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Preface 
After the successful completion of previous five Explosion, Shock wave and High strain-rate 
Phenomenon (ESHP) symposiums, the sixth edition was held in the Hotel Ocean Spray, 
Puducherry, India from 19 to 21 March 2019.  The prime objective of this symposium is to 
discuss the recent progress in the field of explosion, shock wave and high strain rate 
phenomenon and to establish a network of researchers in the field globally. More than 75 
researchers and scientists from different parts of the world viz., Greece, Japan, Singapore, 
Slovenia, China, USA, England, Iran, Armenia, Bangladesh and India have participated. In 
order to motivate young researchers, young researcher awards were presented during ESHP 
2019. Based on the results of various researchers, a collection of articles was prepared and 
presented in this edition of Materials Research Proceedings. 
 
We thank all the authors, participants, reviewers, sponsors and all other people for their 
contribution. We also thank the publisher, Materials Research Forum LLC, of this proceeding 
volume for their support in publishing these proceedings in a good manner. The next edition of 
the ESHP symposium will be held in Slovenia.  

K. Hokamoto 
K. Raghukandan 

Co-Chairs 
ESHP 2019 
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The Combustion and Transition to Detonation of High 
Pressure Flammable Gas in Closed Spaces Linked with a 

Narrow Path 
Yusaku Kusuhara1*, Kazuhito Fujiwara1,Fumiko Kawashima, Shingo Maeda1, 

Ryo Nanba1 
1Department of Mechanical System Engineering, Kumamoto University2-39-1 Kurokami, Chuo-

Ku, Kumamoto 860-8555 Japan 
*183d8457@st.kumamoto.u.ac.jp 

Keywords: Combustion, High Pressure Flammable Gas, XiFoam 

Abstract. When flammable gases confined or compressed in closed space such as metal cases or 
shells accidentally combusted, the deflagration could be generated and building up to detonation 
might cause intensive explosion. High energy density has been pursued in some industrial 
products or in some manufacturing processes, while the risk of troubles is increasing. Generally 
the combustion transitions to detonation in highly turbulent flows and takes some buildup time or 
propagation length. But in the complicated and closed space geometry such as the structure of 
compressors there are many interactions among compressive wave and rigid surface, and then 
the transition to detonation frequently has been observed. The product design considering the 
transition phenomena and reducing the risk of explosions is required in high energy fields. 
In this study detonations of flammable gas in the high pressure vessel that has spaces linked with 
narrow curved path were observed and simulated numerically. A high speed camera was used to 
observe the flame, and the history data were acquired from pressure gauges. In the simulation, 
XiFoam mounted in Open FOAM was used as the base code. From the visual comparison 
between the results of the experiment and the simulation, it was shown that turbulent burning 
velocity suddenly increases and the pressure exceeds a certain value when combustion transition 
to detonation. These criteria is useful for the design of interior structure of high pressure 
facilities. 

1. Introduction 
Recently, compressors are used for various things such as air conditioners and refrigerators. The 
use of flammable gas as a refrigerant of the compressor is increasing. However, when oxygen 
and air continue to be sucked into the compressor due to human error, high temperature and high 
pressure air-fuel mixture is formed inside the compressor. It has been confirmed that the air-fuel 
mixture spontaneously ignites and a combustion explosion occurs, leading to rupture of the 
compressor. Therefore, it is necessary to carry out risk assessment on flammable gas. 

The form of flame propagation has combustion and detonation. The distinction between them 
is very clear, and when the combustion wave propagates through the mixture, it suddenly transits 
to detonation. The combustion is characterized by a slight pressure change, while the detonation 
pressure rises sharply. Even when combustion occurs in the compressor, the combustion is 
transitioning to detonation. Therefore, a sudden rise in pressure occurs and it is considered that 
the compressor has ruptured. It seems that the pressure at the time of burning and the structure of 
the compressor are influencing the occurrence of detonation. 

Therefore, in this study, we investigate the combustion of the premixed gas in the sealed high 
pressure container, assuming that the combustible gas burned in the compressor. As a survey 
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method, a method of actually performing a combustion experiment and measuring observation and 
pressure, and a method of reproducing combustion by combustion analysis are used. This time we 
will use a model that simplifies the shape of the compressor and conduct experiments that will be 
the basis of future combustion experiments and combustion analysis.  

 
Fig. 1.1 Schematic of compressor 

2. Combustion experiment 
In order to reproduce the structure of the compressor simply, one divider was installed in the 
rectangular space one above the other to form a two step slit structure. The position of the two-
step slit can be changed. The experimental apparatus and flow path are shown in Fig.2.1 and 
Fig.2.2.In order to observe combustion, acrylic is attached and visualized on the front of the 
equipment, and photographing is performed with a high speed camera. A pressure sensor is 
installed in the upper part of the flow path device, and the sensor position and ignition position are 
shown in Fig.2.2.  

 

 
Fig.2.1 Experimental device 

 

 
Fig.2.2 Combustion channel and position of sensors 

 



Explosion Shock Waves and High Strain Rate Phenomena  Materials Research Forum LLC 
Materials Research Proceedings 13 (2019) 1-6  https://doi.org/10.21741/9781644900338-1 

 

 

 3 

After filling with a mixture of propane and air (equivalence ratio: 1), ignite and burn. As an 
ignition method, an explosion phenomenon caused by applying an impact high current to metal 
thin wires is used. As the experimental conditions, experiments are carried out with a total of 4 
patterns consisting of two patterns with initial pressure of 1.2 MPa and 0.6 MPa, and two 
patterns with two slit positions shifted by 40 mm from the center and the center to the ignition 
side. Fig.2.3 shows the image taken by the high-speed camera for each condition. 

