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Abstract: To promote the popularization and development of hydrogen energy, a micro-simulation
approach was developed to determine the Mie–Grüneisen EOS of 316 stainless steel for a hydro-
gen storage tank in the Hugoniot state. Based on the combination of the multi-scale shock tech-
nique (MSST) and molecular dynamics (MD) simulations, a series of shock waves at the velocity of
6–11 km/s were applied to the single-crystal (SC) and polycrystalline (PC) 316 stainless steel model,
and the Hugoniot data were obtained. The accuracy of the EAM potential for Fe–Ni–Cr was verified.
Furthermore, Hugoniot curve, cold curve, Grüneisen coefficient (γ), and the Mie–Grüneisen EOS
were discussed. In the internal pressure energy-specific volume (P-E-V) three-dimensional surfaces,
the Mie–Grüneisen EOSs show concave characteristics. The maximum error of the calculation results
of SC and PC is about 10%. The results for the calculation deviations of each physical quantity of
the SC and PC 316 stainless steel indicate that the grain effect of 316 stainless steel is weak under
intense dynamic loads, and the impact of the grains in the cold state increases with the increase in the
volume compression ratio.

Keywords: intense shock loads; SC and PC 316 stainless steel; molecular dynamics; MSST;
Mie–Grüneisen equation of state

1. Introduction

Two important problems facing the world this century are environmental protection
and the energy crisis. Thus, humans must develop clean energy. Hydrogen energy has
unique advantages in deep decarbonization and multi-energy complementarity to improve
the stability of energy systems for energy conservation and emission reduction. It is
regarded as an essential form of energy for achieving low-carbon societal development
goals due to its high conversion efficiency, pollution-free fuel products, and renewability [1].

As a technologically mature alloy, 316 stainless steel is widely used in special industries,
such as for high-precision equipment, medical equipment, and sophisticated weapons,
because of its good corrosion resistance, non-magnetic property, work hardening, and
high-temperature strength [2,3]. It is also an ideal material for making hydrogen storage
tanks [4,5]. Due to the flammable/explosive characteristics of hydrogen, security has
become one of the critical issues that restrict the popularization and application of hydrogen
energy. Therefore, exploring the dynamic behavior of stainless steel in hydrogen storage
tanks under extreme conditions of intense loads can provide a theoretical reference for
hydrogen storage safety.

The load conditions of a hydrogen storage tank during use are very complex. In
particular, the dynamic response, safety assessment, and structural design under intense
shock loads attracted the attention of scholars. Ramirez et al. [6] used a specific continuum
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damage model to simulate the explosion process of gas storage tanks and obtained accurate
predictions of the explosive pressure and explosive models of hydrogen tanks. Xu et al. [7]
assessed the structural integrity of hydrogen storage tanks under impact loading and deter-
mined the material failure in each failure mode using finite element analysis. Shen et al. [8]
considered and analyzed three damage modes of hydrogen storage tanks: shock waves,
thermal radiation, and flying debris. They proposed a method for calculating the explosion
energy in high-pressure hydrogen storage tanks, which provided the theoretical basis
of taking safety measures to prevent explosions of hydrogen storage tanks. Lee et al. [9]
studied the shock behavior of sintered 316L stainless steel from 10−3 s−1 to 7.5 × 103 s−1,
proposed a constitutive law that could predict the dynamic shock behavior of 316L stainless
steel with high accuracy, and obtained the variation in the microstructure with the strain
rate. This has a reference value for studying the strain rate effect of 316L stainless steel
during impact.

The mechanical properties of metal materials under intense shock loads at high pres-
sures are described by an equation of state (EOS). The Mie–Grüneisen EOS is one of the most
widely used solid-state equations in explosion and shock dynamics, which establishes a
relationship between the pressure (P), internal energy (E), and specific volume (V) for metal
materials under extreme conditions, such as high pressures and temperatures [10]. The
Hugoniot state and EOS are important for metal materials under extreme conditions of high
pressures and temperatures [11,12]. In recent years, shock Hugoniot relationships that can
be used as references in the development of EOSs have attracted significant attention [13].
To obtain the Hugoniot data of metal materials, a large number of computer simulations,
experiments, and theoretical studies have been conducted, including first-principles theory
and the classical mean field method. The research materials included Al, Cu, Pb, Ta, Mo,
and W [14,15].

