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Element Analysis of Miniature Steel Specimens

Zhaoyi Cheng, Jianrong Sun

The experimental method of small punch tests (SPT) using miniature specimens has great advantages and
broad application prospects for material research in space, nuclear plants and other extreme environments.
However, at present, the application of this method lacks unified standards and norms, which affects its
application effect. Based on these, the mechanical properties of ¢3 mm disks miniature specimens of SIMP
steel with different thicknesses are investigated through SPT experiments, finite element modeling (FEM)
analyses and scanning electron microscopy observations. All the results demonstrate that the relationship of
the mechanical properties of standard tensile test samples derived from the data of small punch test is
established, and the method of establishing this mechanical relationship is also provided. Most importantly,
based on the shear stress analyses of FEM calculations, most mechanical properties, such as yield strength,
ultimate strength, fracture toughness and elastic modulus, can be obtained directly through SPT experi-
ments. These findings may improve the possibility of establishing a widely accepted program for obtaining
basic materials properties from SPT experimental data by using FEM simulations and provide a new
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comparison scheme (or norm) for obtaining accurate data from miniature specimens.

Keywords finite element modeling (FEM), mechanical testing,
miniature specimens, SIMP steel, small punch tests

(SPT)

1. Introduction

The service behavior of materials in extreme environments
is one of the main bottlenecks restricting the use and
development of nuclear energy, and the material problems
determine the feasibility, safety and economy of nuclear energy
systems (Ref 1). The operating environment of the nuclear
energy systems is extremely harsh, in which structural materials
are confronted with multi-field coupling effects such as the high
temperature of the reactor core, strong radiation field, high
pressure, coolant corrosion and abrasion, which will lead to
embrittlement, fatigue, creep and so on of damaging behaviors
under long-term service conditions (Ref 2). So, it is necessary
to regularly test and analyze the performance (especially
mechanical performance) of the preset structural materials and
components in the reactors to ensure the safe operation of
nuclear power facilities (Ref 3, 4). Due to the serious secondary
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radioactivity of materials caused by high flux neutron irradi-
ation, the preparation and testing of all material standard
samples must be completed in a hot cell, so the performance
evaluation and development of structural materials in nuclear
energy systems take a lot of time with high cost (Ref 2, 4).
From the perspective of reducing the number of radioactive
samples and improving the irradiation efficiency (the irradiation
space is limited) of materials in the reactors (a hot cell is not
needed, which reduces a lot of costs), and considering the
simulated irradiation depth outside the reactors (neutron
irradiation effect is simulated by heavy ions to shorten the
evaluation period of irradiation), it is more effective to replace
the American Society of Testing Materials (ASTM) and
American Society of Mechanical Engineers (ASME) standard
specification samples with smaller or even miniature samples.
Therefore, the designs, mechanical tests and analysis tech-
niques of miniature samples as well as the structure—activity
relationships between the test results of miniature samples and
the results of standard samples are important contents of the
research and development of nuclear materials in recent years
(Ref 3, 5).

Nondestructive testing techniques have played more and
more important roles in getting the mechanical properties and
damage degrees of equipment (Ref 6-9). The small punch test
(SPT) is one of the nondestructive mechanical testing tech-
nologies developed in Europe, America and Japan in the 1980s
(Ref 5-8), which uses miniature specimens of 10 x 10 mm
square or disks with the diameter of 10, 8 or even 3 mm. In fact,
3-mm disks are now widely used and accepted as SPT means,
because the size of this specification just matches the test
samples of transmission electron microscope (TEM). Compared
with the traditional mechanical test methods, SPT reduces the
size of the test samples, which has great advantages and broad
application prospects for material research in space, nuclear
plants and other extreme environments (Ref 10-15).