 
Table 2.1 Experiment condition 

No. Initial pressure[MPa] Slit position 

1 1.2 Center 
2 1.2 40mm to left from center 
3 0.6 Center 
4 0.6 40mm to left from center 

 

 
Fig.2.3 Picture of combustion 

In Nos. 1 to 3, strong combustion is occurring around the time the flame starts to spread 
through the two-stage slit. It is considered that transition to detonation occurs at this timing. On 
the other hand, in No. 4, combustion of almost constant strength is propagated and detonation 
has not occurred. Also, since the flame front is shaking back and forth as the combustion 
propagates, it was found that shock waves were generated during combustion and the reflection 
was repeated in the space. 

Next, a graph comparing the pressure under each condition is shown in Fig.3.4. 

 
Fig.2.4 Comparison of pressure 

Nos. 1 and 2 show almost the same waveform, and when detonation occurs, it is understood 
that the position of the slit has almost no effect on pressure. From the comparison of No. 3 and 
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No. 4, it can be seen that when the detonation is occurring, the pressure rising speed increases 
considerably and the maximum pressure also increases. In No. 3, the time until combustion 
passes through the slit is long, and the pressure increases as the number of reflections of the 
shock wave increases in the space behind the slit. It seems that it may be easy to transition to 
detonation by combustion propagation to that space. From this, it is considered that safety is 
higher when the pressure at ignition is lower, the position of the slit closer to the ignition side. 

3. Combustion analysis 
For combustion analysis, OpenFOAM[1]  which is a numerical fluid dynamics tool box is used, 
and XiFoam is used as a solver. XiFoam is a solver for premixed combustion considering 
compressibility / turbulence model[2]. 

The model produced what reproduced the combustible space in the combustion experiment. 
Four patterns of conditions similar to combustion experiments were analyzed. The model used is 
shown in Fig. 3.1, and the analysis conditions are shown in Table 3.1. The pressure measurement 
is performed at the same position as the combustion experiment. 

 
Fig.3.1 Analysis model 

 
Table3.1 Analysis condition 

Use solver  XiFoam 

Mesh spacing Δx＝Δy＝Δz＝1[mm] 

Gas used propane 

Initial pressure 0.6 or 1.2[MPa] 

Ignition position 0, 10, 0.5 

Calculation time interval 1 e -6 [s] 

Number of cells 3350 

Equivalent ratio 1 

Temperature 300[K] 

Ignition source diameter 5[mm] 
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Fig.3.2 shows pressure data obtained by combustion analysis by XiFoam. 

 
Fig.3.2 Comparison of pressure 

According to Fig.3.2, in the analysis by XiFoam, there is no difference in the maximum 
pressure due to the position of the slit, and the maximum pressure largely depends on the initial 
pressure. Compared with the pressure in Fig. 2.4, when the slit position is in the middle, the 
pressure rise rate is smaller in the analysis. 

Since the combustion that causes the transition to detonation can not be reproduced by 
XiFoam, investigate the transition condition and modify the solver accordingly so that the 
detonation can be reproduced. The turbulent combustion speed rapidly increased at any of the 
conditions No. 1 to No. 3, as the combustion began to spread through the slit, and in addition, the 
pressure increased to a constant pressure in addition all right. The temperature distribution at No.2 
in that case is shown in Fig.3.3, and the turbulent burning velocity distribution is shown in 
Fig.3.4. 

Because conditions for transition to detonation were obtained, the condition that the turbulent 
burning speed suddenly rises and the pressure becomes 100% when the pressure exceeds the 
constant pressure is incorporated into the program of the XiFoam solver, Reproduce the 
transition. The values of these conditions were determined to be consistent with the experimental 
results. 

 
Fig.3.3 Temperature profile 

 
Fig.3.4 Turbulent burning velocity profile 

4. Comparison between combustion experiment and combustion analysis 
Analysis using an improved solver gave similar data in Nos. 1 to 3, so the typical temperature 
distribution analyzed under No. 2 is shown in Fig. 4.1, the pressure data is shown in Fig. It is 
shown in 4.2. 
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Fig.4.1 Temperature profile 

 
Fig.4.2 Pressure history 

As you can see in Fig. 4.1, the flame starts to spread through the slit, the combustion is rapidly 
strengthened and the flame spreads throughout. The pressure rapidly rises after transition to 
detonation, rising by 20 MPa from before the transition and the maximum pressure is about 20 
times the initial pressure. Although the pressure is considerably high, it is thought that the 
reproducibility of detonation is high with respect to the propagation of combustion. 

Conclusion 
From the visual comparison between the results of the experiment and the simulation, it was 
shown that turbulent burning velocity suddenly increases and the pressure exceeds a certain 
value when combustion transition to detonation. 

We developed a solver which simulates the conditions leading to combustion by detonation in 
a model simulating a compressor in a simplified manner and improves the reproducibility of the 
detonation change. 

References 

[1] PENGUINTIS Open FOAM information 
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Numerical Simulation on Conical Shaped Charge with 
Copper Liner in Several Typical Shapes  

Zhiyue Liu1,a*, Junzhao Zhai1,b and Shuai Su1,c 
1State Key Laboratory for Explosion and Technology, Beijing Institute of Technology, 

Zhongguancun South Street 5, Beijing 100081, P. R. China 
azyliu@bit.edu.cn, btoshiakichia@qq.com, csushuai960930@gmail.com 

Keywords: Shaped Charge, Copper Liner, Jet Formation, Penetration, Numerical 
Simulation 

Abstract. Conical shaped charges with five types of liner geometries: (1) cone, (2) round-tipped 
cone (3) hemisphere, (4) ellipsoid, and (5) trumpet, have numerically been simulated to 
investigate jet formation and target penetration capabilities via LS-DYNA Multi-Materials 
Arbitrary Lagrangian Eulerian (MMALE) technique. The purpose is to observe the influences of 
liner shapes on performance of shaped charge setup and, the final behavior of such shaped 
charge devices. The explosive filling and the liner material are kept to be identical in the study. 
Simulation results show that the hemispherical liner brings out the lowest penetration 
performance, while the cone and round-tipped cone shaped liners result in highest performance, 
and, ellipsoid and trumpet liners are of middle performance, in comparison. Especially, shaped 
charges with both ellipsoid and trumpet liners present no remarkable discrepancy on penetration 
depth, but the entrance craters are of dramatically geometrical difference. Such penetration 
features are anticipated to be applicable in technical design of shaped charges for various specific 
applications. 

