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Abstract: The high-speed forming process is the key to attaining difficult and irregular profiles on
ductile materials. In the present work, we proposed the all-atom model of the gas detonation forming
process, wherein molecular dynamics (MD) simulations were performed on the aluminum workpiece
at different loading speeds similar to the various pressure values in the process. The deformation
response of an aluminum workpiece for a wide range of loading speeds, 0.1–8 Å/ps, was investigated.
The dome-height, failure patterns, and formability of the aluminum workpiece were examined for
these loading speeds. We obtained an inverse relationship between the formability of the aluminum
workpiece and the applied loading speed. Moreover, in this work, the influence of the different
percentage of defects in the workpieces on the mechanical behavior was investigated. We observed
that at lower speeds (<2 Å/ps), the deformation is observed throughout the workpiece starting from
the point of contact in the middle and that is contrary to the deformations observed due to the higher
loading speed where localized deformations occur due to creation of slipping planes. We also found
that the internal voids lead to the rearrangement of atoms to facilitate the movement of slipping
planes leading to better formability compared to the no-void workpieces. This work helps to get
a fundamental understanding of deformation behavior in the high-speed forming process with and
without defects in the aluminum workpiece at the nanoscale.

Keywords: molecular dynamics simulations; gas detonation forming; aluminum; deformation
behavior

1. Introduction

Gas detonation is a process in which gases like oxygen and hydrogen are detonated.
The detonation creates pressure energy as a shockwave essential for performing the high-
speed forming [1]. The forming process is faster if incorporated with gas detonation as
compared to other forming processes [2]. Gas detonation is definitely a safer alternative to
solid detonation, enabling the manufacturing of complex geometric shapes with superior
accuracy. The manufacturing costs are also lower for gas detonation forming compared to
other forming processes [3]. Experimental studies using hot metal gas forming have been
performed for studying different methodologies of the gas detonation process itself and its
effects on material properties, such as hardness and microstructure of metals [4–6].

Molecular dynamics (MD) can be defined as a simulation method used to analyze
the physical speed and moment of the atoms and molecules at the nanoscale. It is a com-
puter simulation method to solve Newton’s equations of motion numerically for the atoms
in the system. It enables the study of the time evolution of coordinates and speed of
each atom with high time and space resolution [7]. MD simulations have been used to
investigate the high-speed cutting processes at the atomic level [8,9]. For such processes,
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MD simulation is a better tool as compared to finite element analysis (FEA) as it can
analyze at the nanoscale, with no need for constitutive laws and no imperial parameters
required. Another advantage that MD simulation has over FEA is that it can analyze very
low time ranges, that is, in femtoseconds [10]. FEA needs considerably higher resources for
dynamic processes, even at microsecond levels. MD simulation is changing into a powerful
tool in the last three decades as previously only small models were modeled. But now,
MD is capable of simulating larger models with millions of atoms [11–13]. Recently, MD
simulations have been used in many areas, such as a high-speed stretching process [14]
and pulse laser simulations [15]. Moreover, forming operations with ion-bombarding aid
can be simulated using MD simulations [16,17].

MD simulations can be effectively used to simulate machining lattice vibrations [18]
and the plastic deformation process forces acting in the nanoscale [19,20]. MD makes
it possible to study the intermolecular forces, which helps to find the exact 3D shape of
the model [21]. Analyzing high-speed forming with the aid of MD helps to determine
the change in grain and molecule size before and after forming processes [22]. Studying
the effect of the high-speed forming process with respect to temperature and thermal
changes [23], assessing the material lost during nanoindentation is easily possible [24].
High-speed forming processes like nano-printing can also be precisely modeled by MD
simulations [25]. Moreover, MD simulations enable the analysis of frictional forces at
play [26]. Real-time movements of all the atoms in the system can also be detected in an
MD simulation [27]. Furthermore, wrinkles and scratches which can arise due to forming
can also be produced in the nanoscale with the aid of MD simulations [28].