It is crucial to perform thorough research on the EOS and important characteristics such
as the Hugoniot state. As a numerical simulation method that is an essential supplement to
experimental research, methods based on molecular dynamics have attracted considerable
attention in the study of the EOSs of metal materials. The multi-scale shock technique
(MSST) [16] overcomes the shortcomings of equilibrium molecular dynamics (EMD) [17],
non-equilibrium molecular dynamics (NEMD) [18], and first-principles methods [19], such
as the high computational cost and small model size. MSST can effectively lower the
calculation time and ensure accuracy in the simulation while ensuring a credible model
size [20,21].

Many scholars have studied the properties of hydrogen storage tanks under strong
impact loads and the Mie–Grüneisen EOS of many materials, and the relevant research
has a reference value for studying material properties under strong impact loads. The
superiority of the MSST method has been verified. However, research on the equation of
state of 316 stainless steel in hydrogen storage tanks under intense shocks is lacking. There
is a lack of micro-simulation approaches to study the dynamic behavior of hydrogen storage
tanks. Furthermore, research on the grain effect of materials under intense shocks has been
rarely reported. It is important to study the Hugoniot state and the Mie–Grüneisen EOS of
316 stainless steel and there are gaps and defects in the relevant research. Figure 1 shows
the flowchart of this work. A micro-simulation approach based on the MSST method with
less calculation time and higher accuracy was developed in this study, and the grain effect
of material was considered and studied. The results of this study will help in revealing
the dynamic behavior and the grain effect of 316 stainless steel for hydrogen storage tanks
under extreme conditions of intense shock loads.
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Figure 1. The flowchart of this work.

2. Methodology
2.1. Hugoniot Pressure (PH) and Internal Energy (EH)

The Hugoniot relation includes the mass conservation equation, the momentum
conservation equation, and the energy conservation equation, which are shown as follows:

ρ
(
us − up

)
= ρ0us, (1)

PH − P0 = ρ0usup, (2)

EH − E0 =
1
2
(PH + P0)(V0 −V), (3)

where ρ is the material density, us is the shock wave velocity, up is the particle velocity,
PH is the Hugoniot pressure, EH is the internal energy per unit mass, and V is the specific
volume (V = 1/ρ). The subscript “0” indicates that the quantity is in an unshocked state,
and “H” indicates that the quantity is in the Hugoniot state.

Within a wide high-pressure range, there is an approximately linear relationship
between us and up for solid materials [22], expressed as follows:

us = C0 + λup, (4)

where C0 is the volume speed of sound at zero pressure, and λ is a material parameter.
Both C0 and λ can be determined by linear fitting of experimental or simulated us–up data.

When P0 = 0, by substituting the determined C0 and λ values into Equations (1)–(3),
the Hugoniot pressure and its internal energy can be calculated as follows:

PH(V) =
ρ0C2

0(1−V/V0)

[1− λ(1−V/V0)]
2 , (5)

EH = E0 +
1
2

PH(V0 −V) =
∫ T

0
cvdT +

1
2

PH(V0 −V), (6)

where CV is the specific heat at constant volume, T0 is the initial temperature, and E0 is
usually ignored when the value of EH is much larger than that of E0.

2.2. Cold Pressure (Pc) and Cold Energy (Ec)

Similar to the case at 300 K, the shock wave velocity us0K at 0 K is also linearly related
to the particle velocity up0K, and the Hugoniot curve is expressed as [23]:

us0K = C′0 + λ′up0K, (7)
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PH0K(V) =
ρ0KC′0

2(1−V/V0K)

[1− λ′(1−V/V0K)]
2 , (8)

C′0 and λ′ are the fitting parameters of the shock wave velocity us and particle velocity
up at 0 K. They can be obtained through temperature correction based on C0 and λ. Based
on the Hugoniot relation at 300 K (room temperature), V0K, ρ0K, C′0, λ′, and F are defined
as follows [23]:

V0K = V0(1− αvT0), (9)

ρ0K = ρ0(1 + αvT0), (10)

C′0
2
= C2

0
(1− F)2

(1− Fλ)3 [1− F · γ(V0) + Fλ], (11)

λ′ = λ(
C0

C′0
)

2 (1− F)3

(1− Fλ)4 [(1 +
Fλ

2
)(1− Fγ(V0)

2
)− Fγ2(V0)

4λ
(1− Fλ)], (12)

F =
∫ 300

0
αv(T)dT, (13)

where γ(V0) is the Grüneisen coefficient without compression at 300 K (room temperature);
αV(T) is the volume expansion coefficient, which is a material parameter that can be
regarded as a constant when the temperature is in the range of 0–300 K, which can be
obtained according to Equations (11) and (12), respectively.

