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Abstract

Explosive welding is a complex process involving various phenomena influenced by a series of parameters in a noticeably short
span of time which affect the morphology and eventually the quality of the weld. Therefore, this paper aims to investigate the
influence of these parameters on material behavior with a series of numerical simulations based on a meshless approach. The
developed model is based on the SPH (Smoothed Particle Hydrodynamics) method and is used to investigate Ti/Cu system be-
havior as a case study. Examples of the resulting temperatures and pressures as a function of process setup are presented within

the paper. The results obtained demonstrate how weld morphology is related to the process conditions.
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1. Introduction

Laminated bi-layered products have broad development
prospects and a wide variety of applications across many
different fields, for example in acrospace or equipment
manufacturing sectors where conventional materials
properties are insufficient (Wachowski et al., 2018). The
manufacturing process of these products is not only jus-
tified from fulfilling functional requirements, but also
from an economical point of view. Most of the time it is
sufficient to apply only a thin layer of material with ele-
vated properties and to use a cheaper material as a base.
During the course of the development of multi-layered
materials, many different approaches were proposed,
e.g. laser welding (Lednev et al., 2021), vibration weld-
ing (Wolf et al., 2020), electromagnetic pulse welding
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(Li et al., 2021), or explosive welding presented by Ak-
bari Mousavi and Farhadi Sartangi (2009).

In the latter case, the explosively driven impact is
an extraordinarily complex process involving various
phenomena interacting with each other during a con-
cise time frame. This involves heat transfer between
colliding plates, heat generation due to the friction,
high pressure, or local diffusion within the interacting
materials. Therefore, this process is challenging to be
observed and measured during experimental analysis.
Figure 1 shows the basic concept of explosive welding
technology.

As seen in Figure 1, the flyer plate is propelled by
the detonation of the explosive material placed at the
flyer plate’s top surface. The resulting force draws the
two plates together under high pressure.
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Fig. 1. Schematic concept of an explosive welding process:
V. — velocity at the collision point, V,- impact velocity of
a flyer plate

The explosive material is ignited from one edge;
thus, forcing the flyer plate to bend at a specific an-
gle that is a function of the initial distance between the
plates, the so-called stand-off distance. If the impact an-
gle and the velocity are within an acceptable range, the
collision generates enough pressure and heat to weld
the materials together successfully as mentioned by
Fronczek (2017). Local generation of high temperature
and pressure causes the melting of the material along
the contact surface. The contact surface just before the
collision is also cleaned by the plasma jet generated be-
tween the surfaces of the two colliding plates. Eventu-
ally, the liquified surfaces are joined and create a very
characteristic shape of the interlayer along the contact
area, as presented in Figure 2a.

As mentioned, the heat generation leading to
a significant increase in the local temperature is one of
the most critical factors in this process. During expo-
sure to such elevated temperatures, materials undergo,
e.g., phase transformation, recrystallization, or new in-
termetallic phases (Paul et al., 2013) are being created
along the contact area, as presented in Figure 2b. As
a result, significantly different local material proper-
ties are expected what is clearly visible from realized
nanoindentation investigation presented in Figure 2c.
In this case, the indentations from the vortex area show
higher hardness than the initial materials of the flyer
and base plates, respectively.

As described, explosive welding is an extremely
sophisticated process involving various phenomena,
which occur and interact in materials during a collision
at high velocities and pressures. To properly under-
stand different aspects of this process and extend ex-
perimental investigation capabilities, it is necessary to
use numerical modeling. This approach can show some
aspects of the process that are difficult, often even im-
possible to be captured experimentally.
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Fig. 2. Morphology of the interlayer along the contact area

of the two plates after explosive welding (a), single vortex

with visible intermetallic phases (b), nanoindentation

measurement in the Cu, Ti, and three locations within the
vortex area (c)