There have been several interesting MD simulation studies on high-speed processes,
such as grinding, abrasion and cutting, in the literature. These studies have shed light
on the deformation of materials on a nanoscale. Yamakov et al., made a strong case for
the use of MD simulations through their study on dislocation processes in the deformation
of nanocrystalline aluminum. They showed that MD simulations have now advanced to
a level where it provides a powerful new tool for elucidating and quantifying—in a degree
of detail not possible experimentally—the atomic-level mechanisms controlling the complex
dislocation and grain-boundary processes in heavily deformed materials with a submi-
crometre grain size [29]. Rentsch et al. studied the abrasive machining processes through
an MD perspective. Their work particularly focused on the differences and necessities
in contrast to the simulation of cutting processes with regards to the pile-up phenomenon
in abrasive machining [30]. Shimizu et al., verified using MD simulations that the plastic
deformation is reduced when the machining speed exceeds the material static propagation
speed of the plastic wave, and its mechanism is completely different from that of the or-
dinary grinding process [31]. Ye et al. found insights about the underlying nanometric
cutting process of single crystal copper for a nanoscale machining process through MD
simulations [9]. Zhang et al. also studied monocrystalline copper for a nanometric cut-
ting process using MD simulations and found out details of subsurface deformations [32].
Ren et al. effectively used MD simulations to calculate various aspects of a fast-paced
grinding operation and obtained a better understanding of the chip formation mechanism
in the grinding process [33]. Moreover, Patil and Heider have presented high-speed crack
propagation in different materials using MD simulations [34].

The drawing process is a type of high-speed forming process in which we study
the effects of deformation like change in dimensions, time taken for operation, punch force,
holding force, and operating temperature. One point to be noted here is the fact that all
these analyses have been done using FEA and not using MD [35]. Conducting FEA makes
it difficult to study the forming process in detail, for example, molecular origin of failure
or fracture [36]. MD also helps us to accurately find out the start of crack propagation
in a high-speed forming or drawing process [37]. Deformation at the molecular level and
indicating a crack’s propagation in the drawing process is difficult to analyze on the macro-
scopic level [38]. We investigated the gas detonation forming process using FEA in our
previous works. Using the Johnson-Cook material model, we studied the forming process
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for DC-04 steel [1]. We realized that gas detonation forming has a capacity for a novel
application. Our research on the topic resulted in a new technique for joining tubes enabled
by gas detonation [39]. To understand the effects of the process on the workpieces on
a deeper level, we experimented in conjunction with a simulation study on the material
damage [40]. Moreover, we investigated the response of stacked workpiece plates of dif-
ferent metals to shockwave loading. We carried out experiments at our shockwave lab
and simultaneously simulated the process using FEA [41]. Furthermore, we used a Rapid
Compression Machine (RCM) for the high-speed forming of the aluminum alloy samples.
We compared the outcomes of numerical simulations that replicated the conditions of
the RCM. We found great agreement in the results of simulations and experiments [42].

From the literature, it is abundantly clear that MD simulations have noticeable advan-
tages in the high-speed forming research area. Despite this, the current research body lacks
observations and inferences from the MD simulation perspective, especially for the gas
detonation forming process. Therefore, this work is an extension of our previous work
on gas detonation forming. This paper is an attempt to shed some light on the aspects of
the high-speed forming process that are observed through MD simulations.

This paper is organized as follows—in Section 2, we have discussed the methods and
materials that comprise this work. In Section 3, we have discussed the significant results
obtained from MD simulations where we have highlighted the topics such as progression
of deformation of the workpiece at different constant load speeds, the relationship between
the dome-height and load speeds, failure patterns of the workpiece under different condi-
tions, and the influence of material flaws on the simulation. Finally, we have approached
the end of this paper with conclusive remarks and comments on further research scope
in Section 4.

2. Methods and Materials

For this study, a Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) [43] was used for simulating the high-speed forming process on the alu-
minum workpiece, and the open visualization tool OVITO [44] was utilized to
observe and create figures of various aspects in the post-processing of simulations.

Figure 1 shows schematic representation of MD simulation setup. The workpiece is
a circular disc, which is placed between the die and the workpiece-holder. It is a deformable
object made of aluminum. The workpiece-holder, punch and die are modeled of carbon-
diamond. The punch is above the workpiece and tangentially touches the workpiece at one
point, that is, at the center of the workpiece. All three bodies made of carbon-diamond are
assumed to be perfectly rigid, that is, relative positions between the atoms of these three
bodies are not changed during the course of the simulations. This also means that these
bodies are non-deformable, contrary to the deformable workpiece. For the carbon atoms,
the Tersoff interatomic potential was used [45,46].

