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ABSTRACT - In addressing the problem of Titanium (Ti) steel (15-15Ti) proposed as the main candidate ~ARTICLE HISTORY
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(LME) and liquid metal corrosion (LMC). Research related to the creep failure behavior of solution- KEYWORDS

annealed 15-15Ti steel exposed to LBE at temperatures of 550°C and 600°C using a creep test facility 15 457 steel

has been conducted. However, in this study, testing the mechanical properties of 15-15Ti steel through  Tensile test

tensile testing was not really discussed, even though the mechanical properties of a material are one  Mechanical properties

of the most important things in determining structural design. The mechanical properties obtained from  ABAQUS program

previous research were then simulated using ABAQUS CAE software to determine the stress distribution ~ Fracture phenomenon

profile (initial and final) and the mechanical stress-strain performance used to understand more about the

15-15Ti material. The simulation results found that the peak force received by the specimen for a strain

rate of 1.1 x 10-5s-1 was 6.0 kN, while for a strain rate of 5 x 10-5s-1, it was 6.2 kN. This means that the

specimen used cannot accept a force greater than the peak force value. A stress-strain difference graph

was also obtained in the experimental results, with simulation results showing a decrease in the value of

the fracture point. This is because the mesh setting in the simulation is not close to a more detailed value.

INTRODUCTION

Generation IV (Gen IV) nuclear reactors promise improved features for an energy resource that is already seen as a
reliable and outstanding resource operating at high levels of fuel efficiency, safety, proliferation resistance, sustainability,
and cost. Generation IV nuclear reactors have also found material performance and reliability when exposed to higher
neutron doses and highly corrosive high-temperature environments. This is because the main consideration for the
successful development of generation IV nuclear reactors is the appropriate structural material to use (material selection
in nuclear reactors must meet high safety standards, especially in terms of strength and material resistance when exposed
to high radiation) [1]. The operating period of Gen IV nuclear reactors, which is 60 years, will require material upgrades
over a very long period of time. Stability, high reliability, adequate resources, and easy fabrication, as well as weldability,
environmental impact, and aging, are other important aspects that need to be considered during the material selection
process [2]. Liquid lead-bismuth eutectic (LBE)-cooled fast reactors are Gen IV nuclear reactors that are inherently safer
than liquid sodium-cooled fast reactors due to the chemical inertness of LBE when exposed to air and water. Liquid
LBE-cooled fast reactors are also considered a promising technology to address nuclear energy sustainability by closing
the fuel cycle and reducing the volume of nuclear waste [3].

