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Abstract

Natural gas is the cleanest energy source compared to other fossil fuels. When the temperature is between −160 ºC to −164
C at atmospheric pressure, natural gas will be in liquid form, commonly called Liquefied Natural Gas (LNG). Currently, the
emand for the availability of natural gas is increasing rapidly. However, not all countries have natural gas reserves. In this
ase, ships transport Liquefied Natural Gas (LNG) between continents and oceans to meet global needs. Since the Northern
ea Route (NSR) was opened, the route has become an alternative route where ships can save fuel because the distance is
loser than the standard route (through the Suez Canal). However, because this route is in the Arctic region, which has a harsh
nvironment, the ship may experience a structural failure, resulting in an accident and possibly causing material, human or
ther casualties. This paper employed the finite element method to observe the materials used as raw materials for the structure
f natural gas shipping vessels. High tensile steel grade AH 32 was tested for tensile using numerical analysis. The temperature
aried from room to shallow temperature (−160 ºC). Besides that, the mesh sizes used were 1 mm, 2 mm, 4 mm, 6 mm,
mm, and 10 mm to produce outcomes that are most similar to earlier research assessed via experimental testing. The result

btained was that the mechanical properties of AH 32 steel will change significantly at shallow temperatures, which can be
bserved from the engineering stress–strain graph. High tensile steel grade AH 32 becomes very brittle at −160 ºC. Besides
hat, the necking phenomenon, as in the experimental test, can also be observed through numerical analysis.
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1. Introduction

Natural gas is one of the most preferred energy resources due to lower greenhouse gas emissions than non-
enewable energy resources [1]. In contrast to oil and coal, natural gas is the cleanest fossil energy with high
fficiency, nearly zero nitrogen and sulfur compounds emission, and low carbon dioxide emissions [2,3]. Natural
as will be in a liquid state when the temperature range is −160 ◦C to −164 ◦C (at atmospheric pressure). In
he liquid phase, natural gas is better known as Liquefied Natural Gas (LNG). Liquefied Natural Gas (LNG) is

type of energy with a high heat value and suitable energy and is relatively inexpensive [4]. Liquefied Natural
as consists primarily of methane [5,6], a simple compound having a carbon atom surrounded by four hydrogen

toms. Methane is highly flammable and burns almost completely [7]. For several decades, Liquefied Natural Gas
as grown in global consumption due to its wide applications in various fields, such as the industrial sector, power
eneration, and shipping alternative fuel [8–10]. However, based on the chemical compositions, LNG may cause
re and explosion, so loading/unloading, bunkering, storage, and transportation of LNG fuel is an operation that
equires great attention.

The demand for natural gas is increasing every year, so world trade is also increasing [11]. For trading activities to
ontinue, there needs to be a liaison between suppliers and users. Primarily, natural gas is supplied to world markets
n two ways, by pipelines and the carrier. In less than 1000 km, pipelines are more feasible and economical than
arriers. However, the pipeline is considered too risky if it is longer than 3500 km, whereas the carrier is technically
ore feasible [12]. Natural gas shipped by ship is usually in liquid form (i.e., LNG). There are several choices

f world natural gas trade routes, such as the Northwest Passage (NWP), the Northeast Passage (NEP), and the
raditional Europe–Asia route (the Suez Canal Route (SCR)) [13,14]. The Northeast Passage (NEP) is a maritime
oute that connects the Atlantic Ocean with the Pacific Ocean through the northern coastline of Russia [15]. The
art of the NEP between the Bering Strait and Novaya Zemlya is called the North Sea Route (NSR) [10,16].
hen sea ice and ice thickness decrease rapidly due to global warming, it opens up opportunities for traders

o pass the NSR. However, ships passing through the North Sea Route must be equipped with icebreakers for
afety and security [17]. Compared to the traditional sea route (the Suez Canal Route), NSR brings Europe to Asia
loser [18,19], which reduces fuel, time, costs, and emissions during shipping [20–22]. Since 2017, this route has
ncreased by 194.5% [23]. In 2016–2019 cargo traffic experienced a rapid increase, from 7.5 million tons to 31.5

illion tons (a 4-fold increase) [24].
However, considering the NSR is in the Arctic region, several risks and challenges must be faced. Unpredictable

eather conditions, shallow temperatures, lack of communication and navigation aids, and remoteness are risks
hat may occur in this region [13]. Shallow temperature conditions can impact the ship’s structure. The material
omposition of the structure creates an issue, being more brittle or ductile. Nam and Amdahl [25] conducted brittle
ractures in ships and offshore structures in the arctic region. On the other hand, previous studies researched the
esistance of structures to arctic conditions using numerical methods [26,27]. They concluded that the structural
esistance depends on material properties from the uniaxial tensile tests. Material characterization, such as yield
tress, ultimate stress, and failure strain, change significantly when the temperature is lower. Thus, it is necessary
o pay special attention when selecting ship materials adapted to the use and terrain the ship will take.