The energy of the system is minimized using the steepest descent algorithm. Even
though computationally a little more expensive, the steepest descent algorithm is more
robust and stable for the complex MD systems than the conjugate gradient algorithm [43].
Given the highly dynamic nature of the simulation, the NVT (constant number of atoms,
volume, and temperature) and NPT (constant number of atoms, pressure, and temperature)
ensembles have been employed for the equilibration of the system energy of the simulation.
All the simulations were carried out at atmospheric conditions (300 K and 1 bar).
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Figure 1. Schematic setup of the all-atom gas detonation forming model. (A) A isometric view,
(B) a half sectional isometric view, and (C) 2D front view of the all-atom model. The enlarged view
shows gaps between die, workpiece, and workpiece-holder.

In this work, modeling the workpiece and the workpiece-holder was done with
combinations of Boolean operations through LAMMPS commands. Modeling of the die
and the punch was done by using Abaqus CAE [47]. Both these parts, the die and the punch,
were meshed using 8-noded brick elements with a mesh density adequate enough not to
allow any penetration of the workpiece during the simulation. The nodal coordinate data
of the mesh was used to represent the positions of the atoms. As the die and the punch
are also considered rigid bodies, there were no repulsive or attractive forces between their
atoms that have to be considered. Therefore, the crystal lattice structure of those bodies
was not considered according to any of the standard crystal structures; rather, the nodal
data obtained from the FE modeling was used. We have employed this novel approach
only to model complicated geometries, which are considered rigid bodies. The punch is
modeled as a portion from the bottom half of a sphere in order to mimic the experimental
pressure profile conditions. Therefore, we applied the loading pattern in such a way that
it is maximum at the center and, as the load progresses, it transfers to the radial directions.

The major dimensions of the setup are as follows. The workpiece disc is 900 Å
in diameter and 40.5 Å in thickness. The internal diameter of the die is 700 Å, and the in-
ternal depth of the die is 250 Å from its top surface. The rounded top edge on the top
side of the die has a diameter of 120 Å. The curved profile of the punch has a diameter
of 610 Å. The workpiece holder (shaped like an annular disc) has an internal diameter
of 700 Å, and an external diameter of 900 Å. A gap of 5.5 Å is maintained between
the workpiece-holder and the workpiece, whereas a gap of 4.5 Å is maintained between
the workpiece and the die. The separation between the punch and the workpiece is
10 Å. All the parts are coaxial and aligned to the z-axis of the global coordinate system,
as shown in the schematic setup.
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2.1. Interatomic Potentials

For describing the metallic bonding characteristics better than the two-body poten-
tials, the embedded atom model (EAM) potentials were developed [48–50]. Measuring
the realistic effect of free electron gas that surrounds every atom, a logical furthering of
the two-body potentials for metals is done in the EAM potentials. Thus, it is considered
that these potentials can realistically model the changes in metal properties close to a free
surface based on potential energy functions.

The EAM considers pair interactions φ(rij). They are included between the atoms i
and j along with the energies of individual atoms i. The EAM potential is expressed by
effective electron density ρ in the point of location of an atom i with the function Φ(ρi).

Hence,
U = ∑

i
Φ(ρi) + ∑

i<j
φ(rij) . (1)

The effective electron density ρ is given by

ρi = ∑
j

ψ(rij), (2)

where rij denotes a contribution to the electron density from an atom j. The functions Φ(ρi),
φ(rij) and ψ(rij) are altered and set using the system’s experimental properties.

In this paper, the EAM potentials are used to simulate aluminum-aluminum pairs
in the forming process.

2.2. Description of the Morse Potential

The Morse potential is a widely used empirical pairwise potential energy function [51].
This potential produces repulsive forces in the short-range, attractive forces in the medium
range, and decays smoothly to zero in the long-range. It uses a form of potential containing
two exponential terms. Lim [52] provides an in-depth exploration of the validity of this
function for non-bonded interactions.