A 15 wt% nickel (15-15Ti) is used in the fast reactor owing to its outstanding high-temperature properties, excellent
oxidation, and corrosion resistance [4]-[6]. Therefore, 15-15Ti steel has been proposed as the main candidate material
for making coatings and fuel wrappers of liquid LBE-cooled fast reactors at high temperatures [7]-[10]. Its mechanical
and creep resistance to high temperatures under exposure to large neutrons, as well as its resistance to irradiation-induced
swelling, are important properties for such applications [11]-[12]. However, there are challenges regarding material
degradation, such as liquid metal embrittlement (LME) and liquid metal corrosion (LMC). The fuel temperature depends
on the reactor power; the peak temperature can reach 550°C or even higher. These conditions generate significant hoop
stress due to the pressure of the fission gas in the fuel. Under these conditions, the synergy effect of creep and LBE
corrosion is a key factor affecting the structural integrity of the fuel rods. LBE corrosion on the specimen surface can
promote crack initiation and propagation. Therefore, the creep behavior of 15-15Ti stainless steel interacting with LBE
is also an important issue to be addressed, especially at high temperatures [13].
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In the study of Gong et al., several creep-to-rupture tests were conducted under constant uniaxial tensile stress
conditions (i.e., 300 MPa) to determine the creep failure behavior of solution-annealed 15-15Ti steel exposed to LBE
at temperatures of 550°C and 600°C using a creep test facility. From the test results, it was found that at the same
temperature, the secondary creep rate of 15-15Ti steel tested in LBE at 500°C was 56 times higher than that tested
in air, and at 600°C, it was six times higher. The creep life of 15-15Ti steel exposed to LBE was severely degraded.
Creep failure in LBE is dominated by two mechanisms: thermal creep occurring in bulk, causing surface fracture, and
mechanisms on the specimen surface associated with uniform dilution corrosion and intergranular cracking. Failure due
to intergranular cracking is much faster than that due to uniform surface corrosion. This condition may play an important
role in the life limitation of reactor components made of steel [14]. However, in this study, testing the mechanical
properties of 15-15Ti steel through tensile testing is not really discussed, even though the mechanical properties of a
material are one of the most important things in determining structural design. Tensile tests are conducted to complete
basic design information on the strength of a material and as data used to support material specifications [15]. From the
tensile test conducted, the values of modulus of elasticity, yield strength, ultimate tensile strength, percent elongation
at fracture, percent reduction in area at fracture, modulus of resilience, and toughness (static) can be known so that the
mechanical properties of 15-15TT steel are known. Modulus of elasticity is used to determine how elastic material is
[16], yield strength to determine the resistance of a material to plastic deformation [17], ultimate tensile strength to
determine the maximum nominal stress that a material can withstand before fracture [18], percent elongation at fracture
to determine the percentage of length increase achieved by the material before breaking [19], the percent reduction in
area at fracture to determine the percentage reduction in tensile cross-sectional area of the specimen at fracture [20],
modulus of resilience to determine the amount of energy per unit volume required to cause damage and permanent
changes in composition and structure in the sample, and toughness (static) to determine the amount of energy per
unit volume required to break the sample completely [21]. However, the mechanical properties data obtained from
experiments do not provide data on the distribution of stress that occurs during the tensile test process.

Experiments conducted only provide qualitative data. Qualitative data cannot display the stress profile in detail,
so in this paper, the tensile test is simulated using ABAQUS CAE software to determine the stress distribution profile
(initial and final) and the stress-strain mechanical performance used to understand more about the 15-15Ti material.
ABAQUS CAE is a software that has the ability to model various problems in structural, geotechnical, and other fields
in 1D, 2D, and 3D views [22]. The program has an extensive list of material models that can simulate the behavior of
some of the most engineering materials, including metals, rubber, polymers, composites, reinforced concrete, flexible
and strong foams, and geotechnical materials such as soil and rock [23]. Like many computer programs on the market,
ABAQUS software includes computer aided desain/computer aided manufacturing/computer aided engineering (CAD/
CAM/CAE), which functions as a program for elastic and plastic analysis. The advantage of ABAQUS over other
similar programs is its comprehensive menu of modules. In addition, material testing can be performed by manually
entering material data into the input file. The development of the programming language in ABAQUS makes it easier for
designers to determine the method used to perform the simulation and analysis processes. The possibility of failures and
errors that occur during the running process of input files that have been entered is usually caused by errors in inputting
data in the ABAQUS CAE module [24]. ABAQUS can also provide a variety of conveniences for the simulation of linear
and non-linear applications. ABAQUS can model multiple element sections with various element section geometries
with appropriate model materials and can specify the interaction of each element. In non-linear analyses, ABAQUS can
select accurate load summation values and convergence tolerances and continuously adjust them during the analysis
process to prove that accurate and efficient solutions are obtained during analysis [23],[25]. ABAQUS was used in this
study because of its various advantages, especially in determining the stress distribution profile and mechanical stress-
strain. By simulating with ABAQUS, it is hoped that it can be known from the mechanical properties of things that cause
creep failure in 15-15Ti steel.

EXPERIMENTAL METHOD
Materials and Instruments

The material composition of solution-annealed 15-15Ti steel is presented in Table 1. Table 2 displays the tensile
properties of the 15-15Ti alloy. To perform simulations with ABAQUS, the material properties of solution-annealed
15-15Ti steel were obtained from previous research conducted by Gong et al. [10]. In Gong’s study, 15-15Ti solution-
annealed steel specimens were tested in Ar+5%H?2 and air, with temperatures of 550°C and 600°C, and two different
strains of 5 x 103 s and 1.1 x 10-% s\, In this study, data from 15-15Ti solution-annealed steel tested in air at 600°C with
different strain rates will be used. The tensile test results of both specimens obtained stress-strain curves for each strain
rate in Figure 1 and Figure 2.