The Born–Mayer (B–M) potential [24] and the Morse potential [25] are often used to
describe the interaction between atoms at 0 K and high pressures. They can accurately
describe the compressive properties of ionic crystals and metals. According to the relevant
theory, the expressions of the cold pressure based on the B–M potential Pc-BM and the cold
energy based on the B–M potential Ec-BM are defined as:

Pc−BM = Qδ2/3
{

exp[q(1− δ−1/3)]− δ2/3
}

, (14)

Ec−BM =
3Q
ρ0K

{
1
q
· exp[q(1− δ−1/3)]− δ1/3 − (

1
q
− 1)

}
. (15)

The cold pressure based on the Morse potential Pc-M and the cold energy based on the
Morse potential Ec-M are defined as:

Pc−M = Aδ2/3[e2B(1−δ−1/3) − eB(1−δ−1/3)], (16)

Ec−M =
3A

2ρ0KB
[eB(1−δ−1/3) − 1]

2
. (17)

In Equations (14)–(17), A, B, Q, and q are material constants; δ = V0K/V represents the
volume compression ratio; and ρ0K is the density of the material at 0 K.

Generally, it can be assumed that the first and second derivatives of PH0K, isentrope
Ps, and Pc are approximately equal at P = 0 and T = 0 [12,26], i.e.,

(
∂PH0K

∂V
)

V0K
= (

∂Ps

∂V
)

V0K
≈ (

∂Pc

∂V
)

V0K
, (18)

(
∂2PH0K

∂V2 )
V0K

= (
∂2Ps

∂V2 )V0K
≈ (

∂2Pc

∂V2 )V0K
. (19)

With C0 and λ determined by simulations or experiments and Equations (5) and (12)–(17),
the expressions of material constants A, B, Q, and q can be obtained as follows:

A =
3ρ0KC′0

2

4λ′ − 2
, (20)
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B = 4λ′ − 2, (21)

Q =
3C′0

2
ρ0K

q− 2
, (22)

q = 6λ′ − 3 +
√

3(12λ′2 − 20λ′ + 9). (23)

2.3. Grüneisen Coefficient (γ)

As a volume-related coefficient, γ reflects the relationship between the microscopic
lattice vibrations and macroscopic thermodynamic properties of the material [27]. It is a
significant physical quantity and can be expressed as [28]

γ(V) =
t− 2

3
− V

2

d2
[

Pc(V)V2t/3
]
/dV2

d
[
Pc(V)V2t/3

]
/dV

, (24)

where t represents the model for γ, and t = 0, 1, 2, corresponding to the Slater model γs(V),
Dugdale–MacDonald model γDM(V), and free volume model γf(V).

At the initial point (P = 0 and V = V0), Equation (24) can be approximated as

γ(V0) = −
t + 2

3
− V0

2
P′′s (V0)

P′s(V0)
, (25)

When t takes values of 0, 1, and 2, Equation (25) can be expressed as follows:

γs(V0) = −
2
3
− V0

2
P′′s (V0)

P′s(V0)
, (26)

γDM(V0) = −1− V0

2
P′′s (V0)

P′s(V0)
, (27)

γ f (V0) = −
4
3
− V0

2
P′′s (V0)

P′s(V0)
. (28)

At the initial point (P = 0 and V = V0), the first and second derivatives of Ps(V) and
PH(V) are the same. Based on the PH values obtained by simulations or experiments, P′H(V)
and P′′H(V) can be obtained as follows:

P′s(V0) = P′H(V0) = −
(

C0

V0

)2
, (29)

P′′s (V0) = P′′H(V0) = 4

(
C2

0λ

V3
0

)
, (30)

P′′s (V0)

P′s(V0)
=

P′′H(V0)

P′H(V0)
= −4λ

V0
. (31)

By substituting Equations (29)–(31) into Equation (25), the following can be obtained:

γs(V0) = 2λ− 2
3

, (32)

γDM(V0) = 2λ− 1, (33)

γ f (V0) = 2λ− 4
3

, (34)

γs(V0) = γDM(V0) +
1
3
= γ f (V0) +

2
3

. (35)
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Some scholars have proposed a variety of empirical models of the volume-related
Grüneisen coefficient γ, and most of them require the material parameters to be determined
according to experimental data. This study was only based on numerical simulations
without experimental conditions, so the available empirical formulas are [29,30]

γ(V) = γ0
V
V0

, (36)

γ(V) =
2
3
+

(
γ0 −

2
3

)
V
V0

. (37)

Based on the λ values determined from simulations or experiments, the Grüneisen
coefficients of the three models under zero pressure can be obtained. The Grüneisen
coefficients for different empirical equations can be obtained by Equations (36) and (37).