The Morse potential is given by

U = D0
[
exp(−2α(rij − r0)) − 2 exp(−α(rij − r0))

]
, (3)

where U denotes the pair potential energy function, D0 represents the cohesion energy, α
denotes a constant of Morse potential, rij denotes the interatomic distance, and r0 denotes
the distance of equilibrium.

We have used the Morse potential function to model the atomic interactions for
aluminum-carbon pair. For the aluminum-carbon interaction, the cohesion energy is
0.4691 eV, Morse potential constant, α is 1.738 Å−1, and the distance of equilibrium is
2.246 Å.

The force acting on an individual atom was obtained by summing the forces con-
tributed by the surrounding atoms. The EAM potentials address the interaction forces of
aluminum atoms with other aluminum atoms. The Morse potentials address the forces
of interactions between aluminum atoms and die, punch and workpiece-holders, that is,
the interactions between the deformable workpiece and the rigid bodies.

The force on atom i resulting from the interaction of all the other atoms can be derived
from the above potential functions U, such that

Fi = −
N

∑
j=1(j 6=i)

∇iU(rij) = mi
d2ri(t)

dt2 , (4)

where Fi is the resultant force on atom i, mi is the mass of an atom i, ri is the position of
atom i, and N is the total number of atoms.
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2.3. Voids in the Workpiece Models

To understand the influence of the internal material voids in the workpiece on the me-
chanical properties, we have modeled four different samples of the workpiece with 5, 10, 15
and 20% material flaws, wherein atoms were deleted randomly throughout the workpiece
models using an iterative randomizer algorithm in LAMMPS [43]. Figure 2 depicts the com-
parison of the MD models without and with different percentages of flaws. The parts that
would be acquired for testing may come from different manufacturers, and it is safe to as-
sume that there would be voids in these parts. Moreover, the void distribution in the parts
cannot be uniform. The voids present in the workpiece could be of any percentage. For
the theoretical study, an ascending percentage of internal voids starting from 5% is con-
sidered. Uniform distribution of voids would mean artificial voids. Therefore, to avoid
artificial voids, a random distribution of voids was chosen. Percentages of flaws can be
interpolated from the considered and available flaw percentages, which are in a generally
low range (up to 20%).

A) B) C)

Figure 2. Voids in the workpiece: (A) No voids, (B) 5% material flaw, and (C) 15% material flaw
in the models.

All the simulations were performed in a vacuum, wherein the boundaries of the sim-
ulation box were far away from the model. The die and the workpiece holder were
fixed in their positions. The application of force on the workpiece in the axial direction
through the punch was modeled by moving the punch with different constant velocities
in the downward direction towards the workpiece (see z-direction in Figure 1).

3. Results and Discussion

Subjecting the aluminum workpiece to different constant loading speeds, that is, move-
ment of the punch in the downward direction towards the workpiece results in different
deformation behavior and, ultimately, the failure of the workpiece. The constant speeds
of loading are as follows: 0.1, 0.4, 0.8, 1, 2, 4, 6, and 8 Å/ps. In the following subsections,
the progression of workpiece deformation, dome-height versus loading speeds, failure
patterns, and influence of material flaws on the deformation behavior are discussed.

3.1. Blanking of the Workpiece due to Cylindrical Punch

At the beginning of this work, we modeled the punch as a cylinder. The intention
behind this was to represent a uniform distribution of pressure (created by the detonated
gases resulting in a shockwave) on the workpiece through the bottom face of the cylindrical
punch. Figure 3 shows the progress of Al workpiece deformation at low-speed (1 Å/ps)
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with a cylindrical punch. When the workpiece was subjected to deformation through
a cylinder-shaped punch, as the punch progressed downward on the workpiece at a speed
of 1 Å/ps, the atoms that came in contact with the punch started getting separated from
the rest of the workpiece. The part of the workpiece under the cylindrical punch did
not deform at all compared to the rest of the portion of the workpiece atoms. Therefore,
a direct application of pressure on a circular profile leads to blanking of the workpiece.
In other words, the cylindrical profile of pressure load on the workpiece leads to very
high shear forces along the circumference (edges) of the cylinder as the workpiece-holder
and the die assisted in the shearing phenomenon, and the workpiece was cut into a disc
with a smaller radius. Because of the reasons mentioned above, we decided to use a portion
of a hemisphere as the profile of the punch to mimic the experimental pressure profile,
which is varying pressure with the highest amplitude in the center for the forming process.