SPT technology has been widely used to characterize the
tensile properties, the ductile-brittle transition temperature
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(DBTT), the fracture toughness (Jic), the creep damage
characteristics, the fatigue properties, etc., which are aimed at
various materials, such as steels, alloys and ceramics (Ref 6-
34). Bruchhausen et al. (Ref 14) found that tensile properties
such as yield strength (o) and ultimate strength (oyrs) of P91
material could be obtained by load—displacement curves of SPT
experiments. Jia and Dai et al. through the experiments of SPT
discovered that the DBTT of F82H, T91 and Optimax-A steels
increased a lot with the increasing radiation dose (Ref 22, 23).
Mao et al. investigated 2.25Cr-1Mo steel fracture toughness
(Jic) of radiation, and they found the results of fracture
toughness (Ji¢) obtained from SPT with 3-mm diameter
specimens were almost linear with the fracture strain (Ref 11,
13). Zhao and Song et al. analyzed the creep damage
characteristics of Sanicro25 austenitic stainless steel and P92
steel by using SPT experiments and finite element modeling
(FEM) simulations, and they discovered that the experimental
creep curves in small punch creep (SPC) tests were similar to
that in uniaxial creep (UC) tests (Ref 27-29). Lancaster et al.
studied fatigue properties of the aerospace titanium alloy Ti-
6Al-4V and the nickel-based superalloy C263 by using small
punch fatigue (SPF) tests, and their results were consistent with
uniaxial fatigue (UF) tests (Ref 6). Simonovski, Gao and Xue
et al. evaluated the accuracy of some physical models with the
combination of SPT experiments and FEM simulations (Ref 32-
34). Simonovskid et al. found that Gurson—Tvergaard—Needle-
man (GTN) damage model can well predict the formation of
cracks under the cold working conditions of 15-15Ti24CW and
15-15Ti46CW (Ref 32), Gao et al. predicted the fracture
behavior of AA7075 aluminum alloy during hot forming by
GTN damage model (Ref 33), and Xue et al. calculated the
mechanical properties of materials by inverting the Johnson—
Cook constitutive model parameters of materials (Ref 34).
However, due to the inhomogeneity of stress and deforma-
tion conditions, the main difficulty of SPT experiments is that it
is not as easy to obtain the relevant materials parameters as
easily as the standard test methods (Ref 10-12). Therefore, there
is still no generally accepted program for getting basic materials
properties from SPT experimental data (Ref 7, 10-12). The
most difficult thing is that the correlation between each
researcher’s conclusions has not been established, which leads
to the fact that the researchers still need to carry out a large
number of standard experiments to compare with the experi-
mental data obtained from SPT. Also, there are still some
problems in SPT technology, such as the lack of normalization
methods for miniature sample data and the size effect of
miniature samples (Ref 10, 35-37). At present, researchers
recognize that these problems can be solved by comparing the
SPT experimental results with the simulative results calculated
by using advanced materials models, so as to obtain the
relationships between the data (Ref 10-12). In addition, there
are some limitations in the use of the SPT method for the
characterization of engineering mechanical properties of mate-
rials with significant mechanical anisotropy (e.g., Zr alloys with
significant plastic anisotropy). The greatest source of this
limitation is the size effect of miniature specimens. The
thickness of miniature specimens is only dozens or hundreds
um (only a few grains size), which makes the proportion of the
anisotropy of the grain orientation and the lattice itself more
significant. Furthermore, the other side comes from the
imprecision of the theoretical model. For example, the error
in calculating the fracture toughness of each metallic material
by the maximum fracture energy density may be relatively
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large; and whether it is used for other materials needs to be
further verified. However, it is generally assumed that the above
limitations can be ignored. On the one hand, the difference
between the values of the SPT method and the standard test is
relatively small. On the other hands, when materials with
significant anisotropy are tested by using the SPT method, the
results are all labeled as performance values in one direction,
and there is no possibility of misinterpretation. Therefore, in
terms of the scope of use of the SPT method, it is a test method
with universal applicability.

In this paper, a comparative study is conducted on the SPT
experiments, the miniature specimens tensile test experiments
and the FEM simulations of SPT based on the miniature
specimens’ tensile test results verify and establish the elastic—
plastic parameters of materials obtained by the SPT method.
Moreover, a new comparison scheme is also provided for
obtaining accurate data from SPT experiments of miniature
specimens. By establishing constitutive relations, SPT will save
a great deal of workforce and financial resources for the
evaluation of mechanical properties for nuclear material, and at
the same time, it will also lay the foundation for establishing the
relevant program for obtaining basic materials properties from
SPT experimental data. Based on these, merely after SPT
experiments, the almost complete mechanical properties of
materials can be reasonably and accurately obtained in the
future, such as elastic modulus (E), fracture toughness (Jic),
fracture energy, yield strength (¢,) and ultimate strength (ayrs).

SIMP steel is a type of reduced-activation ferritic/marten-
sitic (RAFM) steels cooperatively developed by the Institute of
Modern Physics (IMP) and the Institute of Metal Research
(IMR), Chinese Academy of Sciences (CAS) as the structural
materials for China initiative Accelerator Driven sub-critical
System (CiADS) (Ref 38, 39). Because of its high silicon (Si)
concentration, the resistance to liquid metal corrosion of SIMP
steel is further improved as well as its resistance to irradiation
swelling than T91 steel, and a large number of SIMP steel
experiments about irradiation, corrosion and mechanical tests
are being carried out (Ref 39-41).

2. Experimental

2.1 Materials and Specimens

The steel materials studied in this paper were from the 5-ton
levels SIMP steel forged by the Institute of Metal Research,
Chinese Academy of Sciences. Detailed chemical compositions
of SIMP steel are presented in Table 1, and the steel was used in
the normalized and tempered condition, as noted (Ref 38-41).
Microspecimens (tensile test and SPT specimens) were fabri-
cated via low-speed unidirectional wire electrical discharge
machining (WEDM-LS). Firstly, the surfaces of the samples
were mechanically polished with sandpaper with various
degrees of roughness, and secondly, they were fine mirror
polished with a diamond spray of 0.5 um. Finally, all the
samples were cleaned by ultrasonic waves in acetone. The
design of miniature tensile test specimens is shown in Fig. 1(a),
and the microsamples used for SPT are in the form of disks with
a diameter of 3 mm and a thickness of 0.1, 0.2 and 0.3 mm.
Besides, the dimensions of the above samples meet standards
specified in detail in the EUCoP (Ref 42, 43).
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Table 1 The nominal composition of SIMP steel in wt.%

Material C Si Cr Mn w Ta v S P Fe
SIMP 0.22 1.22 10.24 0.52 1.45 0.12 0.18 0.0043 0.004 Bal.
Normalization: 1050 °C, 30 min; temperature: 760 °C, 90 min.
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Fig. 1 Tensile experiments. (a) Dimensions (mm) of the small tensile specimen of SIMP steel and (b) engineering tensile stress—strain curve

measured at RT of SIMP steel (1 represents the strain unit of I mm/mm)

2.2 Tensile Tests

To obtain the properties (elastic—plastic parameters) of SIMP
steel, a 20-kN MTS machine was used to carry out uniaxial
tensile tests on miniature tensile test specimens (Ref 37, 44,
45). The tensile tests were performed at a constant speed of 0.3
mm/min corresponding to a nominal strain rate of 1.0 x 1073
s7!, and the samples of five thicknesses (0.25, 0.30, 0.45, 0.50
and 0.65 mm) were tested four times for each. The typical
nominal stress—strain (engineering tensile stress—strain) curve
of the SIMP steel specimens was tested at room temperature
(RT), which is illustrated in Fig. 1(b). The relationships
between nominal stress (o) and nominal strain (¢) as follows
(Ref 15, 31):