2.4. Mie–Grüneisen Equation of State

As a widely used EOS to describe the properties of solid materials under intense shock
loads with extreme shock compression, the Mie–Grüneisen EOS established the relationship
between the pressure, internal energy, and volume. In the classical form, the cold pressure
and cold energy curves are used as reference curves, and the Hugoniot pressure curve and
its internal energy curve obtained at room temperature can also be used as reference curves.
The expressions of the two forms above are [31]

P− Pc =
γ(V)

V
(E− Ec), (38)

P− PH =
γ(V)

V
(E− EH). (39)

The Mie–Grüneisen EOS of 316 stainless steel can be obtained from Equations (38) and (39)
based on the calculated results of the cold curves and the Hugoniot curves above.

3. Calculation Model

The embedded atom method (EAM) potential of Fe–Ni–Cr proposed by Zhou et al. [32]
was used to describe the interactions between three main atoms of 316 stainless steel in
the MSST simulation. This potential is suitable for austenitic stainless steel types, such as
316 stainless steel. The calculations were performed by the LAMMPS software [33].

The Fe–Ni–Cr austenitic alloy has a face-centered cubic (FCC) crystal structure. Some
scholars have measured the lattice constant of 316 stainless steel with different methods,
and the value is approximately 0.36 nm. Different measurement methods yield slightly
different values, but the errors are within 1% [34,35]. Therefore, the lattice constant was
set to 0.36 nm in this study. The molecular dynamics model was established to study the
shock response of single-crystal (SC) and poly-crystalline (PC) 316 stainless steel. Both
models were constructed with face-centered cubic crystal structures. To lower the calcula-
tion time and allow the MSST method to meet the accuracy requirements with a smaller
model, the SC model size was set to 7.2 × 7.2 × 7.2 nm3, which contained 32,000 atoms
(71% Fe–12% Ni–17% Cr). The PC model was established by the Atomsk software [36]
with the Voronoi algorithm [37]. The size was set to 40.299 × 40.299 × 40.299 nm3, which
contained 5,611,006 atoms (71% Fe–12% Ni–17% Cr) and 8 grains, and the average grain
size was 25 nm. Both molecular dynamics models adopted periodic boundary conditions.
Figure 2 shows the molecular dynamics model of the SC and PC 316 stainless steel.

The X-, Y-, and Z-axes correspond to the [100], [010], and [001] crystal orientations
in the simulations, respectively. Before the shock wave was applied, the temperature was
set to 300 K. Based on the NPT ensemble (constant number of particles, pressure, and
temperature), a system equilibration was first performed to ensure the system was in a
steady state for 10 ps. Subsequently, a series of shock waves were applied along the X-axis
of the steady system, and the velocity was 6–11 km/s. The calculation time was set to
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be sufficiently long to ensure that the system was steady during the shock. That is, all
the physical quantities, such as the temperature, pressure, and particle velocity, were in a
steady state. The calculation time was set to 50 ps to obtain the particle velocity, pressure,
temperature, and additional information.
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4. Results and Discussion
4.1. Hugoniot Pressure (PH) and Internal Energy (EH)

In the simulation calculation, the value of us was 6–11 km/s, which ensured the
stability and effectiveness of the simulation. Table 1 shows the data of up and us for the
316 stainless steel obtained by the MSST method. There was an excellent linear relationship
between the particle velocity and the wave velocity in the molecular dynamics simulation
results. For the SC 316 stainless steel, the linear fit between us and up can be expressed
as us = 4.906 + 1.443up. The same shock wave velocity and other conditions of the single-
crystal model were used to simulate the 25 nm polycrystalline model. The fit result was
us = 4.826 + 1.454up. The fitted lines are shown in Figure 3.

Table 1. Hugoniot data of 316 stainless steel at 300 K.