This paper discusses the response of materials used in ship structures to shallow temperatures using numerical
ethods. Previous studies have experimentally carried out material responses to low temperatures, which will be

sed to evaluate this study [28]. This research is structured as follows. The experimental procedures carried out
y previous researchers and the numerical configurations used in this study are described in Section 2. Section 3
resents the results and discussion of this study. Mesh convergence is used to get a variety of results. The mesh
izes used were 1 mm, 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm. Finally, Section 4 concludes and makes suggestions
or further research.

. Methodology

.1. Laboratory experiment set-up

Experiments conducted by Paik et al. (2020) to observe the tensile test using high tensile steel grade AH 32 with
emperature variations used ranging from 20 ◦C (room temperature), −40 ◦C, −80 ◦C, −100 ◦C, −130 ◦C and

160 ◦C. Table 1 presents the mechanical properties of AH 32 steel at room temperature. At low temperatures,
150
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the tensile test specimen used complies with ASTM E8/E8M (2015) as shown in Fig. 1. In the grip section of the
tensile test specimen, holes were given so that it did not come off easily when installed on the universal testing
machine. To reduce the temperature of the specimen until it reached the desired temperature, the specimen is given
Liquefied Nitrogen Gases (LNG) with a cooling rate of −5 ◦C/min for 30 min [29]. The universal testing machine

as equipped with a chamber to keep the temperature from changing when testing was carried out, as shown in
ig. 2a.

Fig. 1. Dimensional drawings of tensile test specimen.

Fig. 2. Experiment set-up and result [28]: (a) universal testing machine with cooling chamber and (b) engineering stress–strain curve.

After experiments, the results are shown in Fig. 2b. The experimental results showed that the lower temperature
f the specimen, the higher the yield strength, ultimate strength, and fracture strain of the specimen. In addition,
he elastic modulus obtained did not change even when subjected to different temperature treatments. From the
xperimental results, when the specimen temperature was lower than −100 ◦C, the yield strength, ultimate strength,

nd fracture strain would decrease.
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Table 1. Mechanical properties of AH 32 steel at 20 ºC (room temperature) [28].

Modulus Young
(GPa)

Yield strength
(MPa)

Ultimate tensile
strength (MPa)

Ultimate fracture
strain (-)

Fracture strain
(-)

205.8 358.03 497.07 0.193 0.376

2.2. Numerical configuration

This study used ANSYS Explicit Dynamic code for non-linear numerical analysis [30–37]. The algorithm used
n this code is presented as follows (Eqs. (1) and (2))

{at } = [M]−1 ({Fext
t } − {F int

t }) (1)

F int
=

∑ (∫
�

(
BT σnd� + Fhg)

+ Fcont
)

(2)

where {at } is the acceleration at time t, [M] is the mass matrix, Fext
t is the external force vector, and F int

t . Fhg is
the hourglass resistance force, BT is the form identical to the linear discrete strain–displacement matrix, Fcont is
the contact force, � is the solid volume, and σn is the internal stress. In this algorithm, velocity and displacement
are obtained through the following Eqs. (3)–(5){

vt+∆t/2
}

=
{
vt−∆t/2

}
+ {at }∆tt (3)

{ut+∆t } = {ut } +
{
vt+∆t/2

}
∆tt+∆t/2 (4)

{xt+∆t } = {x0} + {ut+∆t } (5)

where {vt } is the velocity at time t, {ut } is the displacement at time t, {x0} is the initial geometry, {x0} is the updated
geometry at time t , {xt } is the difference in time at time t compared the initial condition.