Introduction 
Jet from shaped charge device is of important role in penetration, cutting, perforation, and other 
applications [1]. Device of shaped charge is composed of two main parts: explosive filling and 
metallic liner. Traditionally, the conical shaped charge with conical copper liner has been 
utilized broadly. In the development of shaped charge skill, people pursued other geometrically 
shaped liners. Fedorov et al. [2] once proposed a liner with shape of hemisphere-cylinder 
combination for a shaped charge setup. Cao et al. [3] made numerical simulation on several 
shaped charges with different liner shapes and gained the conclusion that liner with hemisphere 
shape has worst penetration ability and hence limited application based on the simulated results 
of lowest jet tip velocity. In this paper, instead of experimental investigations, numerical 
technique is employed to study the performance of shaped charges with five kinds of 
geometrically shaped liners on the penetration abilities. The liners are of (1) cone, (2) round-
tipped cone, (3) hemisphere, (4) ellipsoid, and (5) trumpet shapes, respectively. Multi-Materials 
Arbitrary Lagrangian Eulerian (MMALE) numerical technique in LS-DYNA software [4] is used 
to perform all numerical simulations. The focuses are made on the penetration depths on the 
target block and the sizes of the craters left by jet entrance. Such features may provide the useful 
support for the design of charges with suitable liner shape for specific application. 

Simulation Procedures 
Computational models. Shaped charge with cone liner is a commonest set-up in use. It is 

firstly selected for consideration. As depicted in Fig.1, it basically consists of a liner, an 
explosive filling, and an outer case [5]. The dimensions and materials relevant to the device are 

mailto:azyliu@bit.edu.cn,
mailto:btoshiakichia@qq.com,
mailto:csushuai960930@gmail.com


Explosion Shock Waves and High Strain Rate Phenomena  Materials Research Forum LLC 
Materials Research Proceedings 13 (2019) 7-12  https://doi.org/10.21741/9781644900338-2 

 

 

 8 

given in Table 1. A steel target,  15.24 cm diameater and 62.87 cm length, is set off the bottom 
of shaped  

 
Fig. 1 Basic configuration of conical shaped charge considered for numerical simulation. 

 
 

Table 1 Basic geometrical parameters of shaped charge model. 

Liner thickness 
δ（cm）  

Height of expl. filling  
h（cm）  

Diameter 
d（cm）  

Apex angle 
α（°）  

0.20 5.29 10.00 60 

 

       
(a) Cone liner case   

                     
(b) Round-tipped cone liner case                                (c) Hemisphere liner case  

                   
       (d) Ellipsoid liner case                                                 (e) Trumpet liner case 

Fig.2  Assembly of shaped charge and witness steel block (a), and shaped charge devices 
possessing respective liner shapes (b-e). 
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charge with 20cm stand-off distance. The computational models for all five cases are illustrated 
in in Fig. 2. 

Computational tools. Multiple Materials Arbitrary Lagrangian Eulerian (MMALE) solver in 
LS-DYNA software is used to for the whole computations.The characteristic size of mesh is set 
to be 0.05cm, and such size is used for all models. Quadrilateral meshes are utilized.  

Equations of state and material models. For the high explosive, Jones-Wilkins-Lee (JWL) 
form equation of state is employed. The property parameters for TNT is  found from Ref. [6]. 
For copper and aluminum, Steinberg strength model [7] is used for strength criterion, and 
Gruneisen equation of state is used  under high pressure. The relevant parameters for copper and 
steel is obtained from Ref. [8]. Target is treated as dual-linear elastic-plastic material containing 
the criterion for failure. The relevant parameters used is from Ref. [5]. 

Results and discussion 
Fig. 3 presents the computational results for the cone liner case, including jet formation, jet 
impinging onto target, as well as initial, middle, final penetrations in target block. Once the 
charge initiated, at 15μs, liner begins to collapse forming an initial jet shape. Utill the time of 
62μs, the jet touches the target block as shown in Fig. 3(b).  Fig. 3(c) displays the initial 
penetration of jets. With the later progress of penetration, jet velocity drops down and, jet mass is 
consumed by dispersion on the surface of the penetrated hole. At later phase, jet becomes slow, 
losing penetration ability just as Fig. 3(e) shows. 

Similarly, simulation has also been performed for the cases with the other four liner shapes on 
jet formation and penetration. The detailed computational results are not further illustrated, only 
are typical features compared for those models. Firstly, jet tip velocities before striking the target 
are chosen for comparison and shown in Fig. 4. Among the five cases, shaped charge with 
round-tipped cone liner may provide the maximum jet velocity, following by the case with cone  

 
(a)15μs                                                    (b) 62μs 

  
(c) 69μs                                                  (d) 140μs 

 
(e) 700μs 

Fig. 3 Jet formation and penetration into target by shaped charge with cone liner by simulation. 
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shape liner. Relatively, trumpet shape liner is also able to provide a higher jet velocity. However, 
ellipsoid shape liner brings out a slower jet velocity, and hemisphere shape liner produces the 
lowest jet velocity, only being higher than the half value of jet velocity from the round-tipped 
shape liner. In addition, with respect to the arrival time for the jet striking the target, trumpet 
shape liner is of the shortest one, then, followed by round-tipped cone liner; however, ellipsoid 
and   
 

 
Fig. 4 Jet tip velocities just before striking the target by charges with various liners. 

 

 
(a) Cone liner                                                    (b) Round-tipped cone liner 

 
                  (c) Hemisphere liner                                           (d) Ellipsoid liner 

 
                  (e) Trumpet liner  
 
Fig. 5 Configurations of jet and its velocity variation before striking the target from five charge 

models. 