Ee ¢< ap/E
. 0<¢ <02%
c=X0, 02%<e<eg (Eq 1)
ocag e <eg<e
op &~ &

where ), is the ultimate proportional strength, o, is the ultimate
elastic strength, o, is the yield strength, oyrs is the ultimate
strength, and the corresponding values are also shown in
Fig. 1(b). The elastic phase is the o-b segment, and the
engineering stress should be in direct proportion to the
engineering strain in the o—a segment. Although engineering
stress is not strictly proportional to the engineering strain of the
a-b segment, the tensile deformation will disappear if
unloaded. Therefore, the elastic phase also includes the a-b
segment corresponding to 0.2% plastic strain. The yield phase
is the b-c segment, in which the material loses its ability to
resist deformation, however, this phase does not exist in SIMP
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Fig. 2 A schematic diagram shows the set-up of SPT (unit: 0.1
mm)

steel. The strengthening phase is the c—d segment, which
restores resistance to deformation. The local necking phase is
the d-e segment, where the samples appear necking phe-
nomenon and are quickly fractured. Furthermore, the method is
currently only applicable to the process of tensile testing of
metallic materials.

2.3 Small Punch Tests (SPT)

SPT experiments were performed by using an improved
hydraulic-driven MTS device (Ref 11-15, 27-31). The detailed
schematic diagram of the SPT device is depicted as in Fig. 2.
The device consists of a small punch, an upper die, a rigid ball
with a diameter of 1 mm, a specimen, a lower die and an
extensometer. In SPT experiments, the SIMP steel specimen
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was clamped between the upper and lower dies. In addition,
screws were fixed between the upper and lower dies to ensure
that the specimen was always clamped. The SPT experiments
were carried out at a constant speed of 0.2 mm/min (Ref 11-
17). Here, 3-mm diameter disk miniature specimens were used
to test SIMP steel specimens of three thicknesses (0.1, 0.2, and
0.3 mm) at RT (Ref 42, 43), with six repetitions of each
thickness.

The typical load—displacement curve of SPT experiments for
SIMP steel and distributions of the shear stress of cross section
(x—y plane) across the specimens of FEM simulations is
illustrated in Fig. 3. The load—displacement curve includes (I)
elastic bending, (IT) plastic bending, (III) plastic membrane
stretching and (IV) plastic instability, and it corresponds to (a),
(b), (c) and (d) of the shear stress distribution diagram,
respectively. Moreover, the elastic—plastic transition force (F%),
the maximum force (Fy,) and the fitted straight line F'(u) are
shown in Fig. 3.

2.4 Finite Element Modeling (FEM)

The ABAQUS 6.14-1 standard code was used for FEM (Ref
16-20). The details of FEM simulations used for SPT are
depicted as in Fig. 4. The physical model is composed of a
central axis, a punch indenter with a diameter of 1 mm, an
upper die, a disk specimen, and a lower die is presented in
Fig. 4(a). A friction coefficient of 0.2 was set between the
surfaces of the upper and lower dies in contact with the
specimen in order to prevent the disk specimen from sliding, as
the results of Kumar and Simonovski et al. studies agreed that
the fitting degree between simulation results and experiment
results is the highest when the friction coefficient is 0.2 (Ref 19,
30). In the current work, the modeling does not take into
account a damage model. In addition, the displacement and
angle were completely fixed on the lower die, and a force of
440 N that can only go down was set on the upper die, which
were the boundary conditions (Ref 19, 30). Furthermore, there
are two loading methods in FEM calculations, i.e., force
loading and displacement loading. In this paper, the displace-
ment loading at a steady velocity of 0.2 mm/min was used to

I Elastic bending

0.6 - 11 Plastic bending

| 1l Plastic membrane stretching
IV Plastic instability

05+ c |

04 -

03

Load (kN)

The fitting
‘straight line F(u)

02} )
Experimental result

o1 f -

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Displacement (mm)

Fig. 3 The typical load—displacement curve of SPT experiments for
SIMP steel and distributions of the shear stress of cross section (x—y
plane) across the specimens of FEM simulations for (a) elastic
bending, (b) plastic bending, (c) plastic membrane stretching and (d)
plastic instability
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simulate SIMP steel with three thicknesses (0.1, 0.2 and 0.3
mm) is illustrated in Fig. 4(b). The 6854 axisymmetric linear
reduction integral elements (CAX4R) were used to simulate the
disk samples are shown in Fig. 4(c). In addition, the fine
meshes were divided around the disk sample about 1/3 of the
area. The size of the fine meshes divided by ABAQUS software
was 0.02, and the size of the coarse meshes was 0.1. Here, the
fine mesh optimization was adopted to improve the accuracy of
the calculations. Finally, the material properties (elastic mod-
ulus, Poisson’s ratio and the true stress—plastic strain) of
miniature tensile test specimens as the initial parameters were
utilized to perform FEM simulations of SPT at RT.

2.5 Morphology and Microstructure Characterization

After the SPT experiments, SIMP steel specimens were
cleaned by ultrasonic alcohol and then air-dried on a quick
qualitative filter paper. These specimens were prepared for
morphology and microstructure characterization. The morphol-
ogy and microstructure of three thicknesses SIMP steel
specimens were collected by ultra-high-resolution field emis-
sion scanning electron microscopy (HRSEM), which was
carried out with a SU8020 instrument (HITACHI, Japan)
equipped with the energy disperse spectroscopy (Octane Plus)
detector (EDAX, AMETEK, the USA). The electron gun of
HRSEM is a cold field emission source, which was operated at
the standard mode with an accelerating voltage of 5.00 kV.
After adjustment and comparison of various magnification
multiples, four magnification multiples of 100, 5000, 40000
and 80000 times were finally selected for characterization.