The boundary conditions used in this study are shown in Fig. 3. By adjusting the opposite axial nodal force
acting on both sides of the specimen until fracture [38,39]. The axial nodal force was selected using the volume
box. Script “A” shows the side of the specimen that will move to the minus x-axis (right) and script “B” shows the
side of the specimen that will move to the plus x-axis (left). The meshing process was performed by the automatic
method. In addition, the mesh size was determined by setting the element size. To obtain varying results, the mesh
sizes used were 1 mm, 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm. The simulation was done until the test object broke,
namely the end time was 1 × 10−4 s. This condition limit was applied to all variations that had been determined.
The resulting data output in the form of equivalent plastic strain and normal stress were plotted on the x-axis and
y-axis, respectively.

Fig. 3. Boundary conditions of tensile test with ANSYS Explicit Dynamic code.

Furthermore, setting the material model in Ansys software can be done on data engineering. The setting of the
material model in this study is briefly presented in Fig. 4. It began by using the engineering stress–strain curve from
previous research. Then determined the elastic–plastic parameters such as Young’s modulus, yield stress, ultimate
strength, and others. Then converted the engineering stress–strain curve into a true stress–strain curve. After that,

put it into the plasticity table (multilinear isotropic hardening), and repeated it at all predetermined temperatures.
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Fig. 4. Flowchart for setting the material model.

3. Results and discussion

The results from the current simulation showed similarities to the previous experimental results. Process the
specimen during the simulation until a fracture occurred and produced a stress–strain curve, shown in Fig. 5.
The resulting curve can be divided into two parts: linear and non-linear. The slope of the stress and strain curves
characterized a linear section, otherwise it was a non-linear section. Young’s modulus was determined in the linear
section, by dividing the stress by the strain. The boundary between the linear and non-linear sections was the yield
strength. At the start of the non-linear section, the stress increased with the strain. This phenomenon is called strain
hardening because the resistance of steel is directly proportional to the increase in strain [40]. Then there was a
slight increase in load, causing a significant increase in strain. If assumed that the volume is constant, the increase
in strain will cause a reduction in the cross-section. This phenomenon is called necking. The stress at which the
maximum load is reached is called tensile strength. After that, the engineering stress–strain curve decreases until
failure occurred.

The engineering stress–strain curve was derived from the local stress–strain curve, which was determined segment
by segment. The first segment assumed a yield stress slope, simulations in ANSYS were performed, and the resulting
elongation and forces were compared to the measured values. Based on this comparison, the slope of the curve was
iteratively changed until the force and elongation matched the values measured within the tolerances. The same was
done in the second and subsequent segments until the specified iteration, as illustrated in Fig. 6. Afterwards, the

local stress–strain curve can be converted into an engineering stress–strain curve
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Fig. 5. Stages of the specimen during the simulation.

The engineering stress (σ ) was calculated by the force acting (F) with respect to the cross-sectional area of the
auge length (A). The mathematical form of the description is presented in Eq. (6).

σ =
F
A

(6)

The engineering strain (ε) was calculated with the elongation of the gauge length (∆l) respect to the initial gauge
ength (l0). The mathematical form of the description is presented in Eq. (7).

ε =
∆l
l0

(7)

When the simulation was compared to the experimental results, great similarity in the engineering stress–strain
urves was observed, as shown in Fig. 7. Nevertheless, the ultimate strength and fracture strain determined from
he current simulation seem to be comparable. For more details, the data is presented in Table 2.

Table 2. Comparison of ultimate strength and fracture strain with laboratory experiment by Paik et al. [28].

Temperature (◦C) Ultimate strength (MPa) Fracture strain (-)

Laboratory
experiment

Current
simulation

Errors
(%)

Laboratory
experiment

Current
simulation

Errors
(%)

20 497.07 520.56 4.73 0.336 0.37761 12.38
−40 537.81 553.99 3.00 0.409 0.42195 3.166
−80 579.13 626.3 8.15 0.448 0.43116 3.75
−100 605.10 648.12 7.11 0.430 0.44941 4.51
−130 652.28 675.42 3.54 0.423 0.4064 3.92
−160 739.36 779.07 5.37 0.376 0.34003 9.56

Apart from ultimate strength and fracture strain, other mechanical properties can also be determined through
ensile tests. Toughness and ductility are two crucial mechanical properties. Toughness is the ability of a material
o absorb energy and undergo plastic deformation before fracture. At the same time, ductility is measured by the
egree of plastic deformation maintained at fracture. Then, ductility can be expressed quantitatively through the
154
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Fig. 6. Segment by segment to determine local stress–strain curve.

percentage of elongation (Eq. (8)) or the percentage reduction in the area of Eq. (9).