Round-tipped 
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hemisphere liners exhibit much slower arrival time. The lag on the arrival time is due to a longer 
time for the collapse of liner to form jet for the cases of the ellipsoid and hemisphere liners. 

To the penetration process, jet tip velocity is not the sole parameter to determine the depth of 
penetration. The important factor is kinematic energy of jet which completely determines the 
penetration depth. Kinematic energy of jet is related to mass distribution of jet as well as its 
velocity gradient. Fig. 5 shows the computed jet configurations for five charges with each liner 
shape in each charge before striking the target. The color variations in the figure denote the 
velocity magnitudes from 0.4km/s by blue to 6.3km/s by red. It clearly exhibits the velocity 
gradients in jet and slug during jet motion. The existence of velocity gradient would stretch the 
jet and force it to become slimmer. From Fig. 5 it is intuitively illustrated the jet tip velocities in 
all charge models. Charges with cone, round-tipped cone and trumpet liners produce a relatively 
higher tip velocity, and the cases with hemisphere and ellipsoid liners are of lower jet velocity 
distribution. However, in two charge models with hemisphere and ellipsoid liners, the jet 
diameter is extremely large, implying more mass distribution in jet portion. 

 
Table 2 Calculated results of penetration depth by charges with different liner shapes. 

Liner shape Cone Round-tipped cone  Hemisphere Ellipsoid Trumpet 
Penetration depth (cm) 49.66 50.11 18.11 32.21 32.11 

 
 

 
(a)Cone liner case                                               (b) Round-tipped cone liner case 

 

 
(c) Hemisphere liner case                                   (d) Ellipsoid liner case 

 
                    (e) Trumpet liner case 
 

Fig. 6 Final penetration depths by jets from shaped charges with respective shape liners. 
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The total penetration depths are tabulated in Table 2 for all five charge models. Charge with 
hemisphere liner generates the lowest penetration depth of 18.11cm, however, both charges with 
cone and round-tipped cone liners even achieve the depth of around 50cm. Charges with 
ellipsoid and trumpet liners can produce the very similar penetration depth of 32.21cm and 
32.11cm, respectively. 

Fig. 6 shows the distributions of penetration holes by jets from five shaped charges as well as 
the graphical presentation of holes depths. Charges with cone and round-tipped cone liners 
produce holes with similar geometrical appearance and further, the penetration depths are very 
close. Charge with ellipsoid liner generates the very similar penetration depth, but the entrance 
craters are remarkably different. It implies that if large crater at entrance of jet is desired in the 
engineering application, charge with ellipsoid liner is a recommendable device. Moreover, 
charge with hemisphere liner produce the shortest penetration depth, however, the hole’s 
diameter is large in total. It means if a larger and a uniform hole is required, this device is an 
ideal choice. 

Conclusions 
Jet formation and characteristics of target penetration from conical shaped charges with varied 
liner shapes have been simulated numerically via LS-DYNA dynamic software. The following 
conclusions can be achieved. 
(1) Under the same mass of explosive charge, the traditional charge design with cone shape liner 

is able to produce the ideal penetration depth for targets. Other varied designs do not provide 
better penetration capability. 

(2) Charge with ellipsoid shape liner may cause a larger crater at the entrance, and charge with 
hemisphere shape liner is able to produce a large and a uniform hole. Those designs provide 
enlarged opportunities for possible engineering applications. 
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Abstract. Trends and developments in advanced manufacturing of advanced materials from 
macro- to nanoscale subjected to static, lowspeed / high speed / hypervelocity impact and shock 
loading, with sustainable industrial applications to net-shape manufacturing, bioengineering, 
transport, energy and environment, defense and safety, an outcome of the very extensive, over 50 
years, work on these scientific and industrial areas performed by the author and his research 
international team, are briefly outlined. The impact of such advanced materials, manufacturing 
and loading techniques, products and applications on many technological areas, e.g. the 
manufacturing/machine tool sector, communications / data storage, transportations, health 
treatment, energy conservation, environmental and human-life protection, is significant and 
highly beneficial. 

Introduction 
The topics considered, an outcome of the very extensive academic and industrial work over 50 
years on these fields performed by the author and his research international team, may be listed 
as: 
• Mechanics (Structural plasticity, Low / High speed impact loading, Hypervelocity impact, 

Shockwaves loading)  
• Precision / Ultraprecision manufacturing from macro-, micro- to nanoscale (Metal forming, 

Metal removal processing, Surface engineering / Wear, Non-conventional techniques)  
• Nanotechnology / Nanomaterials manufacturing  
• Ferrous and non-ferrous materials (Metals, Ceramics, Superhard, Polymers, Composites, 

Multifunctional), from macro- to nanoscale (Nanostructured materials, Nanoparticles, 
Nanocomposites)  

• Powder production and processing technologies (High strain-rate phenomena and treatment 
under shock: Explosives, Electromagnetics, High temperature / high pressure techniques)  

• Biomechanics / Biomedical engineering  
• Transport / Crashworthiness of Vehicles: Passive and active safety for passengers and cargo 

(Surface transport: Automotive, Railway; Aeronautics: Aircraft, Helicopters)  
• Energy (Superconductors, Semiconductors, Electromagnetics, Solar cells, Photovoltaics, 

Nuclear reactors)  
• Environmental aspects (Impact on climate change: Nanotechnology; Automotive industry; 

Aeronautics industry)  
• Safety (Detection of explosives and hazardous materials)  
• Defense (Ballistics, Projectiles hitting targets, Shock loading) 

mailto:a.mamalis@inn.demokritos.gr
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• Industrial sustainability 
Some trends and developments in Advanced Manufacturing from macro- to nanoscale in the 

important engineering topics from industrial, research and academic point of view: 
nanotechnology, precision /ultraprecision engineering and advanced materials (metals, ceramics, 
polymeric, composites/nanocomposites) under static, low/high speed impact, hypervelocity 
impactand shock loading, with sustainable industrial applications to net-shape manufacturing, 
bioengineering, transport, energy/environment and defense / safety, are briefly outlined in the 
present ESHP 2019 Invited Lecture. 