A) B) C) D)

t = 0 ps t = 24 ps t = 80 ps t = 136 ps 

Figure 3. The snapshots of the forming process at low-speed (1 Å/ps) with the cylindrical punch.
(A) At the start of the forming process when t = 0 ps, (B) deformation in progress at t = 24 ps,
(C) start of the blanking process t = 80 ps, and (D) a blanked piece from workpiece falls into
the die at t = 136 ps.

3.2. Progress in Workpiece Deformation

Figure 4 shows the snapshots of the workpiece (with no voids) deformation before
the complete failure at different loading speeds. For the low loading speed simulations
(0.1 Å/ps), the required simulation time to get maximum dome-height without failure was
1.18 ns (see Figure 4A). For medium (0.8 Å/ps) and high-speed (6 Å/ps) simulations, the re-
quired simulation times were 0.12 ns and 0.01 ns, respectively. Moreover, the formability of
the aluminum workpiece was lower for higher speeds.

t = 0 ns

t = 0.62 ns

t = 1.18 ns

A)

t = 0 ns

t = 0.01 ns

C)

t = 0 ns

t = 0.06 ns

t = 0.12 ns

B)

Figure 4. The snapshots of the workpiece deformation before the complete failure at different time.
Different constant loading speeds: (A) A low speed of 0.1 Å/ps, (B) a medium speed of 0.8 Å/ps,
and (C) a high speed of 6 Å/ps.

At lower speeds, the atoms get sufficient time to rearrange themselves to stable
energy positions or quasi equilibrated positions. In contrast, at higher speeds, atoms’
rearrangement does not happen successfully as the loading speed is higher than the rate of
rearrangement of atoms. Thus, the atoms remain in non-equilibrated positions, which leads
to early failure of the material. Figure 5 shows the different snapshots of loading at 2 Å/ps.
It is clear that the atoms of the workpiece have enough time to rearrange themselves to
stable energy positions.
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A) t = 0 ps

C) t = 54 ps

Dome Height ≈ 112Å 

B) t = 26 ps Dome Height ≈ 54 Å 

Figure 5. Different stages of loading at 2 Å/ps. (A) denotes the initial condition with detailed view,
that is, at Time = 0 ps. (B) denotes the intermediate position with detailed view of the workpiece at
Time = 26 ps, where the dome-height at this time is approximately 54 Å. And (C) denotes the position
of workpiece just before the failure with detailed view, that is, the position of maximum dome-height
of approximately 112 Å.

At higher loading speeds, the atoms remain in their previously held equilibrated posi-
tions, which leads to formations of slipping planes, which is responsible for the material’s
failure. In the intermediate position, the atoms are compressed in one region of contact
instead of overall deformation, which would result in the formation of a dome shape.
Figure 6 shows the different snapshots of loading at 8 Å/ps. It is clear from the Figure that
the atoms of the workpiece do not have enough time to rearrange themselves to stable
energy positions.

a) 2Å/ps, Time = 0 ps

Dome Height ≈ 37Å 

Slipping plane
Material failure

C) Time = 8 ps

A) Time = 5.6 ps
Dome Height ≈ 23Å 

B) Time = 6.4 ps

Compression of workpiece

Figure 6. Different stages of loading at 8 Å/ps. (A) shows the initial condition with detailed view,
i.e., at Time = 5.6 ps. (B) shows the intermediate position of the workpiece with detailed view at
Time = 6.4 ps, where the dome-height at this time is approximately 23 Å. (C) shows the position of
workpiece just at the failure with detailed view, i.e., where the dome-height is approximately 37 Å.