Material Particle Velocity
up (km/s)

Shock Wave Velocity
us (km/s) Material Particle Velocity

up (km/s)
Shock Wave Velocity

us (km/s)

SC 316
stainless steel

0.74 6.00

PC 316 stainless
steel

0.79 6.00
1.45 7.00 1.52 7.00
2.18 8.00 2.21 8.00
2.84 9.00 2.90 9.00
3.52 10.00 3.59 10.00
4.22 11.00 4.26 11.00
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Hixson et al. [38] obtained the relation us = 4.464 + 1.544up through experiments.
Table 2 shows the relative error between the simulation results of this study and the
experimental results of Hixson et al. [38]. The results are very similar, which also verify
the correctness of the simulations in this study and the accuracy of the EAM potential
for Fe–Ni–Cr. The calculation results of the PC model are closer to the experimental
results of Hixson et al. [38], because the PC model is more similar to the crystal structure
of 316 stainless steel used in the experiment. It can be seen by comparing the calculated
results of the SC and PC that the relative errors between the λ values are minimal (less
than 1%), and the relative error between the C0 values is approximately 1.63%. At the same
shock wave velocity, the particle velocity of the PC is greater than that of the SC.

Table 2. Relative errors of Hugoniot parameters of 316 stainless steel.

Material C0 λ Material C0 Λ

SC 316 stainless steel 9.01% 7.05% PC 316 stainless steel 7.50% 5.83%

According to the linear relationship between the two speeds for the 316 stainless steel,
the Hugoniot curves of 316 stainless steel can be determined using Equations (5) and (6).
The red and blue curve represent results of SC and PC 316 stainless steel, respectively,
while the green curve represents the results from Hixson et al. [38]. It can be seen that the
internal energy increases slowly as the volume compression ratio (V/V0) increases at first,
and then it increases rapidly after the volume compression ratio is greater than 1.2. The
pressure decreases rapidly at first as the value of V/V0 increases, and then it decreases
more slowly after the value of V/V0 is greater than 0.8. In Figure 4, the internal energy and
pressure curves of the SC and PC 316 stainless steel almost overlap because the differences
between C0 and λ are very small. The deviations between the two increases as the volume
compression ratio increases, but this change is very slight. The results of this paper are
highly consistent with those of from Hixson et al. [38]. The maximum relevant error of EH
is 3.4% at V0/V = 1.8, and the maximum relevant error of PH is 6.9% at V/V0 = 0.56.
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4.2. Cold Pressure (Pc) and Cold Energy (Ec)

After C0 and λ were calculated, the values of the material constants of 316 stainless
steel were obtained from Equations (9)–(13) and (18)–(23), as shown in Table 3. The cold
energy Ec and cold pressure Pc of 316 stainless steel with the two microstructures are shown
in Figures 5 and 6, the results of data from Hixson et al. [38] are also presented in the figures.
Both the Born–Mayer and Morse potentials were used to obtain the results. Both the cold
energy and cold pressure increase with the volume compression ratio, and they increase
faster at higher volume compression ratios (V0K/V). In particular, both the cold energy and
cold pressure rise rapidly after V0K/V > 1.2.
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Table 3. Material constants of 316 stainless steel.

Specific Volume V0k
(cm3/g) C’

0 (km/s) λ′
A

(GPa) B Q
(GPa) q

SC 0.123 5.015 1.486 155.533 3.944 77.656 10.178
PC 0.123 4.933 1.498 148.678 3.992 72.213 10.219
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Figure 6. Cold pressure curves of SC and PC 316 stainless steel.

The cold energy values calculated using the B–M and Morse potentials are very close,
but the cold pressure values calculated by two different potentials deviate when V0K/V > 1.2,
which increases with the volume compression. The cold energy and cold pressure calculated
using the B–M potential are greater than those calculated using the Morse potential.

Comparing the calculation results of the SC and PC 316 stainless steel, it is found that
the two are coincident at low volume compression ratios, and they deviate at large volume
compression ratios. The cold energy values calculated by the B–M and Morse potentials
separate after V0K/V > 1.2, and the cold pressure values deviate after V0K/V > 1.1. The
deviations of the two physical quantities in the cold state between SC and PC 316 stainless
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steel increase conspicuously with the volume compression. The cold energy and cold
pressure of SC 316 stainless steel are greater than those of PC 316 stainless steel.