Manufacturing Technology Principles 
The principles of advanced manufacturing technology may be identified by six main elements, 
see Fig. 1, with the central one being the enforced deformation to the material, i.e. the processing 
itself, brought about under consideration of the interface between tool and workpiece, 
introducing interdisciplinary features for lubrication and friction, tool materials properties and 
the surface integrity of the component. The as-received material structure is seriously altered 
through the deformation processing, subjected from static to very high-strain rate phenomena / 
shock loading, therefore, materials testing and quality control before and after processing are 
predominantly areas of interest to the mechanics, manufacturing and materials scientists. The 
performance of the machine tools together with the tool design are also very important, whilst, 
nowadays, the techno-economical aspects, like the notion of manufacturing systems, e.g. 
automation, modeling and simulation, rapid prototyping, process planning, computer integrated 
manufacturing, energy conservation and recycling, as well as environmental aspects are 
important in advanced manufacturing engineering [1].   

 
Fig. 1 Advanced manufacturing technology principle 
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The structural plasticity mechanics, governing the deformation of the material, see Fig. 2, are 
mainly associated with [1, 2]:  

(a) Low strain-rate phenomena, i.e. deformation under static-, low speed impact loading, for 
metals, polymers and composite materials, see Fig. 2(i). 

In this case, the material behavior is characterized by its stress-strain curve.  Ductile metals 
and polymers are plastically deformed with the formation of stationary and traveling plastic 
hinges. 

Contrary to this ductile mechanism, the deformation mechanism for brittle composite 
materials is achieved by material fragmentation developing extensive microcracking processes 
easily controlled and depended on the properties of fibers and resins the fibers orientation. 

 
Fig. 2Structural plasticity mechanics 

(b) High strain-rate phenomena, i.e. deformation under high speed / hypervelocity impact-, 
shockwaves loading), for metals, ceramics and superhard materials (diamonds, CBN), see Fig. 
2(ii). 

During dynamic / shock loading, a longitudinal, P-shockwave, with a real shockwave profile 
(pressure, P vs time, t), is initiated, traveling into the body at high speed, calculated from the 
corresponding state of the material under shock conditions, i.e. its Hugoniot curve (pressure, P - 
specific volume, V relationship), defined as the loci of all shock states and essentially describing 
the material properties. The particles are accelerated into the pores at high velocities, impacting 
each other, which results in the development of shear S-waves in the particles due to jet impact at 
a point on the particle surface, traveling inside the particle and reflected at its surface resulting in 
jet formation due to spalling, with subsequent loading of the already formed jet moving between 
the interparticle voids in the same direction as the shock. The frictional energy release results, 
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therefore, in melting at the surface regions with the associated bonding once the material is 
solidified. In the consolidation of brittle materials, particle fracture also occurs, leading to the 
filling of the gaps, whilst reactive elements can also be added to help the bonding process. The 
high-pressure state creates numerous lattice defects and dislocation substructures leading very 
often to localise shearing and microcracking. The energy dissipation modes due to shockwaves 
and the relevant mechanisms, are related to the shock released energy, E = ½ P (V-V0), where P 
is the peak shock pressure, V0 the initial specific powder volume and V the volume of the solid 
material.  

Quality of manufactured parts is mainly determined by their dimensional and shape accuracy, 
the surface integrity, and the functional properties of the products. Development of manufacture 
engineering is related to the tendency to miniaturization and is accompanied by the continuous 
increasing of the accuracy of the manufactured parts. The two main trends towards the 
miniaturization of products are, see Fig. 3:  
• Precision/ Ultraprecision manufacturing (Metal forming, Metal removal processing, Surface  
engineering / Wear, Non-conventional techniques), see Fig. 3(i), carried out by machine tools 
with very high accuracy; 
• Nanotechnology processing, see Fig. 3(i), i.e. the fabrication of devices with atomic and / or 
molecular scale precision by employing new advanced energy beam processes that allow for 
atom manipulation and therefore, the design and manufacture of the nanostructured materials, 
having every atom or molecule in a designated location and exhibiting novel and significantly 
improved physical, chemical, mechanical and electrical properties. 
The various stages of nanomaterials manufacturing are listed in Figure 3(ii) [3]. 

 
Fig. 3 
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Macro-, micro- and nanoproducts under shock loading involve the production of ultrafine 
materials (metals, ceramics, mixtures) by explosive and/or electromagnetic compaction as well 
as high temperature /high pressure die pressing techniques, see Fig. 4 [4]. These materials can be 
utilized as a basic material or as the modifying additives at the manufacturing of sintered 
powdery ceramics, hard-alloy and ceramic composites, nanoparticles reinforced metal and 
polymeric, matrix composites, abrasive pastes and suspensions and polishing ones, chemical 
catalysts and sorbents.  

 
Fig. 4 Net-shape manufacturing under shock loading 

 

Industrial Sustainable Applications 
Sustainability nowadays is challenged on many fronts, among the most prominent ones, the 
advanced manufacturing may be considered. Industrial sustainable applications in advanced 
manufacturing from macro- to nanoscale of advanced materials (metals, ceramics, superhard 
materials, polymers, composites / nanocomposites) under static, low- / high-speed / 
hypervelocity impact and shock loading, an outcome of the very extensive, over 50 years, 
academic and industrial work on these fields of the author in association with his vast research 
international team worldwide, are briefly listed below. 
 
(a) Powder production and processing technologies 

(High strain-rate phenomena and treatment under shock: Explosives, Electromagnetics, High 
temperature / high pressure techniques). 