In our previous works, we have studied the formability of different materials using
different experimental techniques. In those studies, pressure load was applied on such



Metals 2021, 11, 611 9 of 14

samples. We observed the dome-shaped deformations on aluminum workpieces. When
loading was continued for a longer duration after the dome formation, failure of aluminum
samples was observed at the center. The aluminum workpieces did not attain the shape
of the die underneath, which was unlike DC-04 steel workpieces. The DC-04 steel work-
pieces attained the shape of the die without any failure. Therefore, one can conclude that
the formability of aluminum and its alloys is quite low compared to DC-04 steel [40–42].
Moreover, Mustafa Yasar’s study [53] showed that aluminum undergoes failure before
it can attain the profile of the die as opposed to cup formations in DC-04 steel where the die
profile is attained correctly [40]. The major difference between a dome and a cup shape is
that a cup shape is where the profile of the die used in the study is attained by the material,
whereas a dome shape does not fully attain the die profile.

3.3. Dome-Height versus Loading Speed

The deformation of the workpiece is measured from the top surface of the workpiece
at the start of the simulation to the bottom surface/point (nearly, in all the simulations, it is
a center of the workpiece) obtained by deformation before failure. This distance is termed
as dome-height. The deformations reduce with the increase in loading speed, resulting
in lower and lower dome-heights, except for 2 Å/ps loading speed where the deformation
slightly increases despite the increase in the loading speed. The dome-height at that speed
was observed to be approximately 112 Å.

In this study, we have considered four different simulations at each loading speed to
avoid model-dependent results for plotting a relation between dome-height and loading
speed. We observed consistency in the results for the considered simulations, and we have
plotted the statistically averaged results with standard error bars in Figure 7. For very low
speeds, that is, <2 Å/ps, the workpiece displays higher abilities to bend as compared to
higher speeds. At lower speeds, the deformation is observed throughout the workpiece,
starting from the point of contact in the middle. This is contrary to the deformations
observed due to the higher loading speed, where localized deformations occur due to
the creation of slipping planes. Figures 4 and 6 make this distinction even clearer where
it was seen that at a low loading speed of 0.1 Å/ps, the deformation is occurring till
the radial end of the workpiece disc, whereas at the high loading speed of 8 Å/ps, the defor-
mation is highly localized, and a major portion of the disc remains undeformed. Therefore,
due to different behavior of deformations, we observed a nonlinear relationship between
the dome-height and loading speed. A further detailed investigation on the nonlinear
relationship between the dome-height and loading speeds with other materials can provide
us interesting insights on the fundamental deformation nature of materials as a response to
varying speeds of deformation.

Figure 7 depicts the variation of dome-height with respect to loading speed. The high-
est dome-height of approximately 133 Å was observed at the lowest speed of 0.1 Å/ps,
and the lowest dome-height of approximately 29 Å at the highest loading speed of 8 Å/ps.
Therefore, we found the inverse relationship between the loading speed and dome-height.

With the increase in loading speeds, the formability of the aluminum workpiece
reduces, that is, the dome-height values decrease. It experiences failure as soon as the rate
of forming or loading speed is exceeds the internal rate of rearrangement of atoms.
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Figure 7. The trend of averaged dome-height of the workpiece against different loading speeds with
standard error bars.

3.4. Failure Patterns

Figure 8 shows different failure patterns observed at low, medium, and high loading
speeds. As shown in Figure 8, the deformations progress and rearrangement of atoms
of the workpiece are significantly different from one another at different speeds. At low
speed (0.1 Å/ps), the nature of the failure is a line-like tear. At medium speed (0.8 Å/ps),
the failure appears like a mathematical symbol plus. At high speed (6 Å/ps), the failure
is severe as more area of the workpiece is affected by it, and the pattern appears like
layered boxes.

A) B) C)

Figure 8. Failure patterns at different loading speeds: (A) 0.1 Å/ps, (B) 0.8 Å/ps, and (C) 6 Å/ps.

The time taken to reach a failure stage at a low loading speed was higher compared
to higher loading speeds. The failure snapshots were taken at 1.3, 0.184 and 0.03 ns
in Figure 8A–C respectively. This shows that the rate of degradation of material bonds at
higher loading speeds is significantly higher. Thus, for higher loading speeds, the atoms
remain in nonequilibrated positions, which leads to early failure of the material.