Both the cold energy values based on the B–M potential and that based on the Morse
potential are consistent with the results from Hixson et al. [38], which indicates that both the
B–M and Morse potentials are suitable for calculating the cold energy. However, the cold
pressure values based on the Morse potential deviate from the results from Hixson et al. [38]
after V0K/V > 1.2, and those based on the B–M potential are consistent with the results from
experimental data [38]. It indicates that both the B–M and Morse potentials are suitable
for calculating the cold pressure when the volume compression ratio is low, but the B-M
potential is more suitable for calculating the cold pressure.

4.3. Grüneisen Coefficient (γ)

Based on Equations (30)–(32) with the constant λ of 316 stainless steel obtained by
linear fitting, the γ0 values of the Slater, Dugdale–Macdonald, and free-volume models were
obtained. Subsequently, γ0(V) was substituted into Equations (36) and (37) to obtain the
volume-related quantity γ(V). The γ(V) results calculated for the SC and PC 316 stainless
steel were also used for comparison. The γ(V) results calculated by different empirical
models are shown in Figure 7.
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Figure 7. Grüneisen coefficient γ(V) based on three models.

From Figure 7, it can be seen that with the increase in the volume compression ratio,
the Grüneisen coefficient γ(V) shows a downward trend, and the rate of decrease is large
at first and then gradually slows. When V0/V = 1.0, the values of γ0 are in the order of
γS(V0) > γDM(V0) > γf(V0). When using the same model, the results of Equations (36) and (37)
are very close at the beginning of compression, and the deviation increases gradually
during the process of compression. The γ(V) values based on Equation (36) are lower than
that based on Equation (37). These results are similar to the results from simulation and
experiment of Pb, Al, and Fe [12,39]. The calculated results for the SC and PC 316 stainless
steel are very similar, and the deviations between the two decreases very slightly as the
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volume compression ratio increases. This is because the microstructure has less effect on
lattice vibrations under high pressure. This result is the same as that of iron from Wang
et al. [39]. The Grüneisen coefficient for the PC stainless steel is larger than that for the SC
stainless steel, regardless of the models or equations used.

4.4. Mie–Grüneisen Equation of State

Based on Equations (38) and (39), the Mie–Grüneisen equation of state could be ob-
tained. Equation (38) represents the cold curve as a reference, and Equation (39) represents
the Hugoniot curve. The Hugoniot and cold curves were obtained by molecular dynamics
simulations. According to the above analysis, the Grüneisen coefficient γ0 was calculated
by the Slater model, the volume-related quantity γ(V) was calculated by Equation (36),
and the cold energy and cold pressure were calculated based on the B–M potential. The
contours of the Mie–Grüneisen EOS are shown as internal pressure energy-specific volume
(P-E-V) surfaces based on the Hugoniot curve and cold curve in Figure 8, where (a) and (b)
correspond to the Hugoniot curve, and (c) and (d) correspond to the cold curve. The range
of E in (a) and (b) is 0–15 MJ/kg, the range of E in (c) and (d) is 0–8 MJ/kg, and the range
of V0K/V in (a)–(d) is 1–1.8. This corresponds to Figures 4–6.
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Figure 8a–d show the Mie–Grüneisen EOS results as P-E-V surfaces. Viewed from the
front, the whole surface of the Mie–Grüneisen EOS is concave in the three-dimensional
space. In Figure 8, it is intuitive that the pressure changes linearly with the energy,
and the change with volume is more complicated. The pressure increases slowly at
first and then rapidly with the volume compression. These two features correspond to
Equations (38) and (39). There is a difference between the maximum pressures calculated
based on the different reference curves. When the volume compression ratio is low, the
pressure difference between the SC and PC 316 stainless steel is not large. This is because
the calculation results of PC, EC, PH, and EH are not much different under low-pressure con-
ditions. In the calculation results based on the two reference curves, the deviations between
the pressures of the SC and PC 316 stainless steel increase as the volume compression ratio
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increases. Additionally, the selection of different reference curves affects the morphological
characteristics of the P-V-E three-dimensional surface, as well as the value of the pressure
with the same E and V values in the Mie–Grüneisen EOS, but the deviation is less than 1%.
However, regardless of the reference curve used, the pressure of the SC 316 stainless steel
is greater than the pressure of the PC 316 stainless steel with the same E and V values.