Table 1. Chemical composition of the solution-annealed 15-15Ti steel (wt%) [10]

C Cr Ni Mn Mo Si Ti Al B P \4 S Fe
0.0715 16.01 16.11 1.74 1.18 0.54 0.41 <0.005  <0.005 <0.005 <0.005 0.005 Bal.
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Table 2. The tensile properties of 15-15Ti alloy [26]

Grain Size Ultimate Tension Strength  Yield Strength Total Elongation

Specimen
P (um) (Mpa) (Mpa) (%)
REC 2-4 690 523 50.8
SOL 52 541 237 715
ROL 22-46 656 406 47.1
15-15Ti (3.67 alloy) 20-43 635 325 48.0

Tensile Test Experiment of RD, air, 600°C, 1.1x10°s!

450
400
350
300
250
200
150
100

50

Stress (MPa)

0 3 6 9 12 15 18 21 24 27 30 33
Strain (%)

Figure 1. Tensile test experiment of solution-annealed 15-15Ti steel in air, 600°C, 1.1x107 s°!
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Figure 2. Tensile test experiment of solution-annealed 15-15Ti steel in air, 600°C, 5x107s™!

Method and Procedure

The facilities available in the ABAQUS CAE program are very complete. Therefore, modeling the specimen directly
can be done without using other software. The following steps are to simulate the specimen using the ABAQUS CAE
facility.

Model Geometry

The simulation was conducted using ABAQUS CAE Learning Edition 2023 software. Depending on the user,
multiple methods can be used to model the test specimen to be tested. The test specimen model can be drawn directly
in ABAQUS CAE or with the help of other programs that have computer aided engineering (CAE) facilities. ABAQUS
CAE, which is used as a place to input data into the file, plays an important role for designers who want to do numerical
analysis using ABAQUS CAE software. Before starting to draw the model to be made, the first thing to do is prepare
the dimensional data of the test object model to be drawn [24]. Based on research data conducted by Gong et al., the
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specimen is a solid cylinder with a diameter of 50 mm at the center and 430 mm at both ends. The specimen used for
simulation has the dimensions shown in Figure 3. The material composition of 15-15Ti austenitic steel consists of 15%
chromium, 15% nickel, and titanium as a modifier. Figure 4 is an image of the test specimen model in ABAQUS with
the size corresponding to the size in the example drawing, while Figure 5 presents a 3D specimen model using the finite
element method (FEM).

The two flanges (“ears”)
define the gauge length

u)
=
o~ ~ | - - N
s —— =
25
12 43 12
I
74

Figure 3. Original dimension of specimen

Figure 4. Specimen dimensions in ABAQUS Figure 5. 3D model using FEM

Entering the tensile test input value

Based on the stress-strain curves in Figure 1 and Figure 2, the input values required for the input of mechanical
properties in the tensile test used in ABAQUS are obtained. Table 3 shows the input values for the tensile test.

Table 3. Tensile test material properties for input data in ABAQUS

Properties
Material Mass — Elz;stlcP : y ldPlaStllfl t — DuctlSl:: Damage
. odulus o oisson’s ie astic racture ress
D t i
ensity Elasticity Ratio Stress Strain Stress Triaxiality Strain Rate
25591 0
Solution-annealed 15- 33?;7‘3? ggg
15Ti steel tested in Air ~ 7.93E-09 196000 0.28 ' ’ 0.3 0.45 1.1x10°
600°C. 1.1x10°s" 373.12 0.13
T 391.4 0.17
398.92 0.21
284.70 0
Solution-annealed 15- 337.64 0.09
15Ti steel tested in Air ~ 7.93E-09 198978 0.28 371.76 0.13 0.35 0.48 5x10-
600°C, 5x10-5s™! 405.88 0.19
416.47 0.24
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The modulus of elasticity is of potential importance in calculating component design, either through analytical
equations or through the FEM [27]. The elastic behavior of the reinforcement is defined by this modulus of elasticity
value and the poison ratio [28]. The triaxial stress values were obtained from research data conducted by Jan Peirs et
al. [29] based on fracture strain values obtained from stress-strain curves, while Poisson’s ratio was based on data from
Dieter’s book [30].

