-true strain curve [17].

• Firstly, the nominal stress-nominal strain curve of the mater-
ial test specimen is obtained by conducting a tensile test
until the necking strain is reached. The stress–strain curve
is then divided into two stages: stage 1 from the beginning
of stretching until the necking of the test specimen, and stage
2 from the beginning of necking of the test specimen until
the end of stretching.

• For stage 1 before necking of the test specimen, the
true stress-true strain curve of the corresponding part are
obtained from the nominal stress-nominal strain curve of the
experiment, using equations (1) and (2):

σt = σ0 (1+ ε0) (1)

εt = ln(1+ ε0) (2)

where σt: true stress, σ0: nominal stress, ε0: nominal strain,
εt: true strain.

• For stage 2 after necking of the test specimen, the following
four steps are followed to obtain the true stress-true strain
curve:

∗ Step 1: the sample point is determined by selecting the
sample points from the nominal stress-nominal strain
curve after necking.

∗ Step 2: a segmented true stress-true strain curve is
generated from the nominal stress-nominal strain curve
obtained in Step 1. An arbitrary value of the true strain
is specified for the first step, and the true stress-true strain
curve is used to simulate the tensile test by finite element
analysis (FEA).

∗ Step 3: the true stress is determined by an iterative process.
When the local strain at the center (neck) of the specimen
reaches the corresponding local strain in the experimental
data, the nominal stress is obtained by FEA. Local strain is
defined here as the strain equivalent to the nominal strain
at 5mmgauge length of the specimen. Then, the true stress
is changed to reduce the difference between the nom-
inal stress obtained by FEA and the experimental nominal
stress. The FEA is performed again using the changed true
stress-true strain curve. This process is repeated until the
nominal stress obtained by FEAmatches the experimental
nominal stress.
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Figure 2. Detailed flowchart of loop part for determining true stress corresponding to the local strain measured by experiment [17].

∗ Step 4: the above process is repeated for the next sample
point until all sample points are covered. The series of
points (local strain, true stress) obtained in this way cor-
responds to the true stress-true strain curve after the neck-
ing strain. The predetermined true stress-true strain curve
is considered the true stress-true strain curve of the ana-
lyzed material at the post-necking strain stage when the
finite element results obtained by iterative iterationsmatch
the experimental results.

• Finally, the results of stage 1 and stage 2 are combined to
obtain the complete true stress-true strain curve of themater-
ial. For more details on the iFEM analysis, please refer to
papers [16, 17].

Previous research has demonstrated the applicability of the
iFEM method to alloy steel materials, such as carbon steel
and ferritic steel, with favorable outcomes [16, 18]. In this
study, the true stress-true strain curves of F82H were analyzed
using the iFEM and the commercial finite element software
Ansys Workbench 2021R1 [33], following the steps outlined
above.

A 3D model of the miniature plate specimen of F82H
material is shown in figure 3(a), with dimensions consistent
with those of the actual specimen. To reduce computational
effort, a 1/8 model was used due to its symmetry. Figure 3(b)
illustrates the boundary conditions of the analytical model.

Symmetry boundaries are employed for the symmetry surfaces
in the x, y, and z directions, with the y-directional symmetry
symbols omitted. The x-directional tension is applied to the
end face to simulate the tensile test. The local strain measure-
ment area was refined in the model meshing to obtain accurate
tensile strain results, with a cell size of 0.03 mm. The final 1/8
mesh model comprises 36 934 nodes and 7420 cells.

An elastoplastic analysis was employed to conduct the
FEA of the tensile test. For metallic materials like F82H,
a multilinear isotropic plastic hardening model was applied,
which considers both large deformations and geometric non-
linear deformations. Young’s modulus and Poisson’s ratio
were incorporated into the data at room temperature [34]. The
iFEM analysis described above was used to obtain the true
stress-true strain curve of the F82H material.

2.3. Tensile test, image measurement and high-speed
profiler measurement

The specimen shape used in this study was the SS-J3 type (ID:
SS-J3-A, B, C; gauge section: 1.2 w × 0.75 t × 5 l), which
belongs to the category of miniature plate specimens, along
with the miniature round bar type (ID: RB1, gauge section:
ϕ1 × 5 l). The tensile test equipment used in this study was
the Shimadzu Corp. AG-X 10 kN Plus, and the controller for
image measurement was the Keyence Corp. XG-X2900. The
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Figure 3. (a) Finite element model and (b) boundary conditions for miniature plate specimen.