5. Conclusions

To understand the dynamic behavior of 316 stainless steel in hydrogen storage tanks
under intense shock loads to promote the popularization and development of hydrogen
energy, simulations of single-crystal and polycrystalline 316 stainless steel under intense
loads were performed based on molecular dynamics simulations and multi-scale shock
technology. The following conclusions were obtained:

(1) A micro-simulation approach with less calculation time and higher accuracy was
developed in this study. The Hugoniot curve, cold pressure, cold energy, and Grüneisen
coefficient of SC and PC 316 stainless steel were calculated. The P-E-V three-dimensional
surfaces of the Mie–Grüneisen EOSs were obtained;

(2) The us–up relationships of both the SC and PC 316 stainless steel are highly consis-
tent with the experiment results, which demonstrates the accuracy of the EAM potential
for Fe–Ni–Cr;

(3) The use of the different reference curves influences the morphological charac-
teristics and value of the pressure with the same E and V values in the Mie–Grüneisen
EOS, but the error is less than 1%. The pressure of the SC 316 stainless steel is greater
than the pressure of the PC 316 stainless steel with the same E and V values using both
reference curves;

(4) The maximum error of the calculation results of SC and PC is about 10%, which
indicates that the grain effect of 316 stainless steel is weak under strong dynamic loads.
the impact caused by the grains in the cold state increases with the increase in the volume
compression ratio:

(5) Grain effect cannot usually be ignored in the study of material properties, and the
micro-simulation approach developed in this study and the method of research on grain
effect can be used to explore the dynamic behavior of other materials.
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19. Vočadlo, L.; Dobson, D.P.; Wood, I.G. An ab initio study of nickel substitution into iron. Earth Planet. Sci. Lett. 2006, 248, 147–152.
[CrossRef]

20. Wen, P.; Demaske, B.; Spearot, D.E.; Phillpot, S.R.; Tao, G. Effect of the initial temperature on the shock response of Cu50Zr50 bulk
metallic glass by molecular dynamics simulation. J. Appl. Phys. 2021, 129, 165103. [CrossRef]

21. Dewapriya, M.; Miller, R. Energy absorption mechanisms of nanoscopic multilayer structures under ballistic impact loading.
Comput. Mater. Sci. 2021, 195, 110504. [CrossRef]

22. Brown, J.; Fritz, J.; Hixson, R. Hugoniot data for iron. J. Appl. Phys. 2000, 88, 5496–5498. [CrossRef]
23. Chen, J.; Chen, W.; Chen, S.; Zhou, G.; Zhang, T. Shock Hugoniot and Mie-Grüneisen EOS of TiAl alloy: A molecular dynamics

approach. Comput. Mater. Sci. 2020, 174, 109495. [CrossRef]
24. Born, M.; Mayer, J.E. Zur gittertheorie der ionenkristalle. Z. Für Phys. 1932, 75, 1–18. [CrossRef]
25. Morse, P.M. Diatomic molecules according to the wave mechanics. II. Vibrational levels. Phys. Rev. 1929, 34, 57. [CrossRef]
26. Eliezer, S. Fundamentals of Equations of State; Allied Publishers: New Delhi, India, 2005.
27. Zhang, G.; Bai, T.; Zhao, Y.; Hu, Y. A New Superhard Phase and Physical Properties of ZrB3 from First-Principles Calculations.

Materials 2016, 9, 703. [CrossRef]
28. Segletes, S.B.; Walters, W.P. On theories of the Grüneisen parameter. J. Phys. Chem. Solids 1998, 59, 425–433. [CrossRef]
29. Srivastava, S.; Sinha, P. Analysis of volume dependence of Grüneisen ratio. Phys. B Condens. Matter 2009, 404, 4316–4320.

[CrossRef]
30. Nie, C.; Zong, B.; Wang, J. A comparative study of Burakovsky’s and Jacobs’s volume dependence Grüneisen parameter for fcc

aluminum. Phys. B Condens. Matter 2015, 468, 7–10. [CrossRef]
31. Heuzé, O. General form of the Mie–Grüneisen equation of state. Comptes Rendus Mec. 2012, 340, 679–687. [CrossRef]
32. Zhou, X.W.; Foster, M.E.; Sills, R.B. An Fe-Ni-Cr embedded atom method potential for austenitic and ferritic systems. J. Comput.