3. Results

3.1 Tensile Properties of SIMP Steel

The nominal stress—strain curves of SIMP steel with
different thicknesses are obtained by tensile tests of miniature
samples at RT as shown in Fig. 5(a). The results show that the
nominal stress—strain curves of SIMP steel with thicknesses of
0.30, 0.45, 0.50 and 0.65 mm are approximately the same in the
elastic and plastic phases (the errors are less than 2.5%), and the
results are similar to those obtained by the tensile tests of
standard size samples (Ref 39). However, when the thickness is
0.25 mm, the result is obviously different. It is estimated that
when the thickness is 0.25 mm, the size effect should be taken
into account in the tensile test result of miniature samples. The
grain size of the SIMP steel is about 110 um. When the
thickness of the micro-tensile samples is reduced to a few
grains, the size effect is significantly enhanced, so that the
tensile test results are remarkably increased and more dispersed.
The above phenomenon can be perfectly fitted and explained
by the strain gradient plasticity theory based on the dislocation
mechanism developed by Nix and Gao (Ref 46, 47). The
normalized nominal (black) stress—strain curve and true (red)
stress—strain curve of SIMP steel by miniature specimens
tensile tests are illustrated in Fig. 5(b). The relationships among
nominal stress (¢), nominal strain (), true stress (o) and true
strain (&qye) as follows:

L
dL L
Etrue = /dgtrue = /f =In (L_()) = ln(l + ‘0) (Eq 2)
Ly
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Fig. 4 Finite element analysis model used for SPT. (a) Physical model, (b) the boundary conditions and (c) the corresponding mesh structure
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Fig. 5 (a) Nominal tensile stress—strain curves measured at RT of five thicknesses (0.25, 0.30, 0.45, 0.50 and 0.65 mm) SIMP steel, (b)
normalize nominal (black) stress—strain curve and true (red) stress—strain curve of 0.30-mm thickness SIMP steel, (c) The stress—plastic strain
curve of 0.3-mm thickness SIMP steel and (d) the elongation at fracture (%) (Color figure online)

_ =o(l+¢) (Eq 3) strain curve is obtained by using the true stress—strain curve,

AoLo and the true stress—plastic strain curve is taken as SIMP steel

P Finally, as presented in Fig. 5(c), the true stress—plastic
Otrue = Z
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properties to input for the FEM simulations. The formulas
among &/, e, E, Erues €el> Ty, &y, 0 and g, as below:

Oy

ag
E=2=_2Y Eq 4
& & — 0.002 (Eq 4)
ag
1 = time — Lol = e — (Eq 5)

where ¢, is the true plastic strain, &g is the true strain, & is the
true elastic strain, and the relative values are depicted as in
Fig. 5(b). In addition, the elongation at fracture of tensile test
for SIMP steel is shown in Fig. 5(d). The elongation at fracture
has little change under five thicknesses, ranging from 15 to
25% basically.

3.2 SPT Experiments and FEM Simulations of SIMP Steel

The results of small punch load—displacement curves for
different thicknesses (0.1, 0.2 and 0.3 mm) SIMP steel by
experiments and calculations at RT are presented in Fig. 6.
There is virtually no difference in the results calculated by FEM
compared with the SPT experimental results, and they just do
not perfectly fit in the plastic instability stage. The elastic—
plastic transition force (Fe) and the maximum force (Fj,)
increase obviously with the thickness of specimens as shown in
Fig. 6(a) and (b); however, Fig. 6(a) presents that the
displacement of the fracture position does not increase with
the thickness of SIMP steel. As illustrated in Fig. 6(b), the
results of F, and F},, obtained by experiments and calculations
are roughly equal. Moreover, the errors of the elastic—plastic
transition force (F,) obtained by experiments and calculations
are 7.95%, 8.82% and 1.33% on the specimens with different
thicknesses (0.1, 0.2 and 0.3 mm) severally. Further, the errors
of the maximum force (F),) obtained by experiments and
calculations are slightly larger, and then, they are 5.57, 17.70
and 18.09%, respectively.

3.3 Application to R,., R.y. and R, s

The parameters of the compression strength (R,,.), the upper
compression yield strength (R.z.) and the proof strength-total
compression (R,gs) are all obtained directly from the SPT
experiments, which are very important for analyzing the

= (). | mm-Experiment
0.6 = ().2 mm-Experiment
0.3 mm-Experiment
(.1 m e element analysis
0.5 —(0.2 mi e element ul\lll)\i\
=== (.3 mm-Finite element analysis
o4t
zZ
=
ke
S 03}
o
-
02
0.1
0.0 : : :
0.0 0.2 0.4 0.6 0.8
(a) Displacement (mm)

properties of the material. Similar to the ultimate elastic
strength (0.) is equal to the yield strength (o,) in the
engineering stress—strain curve is shown in Fig. 1(b), the
compression strength (R,,.) in the experimental values of SPT
experiments is equal to the upper compression yield strength
(Reme). For determining the compression strength, the upper
compression yield strength and the proof strength-total com-
pression of the SIMP steel from the SPT empirical correlations
between the material properties and the characteristics pointed
on the load—displacement curves are used (Ref 14, 21, 42, 43):
Rye = Rerte =