3.5. Influence of Material Flaws

In addition to the cases of different constant loading speeds, we investigated different
workpiece models with varying degrees of the material flaw where internal voids ranging
from 5 to 20% were considered. In this investigation, one constant speed of 0.1 Å/ps was
considered. The punch moves downwards towards the workpiece at a constant speed
of 0.1 Å/ps, which is converted to the applied force (expressed in nN) in Figure 9 A. The
red-colored elliptical markings in Figure 9 B, Figure 9 C indicate the locations of failure
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or fracture of the models with no material flaw in Figure 9 B and 5% voids in Figure 9 C,
and 15% voids in Figure 9 D respectively.

0 50 100

240

160

80

0

No material flaw
5% material flaw
15% material flaw

Simulation time (ps)

A
pp

li
ed

 f
or

ce
 (

nN
)

C)

D)

B)

A)

Figure 9. (A) Applied force versus simulation time. (B) Failure pattern of model with no material
flaw, (C) with 5% material flaw, and (D) with 15% material flaw. The spluttered type of failure
patterns were observed in the material flaw models.

In this study, it is assumed that failure occurs when the applied load crosses the poten-
tial barrier, and the atoms start to separate from each other; which can be seen effectively
in the force versus simulation time diagram (refer to Figure 9A)), where the force is derived
from the negative gradient of the potential energy. Therefore, once the force reaches a peak
value, a failure starts, and a significant decrease is observed in forces after the peak.

Here, we compared two different workpiece models with 5% and 15% randomly
distributed voids with the no material flaw model. One can observe a significant change
in the nature of the failure. The 5% void case has a more regular kind of failure pattern
(linear tear) than the case with 15% material flaw, which shows a spluttered pattern of
failure. Therefore, the line-like fracture was observed for the no material flaw model,
and when the percentage of material flaws was increased, splutter-like failure patterns
were prominent.

The introduction of material flaws seems not to produce worse patterns of failure.
It creates a random spluttered failure in the middle zone of the workpiece. This is different
from the general assumption that voids created in the workpiece by randomly deleting
the atoms would indeed result in a faster and more severe failure. In fact, in the workpiece
models with voids, the dome-height was noticed to have increased as the voids allow for
the movement of slipping planes upon loading, thereby rearranging the atoms in such a way
that the formability of the workpiece was comparatively increased. The workpiece does
not tear, nor does it get disintegrated. Therefore, for the same loading speed, the ductility
of the workpiece increases with the percentage of material flaws.

4. Conclusions

In this work, we studied the high-speed forming process of the aluminum workpiece
model by using molecular dynamics simulations. We considered eight different loading
speeds, starting from 0.1 up to 8 Å/ps. As special cases of interest, we also studied
the different workpiece models with varying degrees of material voids ranging from 5
to 20%.

The outcome from this MD simulation study of the high-speed forming process
primarily puts across the following points.

1. With the increase in the rate of downward movement of the punch towards the work-
piece, the ability of the material to take the desired shape (shape of the die) reduces,
that is, the dome-height is inversely proportional to the loading speed.
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2. At lower speeds (<2 Å/ps), the deformation is observed throughout the workpiece,
starting from the point of contact in the middle. This is contrary to the deformations
observed due to the higher loading speeds, where localized deformations occur due
to the creation of slipping planes.

3. The nonlinear relationship between the dome-height and loading speeds is observed
because of the difference in deformation mechanisms at low and high loading speeds.

4. With the increase in the loading speed, the failure patterns developed on the work-
piece are increasingly severe.

5. The introduction of a material flaw does not produce worse patterns of failure. It cre-
ates a random spluttered failure in the middle zone of the workpiece. This is contrary
to the assumption that random material flaw (random deleting of atoms) would lead
to faster and more severe failure.

6. For the same loading speed, the ductility of the workpiece increases with the increas-
ing percentage of material flaws.

There is further scope for the experimental study of this topic. Exploring other ma-
terials with high formability can be done to understand the influence of material flaws
and the exact mechanism of rearrangement of atoms leading to higher dome-height. More-
over, the tube joining application of gas detonation can be studied using MD simulations.
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