Figure 4. Tensile testing system including image measurement and laser profiler equipment.

camera used was the Keyence Corp. CA-HF2100M with 21
megapixels, and the lens was the VS Technology Corp tele-
centric lens VS-TCM07-150/S. The controller for the high-
speed laser profiler was also the Keyence Corp. XG-X2900,
which was used in conjunction with the image measurement
system. The sensor head used was the Keyence Corp. LJ-
V7020 with a focal length of 20 mm, and the light source for
the image measurement was a transmitted light manufactured
by CCS Inc. The configuration of the test system is shown in
figure 4.

The high-speed laser profiler was operated reciprocally
with the head section mounted on the IAI Corp. EC-S6SR-50
encoder and adjusted to a travel range of 10 mm and a speed

of 20 mm s−1. Tensile tests were conducted at a crosshead dis-
placement rate of 0.03 mm min−1 (equivalent to a strain rate
of 10−4 s−1), a test temperature of room temperature, and a
data sampling rate of 1 Hz. The LJ-V7020 was used to irradi-
ate the laser beam onto the specimen to measure the minimum
cross-sectional area and the radius of curvature at the neck.
The measured data were analogically input to the tensile test
equipment via the XG-X2900 and a programmable logic con-
troller (PLC) link to synchronize the data with the tensile test
results.

The laser head was set up to take images from an oblique
direction to the specimen surface, as shown in figure 5.
The cross-sectional area information obtained was for two
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Figure 5. Schematic diagram of cross-sectional area measurement
using by laser profiler and image.

surfaces, but the minimum cross-sectional area was calculated
assuming that the other half, which could not be obtained, was
equivalent to the measured cross-sectional area. The cross-
sectional area was determined by subtracting the amount of
change from the initial cross-sectional area. In the test pro-
gram, the position where the radius of curvature contacts the
specimen (axial distance from the bottom of the neck) needed
to be set, and the measurement was performed by first setting
the radius of curvature tomeet the specimen atX0 =± 0.5mm,
referring to values of X0 = 0.5–0.6 mm reported in past papers
[35].

2.4. True stress and true strain calculation

To calculate the true stress and true strain from the exper-
imental data, equations (1) and (2) were applied, assuming
that the volume remains constant during deformation up to the
maximum load point.

Alternatively, the following equations can be used to calcu-
late the true stress and true strain after themaximum load value
has been reached in tensile tests using round bar specimens,

σt =
σave(

1+ 2R
r

)
ln
(
1+ r

2R

) (3)

σave =
P
A

(4)

εt = ln

(
A0

A

)
(5)

where σave: average stress, R: radius of curvature of local
shrinkage, r: minimum radius of local shrinkage, P: incre-
mental test load, A: incremental minimum cross-sectional
area, A0: initial cross-sectional area.

The following equations are utilized to compute the true
stress and true strain after the maximum load value has been
attained in tensile tests employing plate specimens,

σt =
σave(

1+ 2R
a

)0.5
ln
{
1+ a

R +
(
2a
R

)0.5(
1+ a

2R

)0.5}− 1
(6)

where a: incremental half-plate specimen width.
Bridgman’s equations [15], represented by equations (3)

and (6), are utilized for calculating the true stress after the
maximum load value in tensile tests. As the specimen necks
beyond the maximum load point, the stress state becomes
multiaxial, but it is considered uniaxial for analysis purposes.
Hence, the average stress obtained by dividing the test load at
each moment by the minimum cross-sectional area, the radius
of curvature at the neck, the minimum radius at the neck, and
the half-width of the specimen are used to calculate the true
stress. To use equations (3)–(6), it is necessary to measure the
minimum cross-sectional area at each moment during the test.