Setting the step

ABAQUS has two measures of time in the simulation. One is the total time, which increases across steps, and is the
accumulation of the total step time of each common step. Each step also has its time scale (known as step time), which
starts at zero for each step. Time-varying loads and boundary conditions can be specified in terms of the time scale [31].
In this simulation, the step is set with the region being the whole model, the type being factor, the interval being the
beginning of the step, the factor being 1000, and the target time increment being none.

Determining load and boundary conditions

After determining the steps at which the load and boundary conditions (BC) become active, the load and BC
conditions must be determined. Three boundary conditions were created, namely:

° The first BC (BC1) restricts the tensile bottom end of the specimen in X, Y, and Z directions, which should
be applied during the initial step with the type “Symmetry/Antisymmetry/Encastre.” In this BC1, a boundary
condition is created with a mechanical category of type Encastre (Ul = U2 = U3 = UR1 = UR2 = UR3 =0).

° The second BC (BC2) places the specimen as a cell and limits the degrees of freedom U1, U3, UR1, UR2, and
UR3 and allows the degree of freedom U2, i.¢., the load to be applied only in the Y direction as a distributed load.

e  For the third BC (BC3), a surface traction load is applied to the top surface of the specimen to establish a distributed
tensile load on the top surface of the specimen. The load is applied during the analysis step. In BC3, the degrees of
freedom of U1, U2, UR1, UR2, and UR3 will be set to zero, the BC shall be modified, the 2nd degree of freedom
(U2) activated, and the distributed force value shall be established. The applied force will be a stress applied to the
surface. The load and boundary condition results are shown in Figure 6.

(a) (b) (c)
Figure 6. Defining boundary condition: (a) BC1, (b) BC2, and (c) BC3

Determining the mesh
In the mesh selection step, the specimen is divided by size 3, with a total number of elements of about 624. The

selected mesh is quad-shaped, as shown in Figure 7.
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Figure 7. Quad shape mesh

RESULT AND DISCUSSION
Simulation Result

After all the processes are done, the job that has been done is submitted for analysis (the progress can be monitored
from submitted to running to completed). If there are no errors in the previous step, the submitted job will be completed,
and the output in the form of a visualization module can be displayed. The results of the tensile test on the rolling
direction (RD) specimen tested in the air with a strain rate of 1.1x10-5s-1 obtained a visualization module, as shown in
Figure 8.
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Figure 8. Visualization model process with pressure profile of solution-annealed 15-15Ti steel in air, 600°C, 1.1x10*
S-l

In Figure 8, it can be seen that the simulation can obtain the stress distribution that occurs. At the beginning of the
tensile test, by pulling up, the stress is still evenly distributed along the middle of the specimen, marked in red in the
visualization module. The more it is pulled up, the greater the stress at the top than in the other parts, so that over time,
the specimen will break at the top. The maximum stress that can be accepted by the specimen is 304.6 MPa. Based on
research conducted by Gong et al., experimental results were carried out up to 300 MPa [10]. When compared with
the results of the simulation, it can be concluded that in the experiment, the specimen has broken. In another study
conducted by Strafella et al., who also tested the creep behavior of 15-15Ti (Si) austenitic steel at 550°C, the specimen
was able to withstand stress up to 560 MPa. From the research conducted, the results obtained show that the longer the
test time, the greater the creep strain value [11], [32]. In another study conducted by Xu et al., it was shown that the
stress peak (maximum stress) at 20°C was greater than at 550°C [33]. After that, the specimen will experience fatigue
and become broken. The curve of the relationship between force and displacement is shown in Figure 9. In the curve, it
can be seen that the peak force received by the specimen is 6.0 kN (in experiments, the peak force was 5.9 kN).
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Figure 9. Force vs. displacement curve in the visualization module of solution-annealed 15-15Ti steel in air, 600°C,
1.1x10%¢!
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Figure 10. Visualization model process with pressure profile of solution-annealed 15-15Ti steel in air, 600°C, 5x10-*
gl