Chem. 2018, 39, 2420–2431. [CrossRef] [PubMed]
33. Thompson, A.P.; Aktulga, H.M.; Berger, R.; Bolintineanu, D.S.; Brown, W.M.; Crozier, P.S.; in’t Veld, P.J.; Kohlmeyer, A.; Moore, S.G.;

Nguyen, T.D. LAMMPS-a flexible simulation tool for particle-based materials modeling at the atomic, meso, and continuum
scales. Comput. Phys. Commun. 2022, 271, 108171. [CrossRef]

34. Nascimento, F.C.; Foerster, C.E.; Silva, S.L.R.d.; Lepienski, C.M.; Siqueira, C.J.d.M.; Alves Junior, C. A comparative study of
mechanical and tribological properties of AISI-304 and AISI-316 submitted to glow discharge nitriding. Mater. Res. 2009, 12,
173–180. [CrossRef]

35. Ren, Z.; Heuer, A.H.; Ernst, F. Ultrahigh-strength AISI-316 austenitic stainless steel foils through concentrated interstitial carbon.
Acta Mater. 2019, 167, 231–240. [CrossRef]

36. Hirel, P. Atomsk: A tool for manipulating and converting atomic data files. Comput. Phys. Commun. 2015, 197, 212–219. [CrossRef]

http://doi.org/10.1016/j.ijhydene.2021.10.172
http://doi.org/10.1016/j.ijhydene.2015.05.126
http://doi.org/10.1016/j.jlp.2008.08.008
http://doi.org/10.1016/j.jlp.2018.06.016
http://doi.org/10.1016/j.jnucmat.2006.09.003
http://doi.org/10.1063/1.4902064
http://doi.org/10.1016/j.cocom.2017.11.003
http://doi.org/10.1063/1.5050426
http://doi.org/10.1016/j.commatsci.2018.04.052
http://doi.org/10.1103/PhysRevLett.60.1414
http://www.ncbi.nlm.nih.gov/pubmed/10038032
http://doi.org/10.1103/PhysRevLett.84.3220
http://doi.org/10.1103/PhysRevLett.90.235503
http://doi.org/10.1103/PhysRevE.63.016121
http://doi.org/10.1016/0031-9201(85)90087-1
http://doi.org/10.1016/j.epsl.2006.05.028
http://doi.org/10.1063/5.0047133
http://doi.org/10.1016/j.commatsci.2021.110504
http://doi.org/10.1063/1.1319320
http://doi.org/10.1016/j.commatsci.2019.109495
http://doi.org/10.1007/BF01340511
http://doi.org/10.1103/PhysRev.34.57
http://doi.org/10.3390/ma9080703
http://doi.org/10.1016/S0022-3697(97)00132-7
http://doi.org/10.1016/j.physb.2009.08.005
http://doi.org/10.1016/j.physb.2015.04.006
http://doi.org/10.1016/j.crme.2012.10.044
http://doi.org/10.1002/jcc.25573
http://www.ncbi.nlm.nih.gov/pubmed/30379326
http://doi.org/10.1016/j.cpc.2021.108171
http://doi.org/10.1590/S1516-14392009000200011
http://doi.org/10.1016/j.actamat.2019.01.018
http://doi.org/10.1016/j.cpc.2015.07.012


Materials 2023, 16, 628 14 of 14

37. Van Nuland, T.; Van Dommelen, J.; Geers, M. An anisotropic Voronoi algorithm for generating polycrystalline microstructures
with preferred growth directions. Comput. Mater. Sci. 2021, 186, 109947. [CrossRef]

38. Hixson, R.; McQueen, R.; Fritz, J. AIP Conference Proceedings. In The Shock Hugoniot of 316 SS and Sound Velocity Measurements;
American Institute of Physics: College Park, MD, USA, 1994; pp. 105–108.

39. Wang, Y.; Zeng, X.; Chen, H.; Yang, X.; Wang, F.; Ding, J. Hugoniot States and Mie–Grüneisen Equation of State of Iron Estimated
Using Molecular Dynamics. Crystals 2021, 11, 664. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.commatsci.2020.109947
http://doi.org/10.3390/cryst11060664

	Introduction 
	Methodology 
	Hugoniot Pressure (PH) and Internal Energy (EH) 
	Cold Pressure (Pc) and Cold Energy (Ec) 
	Grüneisen Coefficient () 
	Mie–Grüneisen Equation of State 

	Calculation Model 
	Results and Discussion 
	Hugoniot Pressure (PH) and Internal Energy (EH) 
	Cold Pressure (Pc) and Cold Energy (Ec) 
	Grüneisen Coefficient () 
	Mie–Grüneisen Equation of State 

	Conclusions 
	References