3. Results

Figure 6 exhibits the experimental nominal stress-nominal
strain curve obtained from the miniature plate specimen (SS-
J3-A), along with the true stress-true strain curve obtained by
iFEM analysis. It also shows the experimental nominal stress-
nominal strain curve obtained from the miniature round bar
specimen (RB1), and the true stress-true strain curves obtained
from iFEM analysis. The graph reveals that there is no signific-
ant difference between the SS-J3-A and the RB1 specimens in
both experimental and iFEM analysis results. They are in good
agreement with each other, indicating that the iFEM analysis
used in previous studies is a valid method for the materials and
specimen sizes used in this study.

Furthermore, the results obtained from the combination of
the image measurement device and the high-speed profiler are
explained. Figure 7 illustrates the camera image (a), the con-
tour diagram (b), and the cross-sectional profile (c) during
the measurement. The arrowed area in the contour plot indic-
ates the minimum cross-sectional area that has been measured.
Since the measurement was taken from an oblique direction on
the face of the specimen, the cross-sectional shape appears as
half of the original cross-sectional shape.

Figure 8 shows a cross-sectional view of an interrupted spe-
cimen, which was stopped halfway through the tensile test and
measured by a high-speed laser profiler, as well as observed
under a stereo microscope. Although some differences exist
in details such as edges, there is no difference between the
cross-sectional area shape obtained by the laser profiler and the
actual shape as a rough shape. The cross-sectional area of the
interrupted specimen was 0.337 mm2 when measured with a
stereomicroscope after polishing the minimum cross-sectional
area of the local shrinkage area. The cross-sectional area of
the interrupted specimen obtained from the laser profiler was
0.342 mm2. The difference between the cross-sectional area
of the interrupted specimen and that obtained by the laser pro-
filer was 0.005 mm2 or 1.5%. This finding suggests that the
cross-sectional area measured by the laser profiler is generally
reasonable.

Figure 9 shows the nominal stress-nominal strain curve of
SS-J3-B, along with the minimum cross-sectional area and
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Figure 6. Nominal stress-nominal strain and true stress-true strain
curve by experimental and iFEM.

Figure 7. (a) Measurement of elongation of minimum specimen
width by camera image, (b) contour diagram and (c) shape of
half-size cross-sectional area. The arrow in (b) indicates the location
of the minimum cross-sectional area.

radius of curvature plotted against strain. Additionally, the
nominal stress-nominal strain curve of SS-J3-A obtained from
the miniature plate specimen in figure 6 is also plotted. SS-J3-
B was selected for comparison because the tensile strengths
of SS-J3-A and SS-J3-B were relatively close, at 703 MPa
and 697 MPa, respectively, at least in the stress–strain curves.
As shown in figure 9(a), the fracture strain of SS-J3-B is
0.018 (1.8%) greater than that of SS-J3-A. The difference is
believed to be due to the method used to measure elongation.
Specifically, the elongation of SS-J3-A is measured and ana-
lyzed by the amount of deformation in the binarized specimen
image obtained by coaxial light from behind the specimen.
On the other hand, the elongation of SS-J3-B is measured and
analyzed by the same method as SS-J3-A, but in addition to
the elongationmeasurement, cross-sectional area and radius of

curvature are also measured simultaneously. The laser beam
overlaps with the point for measuring specimen elongation,
resulting in partial halation of the image, which makes the
image unrecognizable in the system. This factor is believed
to lead to an overestimation of elongation (strain).

As explained above, the minimum cross-sectional area
was determined as twice the cross-sectional area obtained
by the high-speed laser profiler. It is observed that the min-
imum cross-sectional area decreases gradually until the tensile
strength exceeds the maximum value, after which it drops
sharply. This abrupt decline occurs at almost the same strain
as the point where the tensile strength is reached, which is
considered the critical point where uniform elongation ends
and localized unstable deformation begins. The measurement
accuracy of the radius of curvature was observed to change
before and after the slope of the minimum cross-sectional area
changed. This may be attributed to the detection sensitivity of
the device, which was unable to detect the radius of curvature
before necking became apparent near the minimum cross-
sectional area, resulting in some dispersion. However, as neck-
ing became apparent, the detection sensitivity of the radius of
curvature increased, and the measurement accuracy improved.
Therefore, while there may be room for improvement in the
measurement of elongation, the minimum cross-sectional area
and the high-speed laser profiler were able to measure the min-
imum cross-sectional area and radius of curvature required for
the calculation of true stress and true strain.