The most successful and reliable numerical ap-
proaches for simulations of dynamic processes are hy-
brid finite element methods (FEM), such as ALE (Ar-
bitrary Lagrangian-Eulerian), which takes the strengths
of the Lagrangian and Eulerian approaches and com-
bines them to counter their limitations mentioned by
Nassiri and Kinsley (2016). However, such complicat-
ed models are still ill-suited for problems involving
extremely high speeds and deformations. The main
issue is that the computational resources needed to
conduct research are extremely high, additionally the
computational time can also be affected by the mod-
el’s complexity, which leads to greatly extended
calculation times. Another drawback of the common-
ly applied mesh-based techniques is that high de-
formations can cause mesh degeneration, which is
severe weakness of every model based on, e.g., FEM.
Therefore, the authors decided to use a different meth-
od based on the SPH (Smoothed Particle Hydrody-
namics) approach to study explosive welding. The
SPH is a mesh-free method that recently proved to
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be an efficient solution in this research area (Li et al.,
2017; Nassiri et al., 2017; Zhang et al., 2018; Bataev
etal., 2019; Zhang & Liu, 2019; Sun et al., 2020).

2. Explosive welding simulation

Compared to the standard FEM models, the SPH meth-
od does not use a connected grid of elements to discret-
ize the computational domain. In the case of meshfree
methods, the sample area is filled with particles which
represent the physical volume of the sample material.
Each particle has a limited influence over its neighbors,
described by smoothing distance governed by the ker-
nel function (Liu & Liu, 2003). A Johnson—Cook (JC)
(Madej et al., 2015) flow stress model was used in this
work to describe the material behavior of colliding
plates. The relationship between pressure, density, and
internal energy was described by the Mie—Griineisen
equations of state (EoS) (Jinsong et al., 2020):

P=P +Ip(E-E,) M
I'p =T p, = constant )
_ pocou(l+u)
T (s =P )
1P u
E —_tm|_ *
s (1+uj “)

where: £, — energy at the reference state, I — Griineisen
parameter, which represents a thermal pressure from
a set of vibrating atoms, I') — Griineisen coefficient,
p — current density, p, — initial density, ¢, — bulk sound
speed, s — coefficient of the slope of the shock-velocity
function, P — pressure, u — specific volume. The sub-
scripts “0” and “H” denote that these parameters are
either in the initial or Hugoniot state, respectively.

Material parameters for the EoS and flow stress
models for the titanium and copper that were used in
the simulation as a case study are collected in Table 1
(Wang et al., 2012).

The explosive material and the detonation process
are not included explicitly in the final model to de-
crease computational times. Therefore, a fixed velocity
was applied to the flyer plate to recreate the force re-
sulting from the explosion and consider it in an implicit

manner. During the research, three different detonation
velocities were used ¥, = 2000 m/s, V,, = 2500 m/s,
V , = 3000 m/s, that can be attributed to different ex-
plosive materials like Ammonium Nitrate Fuel Oil or
ANFO. The resulting impact velocity for the investigat-

ed case studies are then calculated as:

V,=2V, sin% (%)
where 3 is the angle between plates.

Besides the explosion velocity, the initial impact
angle is the second crucial parameter that can signifi-
cantly change materials behavior during welding. The
impact angle is related to the stand-off distance between
the two plates that are used in the process setup. Two
angles have been selected for the current investigation,
namely 12° and 16°.

Therefore, to investigate the influence of collision
angle and detonation velocity, six numerical models
(three detonation velocities and two initial impact an-
gles) were developed, assembled, and executed. Fig-
ure 3 presents the initial states of the models for the two
different impact angles. During the simulation, each of
the subsequent models was based on the same material
parameters and boundary conditions.

a)

b)

a

16 deg

Fig. 3. Comparison of the two models developed for
the current investigation with 12-degree (a) and 16-degree (b)
initial impact angles

The first investigated case study was for the small-
est detonation velocity of 2000 m/s. The obtained re-
sults for the two different collision angles are presented
in Figure 4.