F,
o h—'; + oy (Eq 6)
o

F,
Rios = By 5l + B, (Eq 7)

where oy, o, f; and f3, are a constant, respectively. F. is the
elastic—plastic transition force, F,, is the maximum force, and
h, is the sample thickness in the SPT experiments. The
distribution of the compression strength (R,,.) and the upper
compression yield strength (R.;.) along with Fy,/h% are
provided in Fig. 7. The result of the linear fitting is
y = —0.0058x + 100.56, and the correlation index (R?) is
0.9894. Similarly, the distribution of the proof strength-total
compression (R s) along with F,/ hg is depicted as in Fig. 8.
The result of the linear fitting is y = 0.0327x — 19.375, and the
correlation index (R?) is 0.9408. It is not difficult to discover
that the fitting degrees of the above two unary polynomial
regression equations both are relatively high because the
correlation indexes are greater than 0.94. Besides, the detailed
factors according to Eq 6 and 7 obtained by the linear fitting are
presented in Table 2.

3.4 The Comparisons of FEM Simulations and SEM
Observations

The shear stress is the main cause that leads to the fracture
properties of SIMP steel specimens in SPT experiments, so it is
particularly important to analyze the distribution of shear stress
in FEM simulations. The detailed distribution of shear stress
contour plot of 0.3-mm-thickness SIMP steel calculated by
FEM is shown in Fig. 9. The S represents the shear stress, and
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Fig. 6 (a) Experimental and simulation results of SPT load—displacement curves for 0.1-, 0.2- and 0.3-mm thickness SIMP steel at RT and (b)
detailed results of Fi, Fy, obtained by experiments and simulations as well as the errors of experiments and simulations values
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Table 2 The factors according to Eq 6 and 7 from the
linear fitting value

Factor o o2 N b

Linear fitting value — 0.0058 100.56 0.0327 — 19.375

S12 represents the shear stress of the X—Y plane of the two-
dimensional plane, and then, S12 specifically refers to shear
stress in this paper. In Fig. 9, the maximum shear stress is
connected into an arc line, which is consistent with the arc line
observed by SEM for the sample in SPT experiments. The
distribution of shear stress differs markedly with respect to the
upper and lower surfaces. Further, the distance between the
maximum shear stress on the upper surface and the center of the
sample is obviously greater than that on the lower surface.

To prove the rationality and accuracy of FEM simulations,
the FEM simulation results are compared with the SEM
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observation results. The distribution of shear stress with the
distance from the center of the sample on the upper and lower
surfaces of 0.3-mm-thickness SIMP steel is illustrated in
Fig. 10(a). The detailed result of amplification 100 times for the
SPT experiments 0.3-mm-thickness sample by SEM is shown
in Fig. 10(b). In Fig. 10(a), the distance between the maximum
shear stress and the sample center is 0.424 mm on the upper
surface and 0.406 mm on the lower surface. Also, in Fig. 10(b),
the distance between the fracture and the sample center is 0.412
mm on the upper surface and 0.399 mm on the lower surface.
As can be easily found, the distances between the maximum
shear stress and the 0.3 mm thickness specimen center on the
upper and lower surfaces by FEM calculations are almost
equivalent to the distances between the fracture and the 0.3-
mm-thickness specimen center by SEM observations.

As presented in Table 3, the radial distance from the three
thicknesses (0.1, 0.2 and 0.3 mm) SIMP steel fracture to the
center of the specimen at the upper surface and lower surface
by FEM and SEM. It can be shown obviously that the radial
distances from the SIMP steel fracture to the center of the
specimens at the upper surface and lower surface by FEM and
SEM increase with the thickness. Furthermore, except for the
lower surface of the 0.2-mm-thickness SIMP steel sample, all
radial distances from fracture to the center of the samples by
FEM simulations are slightly bigger than that by SEM
observations. Especially important, all errors between the
FEM calculations results and the SEM observations results
are less than 5%, even less than 3.2%.

3.5 Fracture Energy (SP Energy) of SIMP Steel

The fracture energy is the energy needed for the crack
propagation per unit area of material under load, and it is an
important physical quantity for the experiments of SPT. For the
sake of further proving the rationality and accuracy of FEM
simulations applied to SPT experiments, the fracture energy
obtained by SPT experiments and FEM simulations is com-
pared. The detailed schematic diagram of fracture energy (SP
energy) calculated for SPT is depicted as in Fig. 11. The
formulas of fracture energy and the maximum force are
calculated as follows (Ref 14, 24, 25, 31):

Wtzv/l ads:/ P(u)du
0 0

Pm:APeb+APpb+APpms+APpi

(Eq 8)

(Eq9)

Here, W, is the fracture energy, v is the volume of the miniature
sample fracture section, ¢ is the stress, ¢ is the strain, & is the
strain at the moment when the sample is greatly fractured, P(u)
is the load, u is the displacement, uy is the value of the
corresponding pressing displacement at the moment when the
sample is greatly fractured, P,, is the maximum force, as well as
APy, AP, and APy together with the sum total of about 80%
of the P,,.