Crushing of brittle materials grains can be achieved by shock loading. These high-strain rate 
phenomena are used for producing materials of micro- and nanoscale grains. By applying 
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properly calculated and directed shock waves created by explosion, Al2O3, MgO, ZrO2, Mo, Ti, 
metal MgB2 and ceramic high-Tc superconductors are treated for reducing their grain size into 
nanoscale.  

Compaction of such materials by shockwaves has the advantage that during the compaction 
phase grain growth does not occur. The high-speed shockwaves with high energy content can be 
created either by initiating high explosives (explosive compaction) or by discharging electric 
capacitors (electromagnetic compaction). In successfully consolidated products, interparticle 
regions that are molten and rapidly solidified are usually observed, which is more profound in 
metals than in ceramics. The main defect of compacted ceramics is the presence of cracks, 
propagating through the whole component, that can be eliminated by novel compaction designs, 
powder preheating or even by using reactive mixtures to produce heat by exothermic reaction, 
triggered by the shock wave passage. During compaction, the powder surfaces are accelerated 
into the pores at high velocities, impacting each other, with frictional energy release, leading to 
melting at the surface regions with the associated bonding once this material is solidified. In 
consolidated brittle materials, particle fracture also occurs, leading to the filling of the gaps, 
whilst reactive elements can also be added to help bonding process. The high-pressure state 
creates numerous lattice defects and dislocation substructures leading very often to localise 
shearing and microcracking. 

(i) Consolidation mechanism stages and particle shape changes after time: (a) t=0 (beginning 
of impact); (b) t=1.465d/UT; (c)  t=2·1.465d/UT+ tc , see Fig. 5(i). 

(ii) Experimental validation of the shock compaction mechanism by explosive compaction of 
spherical copper powders, see Fig. 5(ii). 
Shock released energy, E = ½ P (V-V0)    (P: peak shock pressure; V0: initial specific powder 
volume; V: volume of solid material). 

 
Fig. 5 Consolidation mechanism 

  



Explosion Shock Waves and High Strain Rate Phenomena  Materials Research Forum LLC 
Materials Research Proceedings 13 (2019) 13-24  https://doi.org/10.21741/9781644900338-3 

 

 

 19 

(b) Biomechanics / Biomedical engineering 
Two industrial sustainable cases are considered, see Fig. 6: 
(i) Shock production of nanodiamonds doped with boron is obtained by detonating 

highexplosives, at detonation velocities up to 7 km/s, in an explosive chamber. Industrial 
applications of these nanodiamonds are related toultraprecision nanoprocessing / 
nanolithography, with nanodiamonds used as multifunctional Scanning Tunneling Microscope 
Berkovich pyramidshaped tips, and to biomedical engineering, with diamond nanoplatforms 
employed for targeted delivery of diagnostic and therapeutic agents in oncology, see Fig. 6(i) [5]. 

(ii) Sapphire head / sapphire cup / titanium stem hip-joint endoprostheses, produced by 
ultraprecision manufacturing, constitute an important biomechanics sustainable application in 
biomedical orthopedics and are associated with the active safety for the passengers protection 
during crash, see Fig. 6(ii) [6]. 

 
Fig. 6 Biomechanics/Biomedical engineering 

(c) Energy 
Topics considered are: Super- and Semiconductors, Electromagnetics, Solar Cells / 

Photovoltaics and Nuclear Reactors. In particular, materials that present zero resistance at a 
certain critical temperature, Tc above the absolute zero are named Superconductors and the 
related phenomenon Superconductivity. High-temperature superconducting materials of the 
YBCO and BSCCO ceramic compounds (Tc=77-93K), fabricated by various physicochemical 
techniques (solid state reaction, sol-gel, etc.) in the form of powders / nanoparticles, and Low-
temperature superconducting nanostructured MgB2 metallic materials (Tc=49K), whilst high-
energy rate powder compaction processes, e.g. explosive and electromagnetic compaction and 
high pressure / high temperature techniques, and subsequent forming and metal removal 
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processing, are used to manufacture superconductive ceramics and metals with unique 
properties, with applications to electricity and transport, see Fig. 7(i) [7]. 
(d) Environmental aspects: Impact on climate change  

Nanotechnology as well as the automotive and the aeronautics industries are among the 
factors that have a profound impact on energy consumption and hence greenhouse gas emissions 
(GHG). 
• Aeronautics Industry Impact on Climate Change: A novel design of 5th generation gas 

turbine 
engines for transport and energy, using structural ceramics blades manufactured by self-
propagating high-temperature synthesis and electrochemical dimensional processing, is 
proposed, reducing the effect of thermo-mechanical and dynamic loading. 
• The technological impact of nanotechnology on climate change as well various strategies to 
Combat it, see Fig. 7(ii), by following the energy supply chain, i.e. renewable energies; 
photovoltaics and solar energy, wind energy, fuel cells and hydrogen economy; energystorage, 
batteries, supercapacitors; thermoelectric conversion efficiency in combustion and electric 
engines; weight reduction by using lighter, stronger and stiffer nanocomposite materials with the 
potential to significantly reduce dead weight and promote energy efficiency in transportation, 
and, furthermore, by utilising nanotechnology applications involving nanomanufacturing, use of 
bulk and surface nanomaterials and nanomaterials of biological origin or interacting with living 
organisms, may be helpful inside a reduction global climate change mitigation effort [8]. 

 
Fig. 7 

(e) Transport / Crashworthiness of Vehicles: Passive and active safety for passengers / cargo  
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Crashworthiness studies provide with the mechanism by which a proportion of impact energy 
is absorbed by the collapsing structure, whilst a small amount is transferred to the passenger in 
order to improve the crash resistance of the vehicle. To obtain effective crashworthy behavior, 
associated with the passive safety, a Crashworthiness study must be carried out in the very early 
design stages, considering analytical and numerical modeling and experimental in situ and at 
laboratory scale of thin-wall structural components subjected to various loading conditions, in 
particular, low and high speed impact. Note, also, that, activesafety is associated with the 
passengers and cargoprotection during crash. For passengers, it is mainly related to biomedical 
engineering, with the hip-joint endoprostheses being an important crash biomechanics 
application, see Fig. 6(ii). My, over 40 years, extensive scientific and industrial work on the 
crash mechanism of metals, polymers, composite materials and advanced hybrid composite 
structures, related to surface transport, automotive and railway, and aeronautics (aircraft, 
helicopters), is briefly outlined in Figs. 8(i), 8(ii) and 8(iii), respectively [9]. 