4. Discussion

To investigate the effect of variation in strain direction on the
true stress-true strain curves, we compared the true stress-true
strain curves obtained from experimental and iFEM analyses
of SS-J3-A, SS-J3-B, and RB1. It should be noted that for
SS-J3-A, only the results of the iFEM analysis were used as
there is no information available on the radius of curvature and
plate width measurements required for Bridgman’s equation.
Figure 10(a) presents a graph that plots each of these results
together. While there are differences in the true strain at break,
the iFEM analysis true stress-true strain curve for SS-J3-A, the
experimental true stress-true strain curve for SS-J3-B, and the
experimental and iFEM analysis true stress-true strain curves
for RB1 generally agree. Figure 10(b) shows the difference
(%) of true stress at each true strain for each specimen based
on the iFEM results for SS-J3-A. Except for the iFEM res-
ults for SS-J3-B, the differences are within ±5% at each plot.
Conversely, the iFEM results for SS-J3-B show that the differ-
ence increases as the true strain increases for true strains above
1.0. This finding suggests that inputting overestimated nom-
inal stress-nominal strain curves into the iFEM analysis may
result in a difference. Therefore, the nominal stress–nominal
strain input into the iFEM analysis must be based on more pre-
cisely measured nominal stress-nominal strain data.

Equation (6) used to calculate the true stress comprises the
following parameters: average stress (load and cross-sectional
area), specimen half-width, and radius of curvature. Firstly,
the effect of the radius of curvature was examined. Under the
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Figure 8. Comparison of cross-sectional shape acquired by (a) stereoscopic microscope and (b) laser profiler equipment of miniature plate
specimen.

Figure 9. (a) Nominal stress-nominal strain curve, (b) Curvature
and minimum cross-sectional area vs strain.

conditions of this study, where X0 = 0.5 is set at the point
where the radius of curvature contacts the specimen, there is a
difference of about 10 MPa between the iFEM analysis res-
ults for RB1 and SS-J3-A and the results for SS-J3-B near
the fracture strain (εt = 1.1). Since the value of the radius of
curvature may also change by altering the value of X0, we var-
ied X0 from 0.1 to 1.0 mm in 0.1 mm increments to investig-
ate. The geometric relationship in the vicinity of the neck is
shown in figure 11, with the origin at the bottom of the neck,

Figure 10. (a) Comparison of true stress of miniature plate
specimen, miniature round specimen and iFEM and (b) Difference
from the true stress of RB1 experiment for each specimen.

the X-axis along the longitudinal direction of the specimen,
and the Y-axis along the width direction [35]. The radius of
curvature can be obtained by calculating the coordinates X0

on the neckline as the distance between the observation points
and Y0 as the difference between the cross-sectional specimen
half-width at the bottom of the neckline and the cross-sectional
half-width of the adjacent observation points, using the rela-
tional equations shown in figure 11.
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Figure 11. Geometric relationship near the neck and relationship
equation [35].

Figure 12. Results of the approximate equation for true stress using
a radius of curvature obtained from the study.

The results of the study, which involved graphing the
true stress using the radius of curvature obtained from the
experiments, are presented in figure 12. When the radius of
curvature was calculated with X0 values ranging from 0.1
to 0.3, a decrease in true stress was observed near the true
strain of 0.15 (close to the tensile strength). Consequently, the
radius of curvature values obtained with X0 = 0.1–0.3 was
deemed unsuitable and was excluded from subsequent ana-
lysis. Figure 12 shows that the difference in true stress at each
X0 value increased as the true strain increased, and the max-
imum difference of true stress at εt = 1.1 was 108 MPa. The
true stress at fracture obtained from iFEM analysis of RB1 and
SS-J3-A at εt = 1.1 was 993 MPa and 983 MPa, respectively.
By using these values as references, the difference between
the true stress obtained from verification and the true stress
obtained from iFEM of RB1 and SS-J3-A was determined.
Table 2 shows the results. The smallest difference from the
reference value was observed when X0 was 0.5 mm, and this
result indicates that the optimal X0 value in this test is 0.5 mm,
which is consistent with previous findings [35].