It can be seen that the fracture energy results calculated by
the FEM simulations are basically on a par with those obtained
by the SPT experiments from Fig. 12. The fracture energy rises
with the SIMP steel specimen thickness by SPT experiments
and FEM calculations, in which the corresponding relationship
is not linear. Moreover, the standard deviations of fracture
energy calculated by FEM under different thicknesses are less
than the standard deviations of SPT experimental fracture
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Figure 9. Distribution of the shear stress of cross section (X—Y plane) across the specimen for SIMP steel with the thickness of 0.3 mm by
FEM. (S represents the shear stress, and S12 represents the shear stress of the X~ plane of the two-dimensional plane, unit: MPa.)
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Fig. 10 (a) Development of the shear stress (S12) with the distance from the center of the sample on the upper and lower surfaces of the 0.3-
mm thickness SIMP steel was simulated at RT during the deformation process and (b) SEM micrographs of a higher magnification showed the
fracture surface of 0.3-mm thickness SIMP steel SPT experiments specimen

Table 3 The radial distances from the three thicknesses SIMP steel fracture to the center of the specimens at the upper
surface and lower surface by FEM and SEM

Upper surface Lower surface
Thick
fekness, mim FEM, mm SEM, mm ‘%ﬁM‘ % 100% FEM, mm SEM, mm ‘%&%ﬁM‘ % 100%
0.1 0.328 0.319 0.0274 0.281 0.275 0.0214
0.2 0.384 0.380 0.0104 0.350 0.361 0.0314
0.3 0.424 0.412 0.0283 0.406 0.399 0.0173

energy, which are about half of the standard deviations of 3.6 Distributions of Shear Stress for SIMP Steel by FEM
experimental fracture energy. Extremely important, the errors of
calculations and experiments are inferior to 9% in SIMP steel
samples of three thicknesses.

The shear stress calculation formula in the SPT experiments
as follows (Ref 16, 26):
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F;
§=22

y (Eq 10)

Fy is the shear force, 4 is the shear plane area, S is the shear
stress, and its direction is perpendicular to the normal stress
direction. The shear stress distributions with the radial distances
from the center of the specimens on the upper and lower
surfaces are illustrated in Fig. 13. The distances between the
maximum shear stress and the sample center increase with the
increase in the sample’s thickness are provided in Fig. 13(a),
which corresponds to the results of the upper surface in Table 3.
In a like manner, the distances between the maximum shear
stress and the sample center also increase with the increase in
the sample’s thickness are depicted as in Fig. 13(b), which are
consistent with the results of the lower surface in Table 3. In
addition, the maximum distances from the sample center on the
upper and lower surfaces are obviously larger than 1.5 mm at
the fractured eclongation section, which matches with the
reflected processes of arc deformation in the SIMP steel
samples observed by SEM as presented in Fig. 10(b) and 15.
Nevertheless, the distributions of the shear stress with the
distances from the center of the samples for the clamped section
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on the lower surface are more complicated than that on the
upper surface.

The detailed distributions of the shear stress in the cross
section (x—y plane) of the SIMP steel specimens obtained by
FEM simulations are shown in Fig. 14. Here, the thicknesses of
the samples from left to right are 0.1, 0.2 and 0.3 mm in turn,
and the properties from top to bottom are elastic bending,
plastic bending, plastic membrane stretching and plastic
instability, respectively. There is the unrecoverable crosswise
elongation in Fig. 14(c), (g) and (k), which corresponds to the
fractured elongation section in Fig. 13. At the same time,
Fig. 14 contains a large amount of information about the SPT,
such as displacement, stress, strain and the state of deformation.
Considerably important, the contour maps obtained by FEM
simulations can accurately represent the whole processes of
SPT experiments.

3.7 Details of SPT Experimental Fracture by SEM
Observations

Figure 15 presents the fracture appearances of specimens for
SPT experiments. As provided in Fig. 15, the thicknesses of the
SIMP steel specimens from left to right are 0.1, 0.2 and 0.3 mm
in sequence, and the magnification times from top to bottom are
100, 5000, 40000 and 80000 times severally (Ref 17, 22, 23,
25-29). From the microscopic results, it can be seen that SIMP
steel is a polycrystalline material, and its fracture belongs to the
dimple fracture, and dimples grow and connect with each other
through the formation of hollows in the process of the SPT
experiments. It is well known that the size, depth, distribution,
shape and density of dimples directly affect the material
properties of ductility and stress state. As can be clearly seen
from the diagrams in Fig. 15, the size, depth and density of
dimples become larger and more uniform with the increase in
SIMP steel sample thickness. Roughly speaking, these show
that the elongation, hardness and stress state of SIMP steel
become all the better with increasing thickness. Moreover, the
material properties obtained from the dimple parameters of
samples with different thicknesses are consistent with the
results of FEM simulations, and the detailed parameters of
dimples of SIMP steel at the enlargement factor of 80000 times
are sketched in Table 4.

4. Discussion

Initially, miniature tensile samples of SIMP steel with five
thicknesses were tested, and the engineering stress—strain
curves obtained are roughly consistent with the experimental
results obtained by Liu et al. using standard samples (Ref 39).
Simultaneously, considering the size effect proposed by Simons
et al. in the miniature samples tensile tests (Ref 36), the
thickness limit of the size effect is 0.25 mm at miniature
samples with a total length of 16 mm. Furthermore, a series of
transformation formulas are used to obtain the material
properties required for FEM calculations as shown in Fig. 5.
Finally, using the above properties of SIMP steel as initial input
parameters, the load—displacement curves are calculated by
FEM simulations. It is obvious that the results obtained from
FEM simulations are identical to the SPT experimental results
as illustrated in Fig. 6.
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Fig. 14 Distributions of the shear stress for cross section (X-Y plane) across the SIMP steel specimens by FEM (the thicknesses of the samples
from left to right are 0.1, 0.2 and 0.3 mm in turn, and the properties from top to bottom are elastic bending, plastic bending, plastic membrane
stretching and plastic instability, respectively. (S represents the shear stress, and S12 represents the shear stress of the X-Y plane of the two-

dimensional plane, unit: MPa)