The relation between CO2 emissions from road vehicles, trains, ships and aircrafts, attributed 
to each sector of the human activity, and the climate change is established, Electric and hybrid 
cars considerably reduce emissions resulting in both global warming and air pollution locally, 
and, in addition, to help curb the world’s dependence on oil. Sustainable technologies to reduce 
or totally eliminate the impact of vehicles on climate change are: Hybrid Electric Vehicles 
(HEV), Plug-in Hybrid Electric Vehicles (PHEV), Battery Electric Vehicle with Range Extender 
(REBEV), Battery Electric Vehicles (BEV) and Fuel Cell Electric Vehicles (FCEV), seeFig. 8(i). 

 
Fig. 8 



Explosion Shock Waves and High Strain Rate Phenomena  Materials Research Forum LLC 
Materials Research Proceedings 13 (2019) 13-24  https://doi.org/10.21741/9781644900338-3 

 

 

 22 

(f) Defense 
High strain-rate phenomena related to hypervelocity impact loading are employed in the case 

of ballistics and projectiles / bullets hitting targets for the proper design and manufacture of the 
armory in Military installations, e.g. tanks, weapons etc., see Fig. 9(i) [2]. 
(g) Safety 

Prevention of terrorist attacks is of utmost importance, with explosives being the chosen 
weapons targeting any populated area. Three processes are necessary for the detection of 
explosives and hazardous materials in the air: collectivity, consisting of front-end collection and 
pre-concentration; separation and detection, providing selectivity and sensitivity of the threat, 
respectively. It results to the manufacture of a multi-channel explosive detection sensor with 
different sets of sorbents that provide separation of various groups of explosives, consisting of 
carbon nanotubes in combination with various monomers-organic compounds effectively 
interacting with certain nitro-aromatics and using a diamond plate as substrate for the measuring 
matrix due to the chemical inertness and stable physical-mechanical characteristics of the 
diamond. 

Development of new methods against improvised explosive devices (IEDs) and home-made 
explosives (HMEs) and improvement of existing facilities for faster, more sensitive and cheaper 
explosive detection and neutralization of person- or vehicle-borne IEDs, are the objectives of the 
Integrated Network for the Detection of Explosives(INDEX) concept, see Fig. (ii) [10]. 

 
Fig.  9 
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Concluding Remarks 
The benefits of such advanced materials, manufacturing and loading techniques, products and 
industrial sustainable applications in many technological areas are significant. The impact of 
these technologies in every day's life is considered to be great, since it will make the 
manufacturing / machine tool sector, communications, transportations, data storage, health 
treatment, energy conservation, environmental and human-life protection and many other 
technological applications better, faster, safer, cleaner and cheaper. 

At this point, it is necessary to clearly identify the value of a reasonably sound knowledge of 
the kind presented so far:  

Industry is conducted both for profit-making and at the same time for supplying goods to the 
mass of the people at minimum, economic prices; primary concern is the manufacturing cost.  

Defence industries or requirements are concerned with the product to fulfil a certain task and 
cost tends to be secondary.  

To help carry out these two functions efficiently, Research programs have usually to be put in 
operation and, in order to do this at minimum cost, the long, costly ladder of research and 
development must be mounted at as high a level as possible. This is most easily done by 
enhancing international research cooperation between Research Centers, Universities and 
Industry. In that respect, the PC-NAE, continuing the over 40 years established international 
cooperation worldwide of my Laboratory of Manufacturing Technology of the NTUA, is 
encouraging it by expanding all these cooperation activities with the establishment of 
Multinational Clusters, like the rather newly established Shockwaves Cluster. Quoting the Great 
Ancient Greek Philosopher Aristotle: 
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Abstract. Auxetic cellular structures are modern metamaterials with negative Poisson’s ratio. 
The auxetic cellular structures build from inverted tetrapods were fabricated and experimentally 
tested under dynamic loading conditions to evaluate the effect of strain rate on their deformation 
mode. The Split-Hopkinson Pressure Bar (SHPB) apparatus was used for testing at strain rates 
up to 1,250 s-1, while a powder gun was used for testing at strain rates up to 5,000 s-1. The 
homogeneous deformation mode was observed at lower strain rates, while shock deformation 
mode was predominant at higher rates. The results have shown that the strain rate hardening of 
analysed auxetic specimens is prominent at higher strain rates when the shock deformation mode 
is observed, i.e. when most of deformation occurs at the impact front. Relevant computational 
models in LS-DYNA were developed and validated. A very good correlation between the 
computational and experimental data was observed. 