To confirm the influence of the radius of curvature on
the calculation of true stress, a test was conducted with
X0 = 0.7 mm. The true stress-true strain curves obtained from

Table 2. Difference between the true stress calculated by iFEM
analysis for RB1 and SS-J3-A at each X0 of εt = 1.1.

X0 (mm) 0.4 0.5 0.6 0.7 0.8 0.9 1.0

RB1 MPa 18 14 38 56 70 81 91
% 1.8 1.4 3.8 5.6 7.1 8.2 9.2

SS-J3-A MPa 28 4 28 46 60 71 81
% 2.8 0.4 2.8 4.6 6.0 7.1 8.1

Figure 13. Comparison of true stress and minimum cross-sectional
area of SS-J3-B (X0 = 0.5) and SS-J3-C (X0 = 0.7).

measurements at X0 = 0.5 mm (SS-J3-B) and X0 = 0.7 mm
(SS-J3-C) are shown in figure 13. While it would have been
ideal to replace X0 = 0.5 with X0 = 0.7 in the measurement
of SS-J3-B and reanalyze the results, this was not possible.
Therefore, SS-J3-C (X0 = 0.7) was selected for comparison as
it has a relatively similar stress–strain curve to that of SS-J3-
B and does not have X0 = 0.5. As shown in the graph, there
is a slight difference in some portions, but there is almost no
difference at 14 MPa near the fracture position. These results
suggest that the value of the radius of curvature has minimal
effect on the calculated true stress results with the degree of
variation observed in this study.

Subsequently, the effect of the minimum cross-sectional
area was examined, as depicted in figure 13. The results show
no significant variation in either case. Furthermore, as stated in
the results section, the measurements obtained from the high-
speed profiler are not significantly different from the true val-
ues. Therefore, theminimum cross-sectional area valuesmeas-
ured in this study are not expected to significantly impact the
calculated true stress results.

Finally, the specimen width was examined. The specimen
width obtained in this study was measured from the projec-
ted image and was taken at the outermost side in the thick-
ness direction. However, the smallest specimen width, which
is concave compared to the surface side of the thickness, is
located at the center of the thickness direction, as shown in
figure 8. The true stress-true strain curve recalculated using the
minimum width at the center, calculated using the ratio of the
width measured by projection from the cross-sectional image
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Figure 14. Comparison of true stresses for different plate widths.

to the minimumwidth at the center, is shown in figure 14 along
with the true stress-true strain curve calculated using the speci-
men width in the projection image. It can be seen that the true
stress calculated using the minimum plate width is higher than
the true stress calculated using the width measured from the
projection image, although the increase is negligible at 5 MPa
in this test. For specimens that are more concave in the center
of the thickness, the increase in true stress is expected to be
more pronounced compared to the true stress calculated using
the plate width on the surface side of the thickness. Therefore,
to calculate the true stress more accurately, it is important to
use the specimen plate width value at the point where the spe-
cimen plate width near the center of the specimen thickness
is the minimum value. However, since the difference is not
extremely large, it may be possible to simply calculate the true
stress using the measurement results of the outermost speci-
men width.

5. Summary

In this study, our focus was on two methods to obtain the true
stress-true strain relationship using iFEM analysis and exper-
imental methods for miniature plate specimens. We compared
the iFEM analysis results with the true stresses obtained from
experimental methods for miniature plate and round bar spe-
cimens, as well as with iFEM analysis results for those speci-
mens. The difference in true stress was within±5% compared
to the true stresses obtained from the experimental methods
for both miniature plate and round bar specimens. However,
an overestimation of the true stress can result from inputting
overestimated nominal strain into the iFEM results.

We introduced a new laser profiler that enables real-
time measurement of the cross-sectional area and radius of
curvature of the necking of a miniature plate specimen. Using
the measured data and the separately measured specimen
width, the true stress obtained from Bridgman’s equation was
found to be accurate to within 5%, as demonstrated above.

These results indicate that analytical methods utilizing
iFEM analysis and experimental methods utilizing a laser

profiler are effective in determining the true stress-true strain
of miniature plate specimens.

Data availability statement

All data that support the findings of this study are included
within the article (and any supplementary files).
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