The FEM simulation results obtained by using the material
properties from the standard tensile samples are consistent with
the experimental results of the SPT (Ref 20). More specifically,
using the properties of SIMP steel obtained by using the micro-
tensile samples as initial input parameters of FEM, the load—
displacement curves are calculated by FEM simulations, and
the results are identical to the SPT experimental results as
illustrated in Fig. 6. This indicates that the complete material
properties of the standard tensile tests can be obtained by
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merely conducting SPT experiments. The tensile yield strength
(0y) and ultimate strength (oyrs) of the materials are success-
fully predicted by using F, and F,, obtained from the load—
displacement curves in the SPT experiments (Ref 14, 21, 42,
43). Further on, the experimental results indicate that the
compression strength (R,.), the upper compression yield
strength (Rey.) and the proof strength-total compression
(Ri05) directly from SPT experiments can also be obtained
by F. and F,, as presented in Fig. 7 and 8 and Table 2.
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Fig. 15 SEM micrographs of a higher magnification show the fracture surfaces of SIMP steel specimens for SPT experiments. (the thicknesses
of the SIMP steel specimens from left to right are 0.1, 0.2 and 0.3 mm in sequence, and the magnification times from top to bottom are 100,
5000, 40000 and 80000 times severally.) A few typical dimples for labeling are signed at high-resolution pictures.

Table. 4 The related parameters of dimples under three thicknesses (0.1, 0.2 and 0.3 mm) SIMP steel at enlargement

factor 80000 times by SEM

Dimple Mean size, yum Mean depth, um Big dimples density, I/ﬂm2 Evenness index
0.1 mm 0.264 0.226 7 Uneven
0.2 mm 0.453 0.792 15 General
0.3 mm 0.642 1.057 35 Uniform

Experimental results show that o, and oyrs can be well
characterized by Ry. Ren. and Ryos, and these may be
linearized as follows (Ref 14, 21, 42, 43):

F
outs = 0.0901 h—;” +336.88

o

— —15.5345R,,, + 1899.028 = —15.5345R 11 + 1899.028
(Eq 11)
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F.
o, = 0.56-% —222.98
h; (Eq 12)

= 17.1254R;.05 + 108.824

In addition, the elastic modulus (£ = 220.609 GPa) of
SIMP steel is obtained from SPT experiments by using Chica’s
method (Ref 21), it is very accurate compared to the theoretical
values (£ = 211 GPa). Most importantly, the values of a,, oyts
and E obtained with SPT experiments after the above handle are
consistent with the results from the standard tensile tests, which
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means that if the data of these parameters are substituted into
Eq 1-5, the tensile test results can be easily reconstructed.

The shear stress analysis shows that the crack paths of SIMP
steel specimens will form along the circumference and radial
direction at RT, and the results are shown in Fig. 10(a), 13 and
14 and Table 3. Moreover, it is found by SEM micrographs that
the specimen thickness does affect the cracking position of SPT
experiments, and the results are shown in Fig. 10(b) and 15.
Through the combination of the FEM calculation and SEM
observation, it is obvious that the calculated results of the shear
stress analysis are in good agreement with the SPT experimen-
tal results, and the errors are less than 3.2%. These indicate that
FEM calculations can accurately obtain or simulate the
parameters of SPT experiments. By comparing the FEM
simulation results with the SPT experiment results, a large
number of numerical tests are carried out on the FEM model for
SIMP steel, the verification, validation and modification of this
model are completed, and it fully ensures the validity and high
credibility of the FEM model. Besides, it is also proved that the
FEM model can be reasonably used to establish the data
processing and analysis program for the SPT experiments.

The fracture energy calculated by FEM is compared with
that of SPT experiments for the first time, and the errors
between them are less than 9% are shown in Fig. 12. This
further verifies the rationality of FEM simulations to establish
the accepted program of SPT experimental data. Based on the
long-term data accumulation of metallic materials, it is
generally believed that the relationships between the fracture
toughness (Jjc) of metals and the equivalent fracture strain and
the maximum fracture energy density (W;’;) of metals are
approximately linear (Ref 11, 13, 31, 48, 49). At present, this
method is applicable to metallic materials and further verifica-
tion is required as to whether it is applicable to other materials.
Here, considering that the fracture toughness value of bulk
materials measured by three-point bending tests is about
390 kJ/mm? the following empirical formula based on
Shindo’s methods (Ref 31) for J;c versus W:,Z can be obtained
for SIMP steel:

Jic = 440.4W;; —120.86

W, is the maximum fracture energy density and taken by FEM

calculation. Based on these, the FEM method is used to
simulate SPT, which can easily and directly obtain the
relatively accurate fracture toughness (Jic) of SIMP steel
through the maximum fracture energy density (WY’;). And, it is
an engineering relationship between fracture toughness and the
maximum fracture energy density. In addition, the following
empirical formula based on Misawa’s theories (Ref 48, 49)
from the experimental point also can be presented for SIMP
steel:

Jic = 8456, — 32.31

ho
g = In "

where ¢, is the equivalent fracture strain and taken by SPT
experiments, 4, is the initial thickness, and / is the thinnest (the
fracture) thickness of the specimen.