%E L =

(
l f − l0

)
× 100 (8)
l0
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Fig. 6. (continued).

%R A =

(
A0 − A f

A0

)
× 100 (9)

where l f is the fracture length, l0 is the original gauge length, A0 is the original cross-sectional area, and A f is
the cross-sectional area at the point of fracture. The %EL depends on the specimen gauge length (l0) and the %A

oes not depend on the original cross-sectional area (A0) and the original gauge length (l0). However, an alternative
ethod for determining toughness and ductility can be estimated through the characteristics of the engineering

tress–strain curve [41], as illustrated in Fig. 8. Then, based on Eq. (8), elongation determines in estimating ductility.
he elongation of the engineering stress–strain curve can be measured in the x-axis direction. If the specimen has
greater fracture strain (i.e., total elongation) (from the x-axis means longer) then the material is more ductile, and
ice versa. Furthermore, from the engineering stress–strain curve, the absorbed deformation energy up to fracture
i.e., toughness) can be determined from the area under the curve, it can be expressed through Eq. (10).

Area = σ.ε =
F

.
∆l

=
W

=
Energy

(10)

A l0 V V olume
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Fig. 7. Comparison of the engineering stress–strain curves from the current simulation and experiment.

Fig. 8. Comparison of shaded areas indicating mechanical properties (i.e., toughness and ductility)

where σ is the engineering stress, ε is the engineering strain, F is the applied force, A is the cross-sectional area,
l is the elongation length, and l0 is the initial gauge length.
It is also indicated that Fig. 8 shows the ratio of the shaded areas at temperatures of −100 ◦C and −160 ◦C.

lthough the ultimate strength of the specimen at −160 ◦C was higher than the other, the fracture strain was
ower than the specimen at −100 ◦C. The matter indicated that the possible area of the shaded region of the
pecimen temperature of −160 ◦C was lower than the specimen temperature of −100 ◦C. Then, the shaded area at
ll temperatures was depicted in Fig. 9.

Reduction of temperature affected the degree of ductility and toughness of a material. In Fig. 9, the area of the
ample area with temperature 20 ◦C (room temperature), −40 ◦C, −80 ◦C, −100 ◦C, −130 ◦C and −160 ◦C
espectively was 182.13, 220.52, 246.37, 267.14, 254.21, and 245.53. The specimen with a temperature 20 ◦C had
he smallest shaded area, while the specimen with a temperature −100 ◦C had the largest shaded area the biggest.
he larger the area of the shaded area, the more challenging the material is, and the longer (in the x-axis direction)
he area of the shaded area, the higher the degree of ductility (the more ductile) and vice versa, the more brittle [41].
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Fig. 9. The area under the engineering stress–strain curve at all temperatures.

In addition, mesh convergence was applied in this study to determine the right mesh size. Different mesh sizes
produced results with significant differences. The mesh size used was 1 mm, 2 mm, 4 mm, 6 mm, 8 mm, and
10 mm. Fig. 10a shows that the ultimate strength for room temperature was slightly higher, namely 521.82 MPa,
520.56 MPa, 509.4 MPa, 511.14 MPa, 511.94 MPa, and 546.67 MPa for the mesh size from smallest to largest.
Compared to the experimental results, which was 497.07 MPa. The results of the simulation at −40 ◦C are shown in

ig. 10b. The ultimate strength of the mesh size from most minor to most enormous were 583.12 MPa, 590.74 MPa,
15.67 MPa, 538.09 MPa, 533.23 MPa, and 574.34 MPa. This result was slightly higher than the experimental
esult, which was 537.81 MPa. The results of the simulation at −80 ◦C are shown in Fig. 10c. For mesh sizes of

mm, 2 mm, 4 mm, 6 mm, 8 mm, and 10 mm, respectively, the ultimate strength was 735.74 MPa, 657.03 MPa,
19.37 MPa, 607.49 MPa, 599.49 MPa, and 645.92 MPa. This result was slightly higher than the experimental
esult, which was 579.13 MPa. Figs. 10d and 10e show the simulation results at temperatures of −100 ◦C and
130 ◦C, respectively. At −100 ◦C the ultimate strength was obtained at 589.19 MPa, 673.39 MPa, 665.06 MPa,

21.37 MPa, 610.32 MPa, and 603.72 MPa for the mesh size from smallest to largest. For −130 ◦C, the ultimate
trength was 714.4 MPa, 713.25 MPa, 651.28 MPa, 639.81 MPa, 630.76, and 675.82 MPa for the mesh size from
mallest to largest. The simulation results were slightly higher than the experimental results, namely 605.10 MPa
nd 652.28 MPa for temperatures of −100 ◦C and −130 ◦C, respectively.