Table 1. Mie—Griineisen EoS and Johnson—Cook flow stress model parameters for titanium and copper, respectively

Material | p, [kg/m’] | T') | ¢, [m/s] s [-] u[GPa] | 4 B n m C
Titanium 4450 1.09 5220 0.767 43 1500 | 380 0.32 0.7 0.022
Copper 8960 0.75 3940 1.489 98.7 70 292 0.31 1.09 | 0.025
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a) As seen when the smaller detonation velocity is
applied, especially for the low initial impact angle, the
welding conditions may not be satisfied as the interface
is quite flat and the local temperatures are generally too
low to melt the material.

b) Therefore, the detonation velocity was increased
to 2500 m/s. The comparison of results from 12- and
16-degree initial impact angles models is presented in
Figure 6.

a)

Fig. 4. Comparison of results obtained from the simulations
with 2000 m/s initial velocity of the flyer plate for 12-degree (a)
and 16-degree (b) initial impact angles

As seen in Figure 4, the simulation resulted in
a flat interface without clearly visible vortexes in both
cases. The corresponding pressure and temperature dis-
tributions at the collision point are shown in Figure 5.

a) cl
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Fig. 6. Comparison of results from the model with 2500 m/s
initial velocity of the flyer plate: 12-degree (a) and 16-degree (b)
initial impact angles
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interface features were measured as presented in Fig-
ure 7 in both vertical and horizontal directions.
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Fig. 5. Comparison of temperatures and pressures distribution ~ Fig. 7. Quantitative comparisons of interface geometrical
from 2000 m/s explosion velocity: 12-degree (a) and aspects for 12-degree (a) and 16-degree (b) initial impact
16-degree (b) initial impact angles angles and initial velocity of 2500 m/s
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The average length of the resulting vortexes in
12-degree model is approximately 250 um along the
interface, while the calculated height ~160 um. In
the case of 16-degree model, the average vortex length
increases to ~550 um with approx. 260 um in height.
This agrees with the experimental results, which indi-
cate that the higher the stand-off distance, the vortex-
es at the interface are better pronounced (Skuza et al.,
2016). Additionally, both pressure and temperature
fields are compared in Figure 8.
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Fig. 8. Comparison of temperatures and pressures
distribution from 2500 m/s explosion velocity: 12-degree (a)
and 16-degree (b) initial impact angles

As seen in the 16-degree case, the increase in the
local temperature and pressure is higher, directly affect-
ing the vortexes dimensions along the interface.

In the final set of simulations, the detonation ve-
locity was increased to 3000 m/s, and the obtained re-
sults are presented in Figure 9.

a)

Fig. 9. Comparison of results from the model with 3000 m/s

initial velocity of the flyer plate: 12-degree (a) 16-degree (b)
initial impact angles

This set of simulation results clearly shows how
vital the collision velocity is for the welding process.
As presented in Figure 10, in this case, the average
length of the resulting vortexes in 12-degree model is
approximately 500 um along the interface, while the
calculated wave height is at the level of ~260 pm. In
the case of 16-degree model, the average vortex length
is ~900 um with approx. 500 um height.

a)

Fig. 10. Quantitative comparisons of interface geometrical
aspects for 12-degree (a) and 16-degree (b) initial impact
angles and initial velocity of 3000 m/s

This detonation velocity impact is also evident
when the pressure and temperature fields are consid-
ered, as seen in Figure 11.
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a) a higher angle results in more pronounced waves along
Temperature i :;28] with the contact interface.
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in the angle between material plates resulted in a flat-
T tening of the vortexes along the interlayer, something

2122' which can affect welding quality. The flyer plate’s ini-
0.04 | tial velocity, associated with a type of explosive ma-
ol terial, also heavily influences the process of interface
B0t creation leading to flat interlayer morphology. On the

contrary with 500 m/s increase in detonation velocity,
the overall size of waves increased 2-times, leading to

Fig. 11. Comparison of temperatures and pressures distribution
pronounced vortexes.

from 3000 m/s explosion velocity 12-degree (a) and
16-degree (b) initial impact angles
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