We can see in Figure 10 that at the beginning of the tensile test, by pulling up, the stress is the same as the previous
specimen, which is still evenly distributed along the middle of the specimen marked in red in the visualization module.
The more it is pulled up, the greater the stress at the top than in the other parts, so that over time, the specimen will break
at the top. The maximum stress that can be accepted by the specimen is 415.5 MPa. The maximum stress obtained is
greater than the previous specimen due to the difference in strain values. Just like before, the research of Gong et al. was
conducted experimentally up to 300 MPa (10). When compared with the results in the simulation, it can be concluded
that in the experiment, the specimen has not been disconnected. The greater the strain value, the greater the creep
strength of the object. After that, the specimen will experience fatigue and become broken. The curve of the relationship
between force and displacement is shown in Figure 11. In the curve, it can be seen that the peak force received by the
specimen is 6.2 kN (in experiments, the peak force was 5.9 kN).
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Figure 11. Force vs. displacement curve in the visualization module of solution-annealed 15-15Ti steel in air, 600°C,
1.1x10%5g

Then, the stress-strain curves of the experimental results were compared with the simulation results, as shown in
Figure 12 and Figure 13.

Tensile Test Experiment of RD, air, 600°C, 1.1x10°s"
1
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Figure 12. Stress vs. strain curves in the visualization module of solution-annealed 15-15Ti steel in air, 600°C,
1.1x107 s from experimental and simulation results
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Figure 13. Stress vs. strain curves in the visualization module of solution-annealed 15-15Ti steel in air, 600°C, 5x107
s from experimental and simulation results
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Figure 12 and Figure 13 show that the simulated stress-strain curve, formed based on data from the experimental
stress-strain curve, has shifted in value. Where the fracture point value drops. This could be due to the mesh setting
using size 3. The smaller the mesh size, the better and more detailed the analysis. However, because the ABAQUS
program used has a node limitation on its mesh settings, the maximum size used is 3. However, by simulating using
the ABAQUS program, the stress distribution profile (initial and final) can be known so that the order of breakage of
the specimens used is known and the stress-strain mechanical performance of the 15-15Ti material is known so that the
stress mechanical analysis can be more detailed. However, there are still many shortcomings in using ABAQUS, such as
the limitations of the mesh used. For further research, a more complete ABAQUS program is used so that the analysis
obtained can be more detailed.

CONCLUSION

From the simulation results of tensile tests on solution-annealed 15-15Ti steel specimens with strain rates of 1.1x10-
S and 5x107%s7!, it is known that the stress-strain curve data in Gong’s research is correct. Validation using the Abaqus
simulation showed that the specimen was broken after the tensile test. By using Abaqus simulation, the phenomenon of
specimen fracture in sequence from the beginning of pulling and the distribution of stress in the specimen is known, so
the location of the fracture position is known, as well as other mechanical phenomena that occur in the specimen. From
the simulation, it is found that the peak force received by the specimen for a strain rate of 1.1x10%s! is 6.0 kN, while
for a strain rate of 5x107s! is 6.2 kN. This means that the specimen used cannot accept a force greater than the peak
force value. A graph of the stress-strain difference between the experimental results and the simulation results showing
a decrease in the value of the fracture point has also been obtained. This is due to the mesh setting in the simulation
not approaching a more detailed value. Simulating using the ABAQUS program, the stress distribution profile (initial
and final) can be known so that the order of breakage of the specimens used is known and the stress-strain mechanical
performance of the 15-15Ti material is known so that the stress mechanical analysis can be more detailed
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