At −160 ◦C, the ultimate strength obtained from the simulation was 765.42 MPa, 726.52 MPa, 732.48 MPa,
49.22 MPa, 836.65 MPa, and 818.95 MPa for the mesh size from largest to smallest. This result was slightly higher
han the experimental result, which was 739.36 MPa, shown in Fig. 10f. Overall, the ultimate strength simulation
esults agreed relatively well with the experimental results. However, a mesh size that was too large or too small will
esult in an unfavorable engineering stress–strain curve. Fig. 10 shows that the mesh sizes of 4 mm and 6 mm had
he best results, while the mesh sizes of 1 mm and 10 mm had the worst results. On the other hand, the sensitivity
f the strain rate in this study was neglected. The rate of application of the load to the specimen or the force
pplied to the two coupons was constant and did not depend on the reduction of the crossing area in the gauge
ength area. Based on Eq. (6), because the numerator (force) was constant while the denominator (cross-section
rea) decreased, the result increased. This is probably the main reason why after the necking phenomenon occurred
r reached the maximum stress, the stress value increased, unlike the results of experiments conducted by previous
esearchers. Nevertheless, the trendline generated in this study had similarities with previous studies. For example,
he research conducted by Park et al. [42] who carried out tensile tests at room temperature, Cerik and Choung [43]
ho examined tensile tests at room temperature and sub-zero, and Zhang et al. [44] who examined the tensile test
t room temperature and sub-zero by considering the strain rate.
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Fig. 10. Comparison of engineering stress–engineering strain curves from current simulation results and experimental results: (a) at 20 ◦C,
(b) at −40 ◦C, (c) at −80 ◦C, (d) at −100 ◦C, (e) at −130 ◦C, and (f) at −160 ◦C.

4. Conclusions

Natural gas is the cleanest energy source compared to other energy sources. Therefore, the rate of demand for
natural gas is increasing rapidly. Natural gas in its liquefied phase (i.e., LNG) is usually shipped by vessel. NSR

(Northern Sea Route) is a maritime route that ships can pass under certain conditions. Because of its location
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in the arctic region, harsh weather conditions and extreme temperatures are risks that must be faced. Therefore,
research is needed on the response of ship structural materials to extreme temperature conditions to reduce the risk
of ship accidents. This study evaluated the response of ship structure materials to low-temperature conditions, such
as conditions in the Arctic region, numerically using ANSYS Dynamic Explicit code software.

The resulting engineering stress–strain curve was compared to the stress–strain curve from previous studies.
ltimate strength and fracture strain were used as quantitative parameters to compare the results obtained. Both

howed satisfactory results, with an error in ultimate strength < 10% and an error in fracture strain < 15%. Then,
he specimen with a temperature of 20 ◦C had the lowest toughness because it had the lowest shaded area, and
he specimen with a temperature of −100 ◦C had the highest toughness because it had the largest area. From the
oint of view of the degree of ductility, the specimen with a temperature of −160 ◦C was the most brittle because
t had the shortest curve length (in the x-axis direction), and the specimen with a temperature of −100 ◦C was the

ost ductile because it had the most extended curve length. In addition, different mesh sizes were used to obtain
ifferent results. Overall, more mesh sizes were needed to produce better results. Mesh sizes of 4 mm and 6 mm
roduced the best results in this study.

Further research is required to expand the failure criterion and investigate the sensitivity of the strain rate,
hich was not investigated in this work. Several failure criteria that may be used include Germanischer Lloyd and
eschmann (based on maximum strain), Rice–Tracey and Cockcroft–Latham (RCTL) (based on maximum stress),
tc. Moreover, for the strain rate’s sensitivity, it is necessary to do an experimental test to calibrate the parameters
n numerical analysis.
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