Shear stress is the main factor affecting the fracture
properties of SPT experimental samples, and the shear stress
distributions on the upper and lower surfaces of SIMP steel
with three thicknesses are presented in Fig. 13, and the shear
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stress contour lines are also obtained as illustrated in Fig. 14. It
is found that the shear stress on the upper and lower surfaces is
greatly affected by the thickness, which is more intuitively
proved by the shear stress isoline diagram. This explains that
the size effect of miniature specimens should be considered
when conducting SPT experiments. In fact, the grain size of
SIMP steel is about 110 microns. The size effect will
significantly increase the results when the thickness of the
micro-tensile samples is reduced to a few grains. The above
phenomenon can be perfectly fitted and explained by the strain
gradient plasticity theory based on the dislocation mechanism
developed by Nix and Gao (Ref 46, 47). Therefore, the theory
of strain gradient plasticity based on dislocation mechanism
should be introduced into FEM simulations to eliminate the
influence of the size effect. SEM is used to observe the fracture
morphology and structure of the SPT experimental samples for
different thicknesses SIMP steel is depicted as in Fig. 15 and
Table 4, and the results show that the dimple size, depth and
density of SIMP steel become larger and more uniform with the
increase in sample thickness. This indicates that the fracture
resistance of SIMP steel has improved with the increase in
sample thickness, and it reflects that the toughness of SIMP
steel has improved. At the same time, this also indicates the size
effect in miniature samples, and the thickness of the samples
needs to be controlled accurately in SPT experiments. In
addition, it is found that the shear stress isoline maps obtained
by FEM and the dimple conditions of SIMP steel obtained by
SEM can be used to characterize the same physical quantities,
such as the elongation, hardness and stress state. Therefore, it is
speculated that there has a certain relationship between the
FEM shear stress contour maps and the SEM observed dimple
situations.

The results calculated by the FEM of load—displacement
curves do not completely fit with the SPT experimental results
in the plastic instability stage are shown in Fig. 6, which is the
same as the results (not completely fit in the plastic instability
stage) obtained by Yang et al. (Ref 8). However, the errors
between the SPT experiment results and the FEM simulation
results without a damage model are very small. For example, all
errors of the radial distance from the fracture to the center of the
specimen between the FEM calculation results and the SEM
observation results are less than 3.2%, and the errors of SP
energy by FEM calculations and SPT experiments are inferior
to 9% in SIMP steel samples of three thicknesses. So, the
accuracy and reliability of the FEM simulation results are very
high (at least greater than 95%) when the FEM simulations do
not contain a damage model (Ref 34). Moreover, the focus of
the current work is to establish the relationship of mechanical
properties of standard tensile test samples derived from the data
of SPT experiments and provide the method of establishing this
relationship. So, there do not include a damage model in this
research work. But if the appropriate parameters are selected
and the Gurson—Tvergaard—Needleman (GTN) damage model
of Martinez-Pafieda et al. is used for FEM simulations (Ref 50),
and the results obtained are exactly the same as the experi-
mental results. In other words, the problem of plastic instability
stage can be modified by using a damage model (Ref 32-34, 50-
53). Therefore, a damage model will be considered in future
work. This will make the accuracy of the calculation results
higher and the existing error (9%) even smaller. In addition, in
order to study the irradiation damage effect, and the irradiation
damage will be added to a damage model to analyze the
constitutive relation of irradiation damaged materials.
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The above results indicated that based on the shear stress
analysis of FEM calculations, most mechanical properties of
the materials, such as the elastic modulus (E), yield strength
(oy), ultimate strength (oyrs), fracture energy (SP energy) and
fracture toughness (J;¢), can be obtained accurately and directly
through SPT experiments. On the other hands, these above
findings also may improve the possibility of establishing a
widely accepted program for obtaining basic materials proper-
ties from SPT experimental data by using FEM simulations and
provide a new comparison scheme (or norm) for obtaining
accurate data from miniature specimens. In addition, for the
small size specimens which are difficult to carry out the
traditional mechanical tests, SPT experiment combined with
FEM analysis is an effective method to characterize the
mechanical properties of materials and has great advantages
and broad application prospects for material research in space,
nuclear plant and other extreme environments.

5. Conclusions

The mechanical properties of @3-mm disks miniature
specimens of SIMP steel with different thicknesses (0.1, 0.2
and 0.3 mm) are investigated using the SPT experiments, FEM
simulations and SEM observations. The following conclusions
are drawn:

1. There is no difference in the load—displacement curves,
SP energy, the distances between the maximum shear
stress and the center of the specimens from SPT experi-
ments and FEM calculations. Moreover, the FEM simula-
tive results obtained by analyzing the shear stress
distributions and the isoline maps agree well with the
SEM observational results. The verification, validation
and modification of the FEM model for SIMP steel are
completed, and it fully ensures the validity and high
credibility of this FEM model. Besides, it is also proved
that the FEM model can be used precisely to establish
the widely accepted analysis program of SPT experimen-
tal. The relationship of mechanical properties of standard
tensile test samples derived from the data of small punch
test is established, and the method of establishing this
mechanical relationship is provided. Therefore, based on
the shear stress analysis of FEM calculations, most
mechanical properties of steels can be obtained directly
through SPT experimental data.

2. On the basis of previous empirical formulas, the modified
relationships among yield strength (o), ultimate strength
(outs), fracture toughness (Jic) and compression strength
(Rye), upper compression yield strength (R.p.), proof
strength-total compression (R 5), maximum fracture en-
ergy density (Wg,) are built for SIMP steel, from which
the tensile yield strength (o), ultimate strength (oyrs)
and fracture toughness (Jic) of materials can be predicted
directly by SPT experiments.

3. Considering that shear stress is the main factor affecting
the fracture of SPT experimental samples, when the sam-
ple thickness is reduced to a certain degree, the size ef-
fect should be paid attention to in the miniature sample
experiments. The theory of strain gradient plasticity
based on dislocation mechanism should be introduced
into FEM simulations to eliminate the influence of the
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size effect. In addition, the inconsistency problems at the
plastic instability stage can be modified by using a dam-
age model.
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