Introduction 
Auxetic cellular structures are novel metamaterials with negative Poisson’s ratio – they tend to 
expand in lateral direction when subjected to tensile loading and vice versa in the case of 
compression loading [1]. This behaviour can be beneficial in many applications, especially in the 
crashworthiness, ballistic protection and energy absorption applications [2]. The mechanical 
behaviour of auxetic structures is well characterised and understood for quasi-static loading 
conditions, but not so much for dynamic and impact loading due to insufficient experimental 
characterisation attempts so far. Past studies were mostly concerned with the quasi-static elastic 
behaviour of uniform auxetic structures at very small strains [3] and limited ballistic resistance 
study [4]. Mechanical behaviour of some particular auxetic structures was characterised by 
uniaxial quasi-static compressive and tensile tests [5–10]. The Split-Hopkinson Pressure Bar 
(SHPB) experiments were also carried out for auxetic cellular structures fabricated with additive 
manufacturing, including also polymer fillers [11].  There is a clear need to test the auxetic 
cellular structures also under high strain rate loading conditions to comprehensively evaluate 
their behaviour also at highly dynamic loading. Especially since there are many applications 
where these metamaterials can be used efficiently. 
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Specimens fabrication 
The specimens build from inverted tetrapods were used in this research. Inverted tetrapods (Fig. 
1a), are assembled in a particular way to define the geometry of the investigated specimens (Fig. 
1b-c). The specimen’s inverted tetrapod dimensions were (Fig. 1a): a = 3.5 mm, h = 3 mm, dh = 
0.5 mm, while the circular cross-section diameter of the struts was in range from 0.38 to 0.53, 
depending on the porosity (Table 1). Two types of specimens were analysed in this work: a) 
short and b) long specimens. The difference between the analysed types of specimens was in 
length in X2 direction (Table 1). The specimens were fabricated from the Ti-6Al-4V alloy 
powder by the selective electron-beam melting method (SEBM) at the Institute of Materials 
Science and Technology (WTM), University of Erlangen-Nürnberg, Germany [12]. 

 
Figure 1: Geometry of auxetic specimens build from inverted tetrapods: a) inverted tetrapod, b) 

geometry in orthogonal views and c) fabricated specimen 
Table 1: Specimens data 

Short specimens 

 Dimensions [mm] 
|X1| × |X2| × |X3| 

Mass (std. dev.) 
[g] 

Density 
[g/cm3] 

Porosity p 
[-] 

Middle porosity 15.6 × 19.2 × 18.7 3.45 (0.023) 0.62 0.86 
Long specimens 

 Dimensions [mm] 
|X1| × |X2| × |X3| 

Mass (std. dev.)  
[g] 

Density 
[g/cm3] 

Porosity p 
[-] 

High porosity 
15.6 × 40.5 × 18.7 

4.67 (0.138) 0.40 0.91 
Middle porosity 7.24 (0.051) 0.61 0.86 

Low porosity 9.04 (0.075) 0.76 0.83 
 

High strain rate experimental testing 
High strain rate experimental testing was performed using two different experimental devices: a) 
Split Hopkinson Pressure Bar (SHPB) apparatus at the State Key Laboratory of Explosion 
Science and Technology, Beijing Institute of Technology, Beijing, China and b) the powder gun 
at the Institute of Pulsed Power Science, Kumamoto University, Kumamoto, Japan. The achieved 
loading velocities were 25 m/s and 220 m/s using the SHPB and the powder gun, respectively. 
The loading velocities correspond to the strain rates up to 1,250 s-1 and 10,000 s-1 for short 
specimens and 5,000 s-1 for long specimens, respectively. In the case of powder gun experiments 
the mechanical response was evaluated with the PVDF gauge (Piezo film stress gauge, PVF2 11-
125EK, Dynasen), as in previous experiments described by Tanaka et al. [13]. A homogenous 

h 

dh 

a 

a) b) c) 
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deformation mode of short auxetic specimens was observed (similar to quasi-static loading 
conditions) behaviour during the SHPB loading, Fig. 2 [10]. 

 
Figure 2: Deformation behaviour of short specimens in X1 direction during SHPB testing (view 

in the X2 direction) 
The typical deformation behaviour of long specimens during the powder gun experiment is 
shown in Fig. 3, where the crushing sequence was analysed using digital images of the high-
speed camera recording. Due to high strain rates achieved (10,000 s-1 and 5,000 s-1), the shock 
deformation mode was observed in all tested specimens with various porosities. The main 
deformation of specimens throughout the tests (up to very large deformations) was concentrated 
only at the area, where the specimens impacts the fixed rigid plate. 

 
Figure 3: Deformation behaviour of long specimens with middle porosity in X2 direction during 

powder gun testing 
The average pressure (stress) measurements recorded by the gauge at the fixed rigid measuring 
plate for long specimens with all three porosities and their comparison to quasi-static results are 
shown in Fig. 4. A signal filter with moving point average (10 data points) was used to smooth 
higher frequency response in recorded experimental data. As it can be observed from Fig. 4, the 
change of deformation mode (from homogenous mode under quasi-static loading to shock mode 
under high strain rate loading) causes large strain rate hardening in comparison to the results of 
quasi-static tests (with a strain rate of 0.005 s-1) for identical auxetic specimens [10]. 

 
 
 
 



Explosion Shock Waves and High Strain Rate Phenomena  Materials Research Forum LLC 
Materials Research Proceedings 13 (2019) 25-30  https://doi.org/10.21741/9781644900338-4 

 

 

 28 

 
Figure 4: Comparison of quasi-static and high strain rate loading responses of long auxetic 

cellular structures with different porosities 

Computational simulations 
The relevant computational models were developed using the LS-DYNA software and validated. 
The elasto-plastic material model with damage and failure (MAT_024) was validated using the 
above reported experimental results. The relevant material parameters for the applied material 
model are the following: density ρ = 4430 kg/m3, Young’s modulus E = 120000 MPa, Poisson’s 
ratio ν = 0.3, initial yield stress σyield = 1300 MPa, the definition of linear hardening with the 
second point in stress-strain diagram (σ2, εpl,2) – (1800 MPa, 0.8) and the critical strain εcrit = 0.15 
at the start of material damage. Further details about computational modelling can be found in 
previously reported work [10, 14]. 

The experimental results obtained by SHPB were used only for visual comparison of 
deformation behaviour. An excellent agreement between the experimental and computational 
results can be observed from Fig. 5. 

 
Figure 5: Comparison of experimental and computational results of SHPB loading of short 

specimens in X1 direction (view in the direction X3) 
The visual comparison of computational and experimental results for the case of powder gun 

loading is shown in Fig. 6, where good agreement can be observed as well. The computational 
model predicts the change of deformation mode from homogeneous to shock mode successfully. 

The results from the computational models were further compared with experimental results 
in terms of engineering stress (Fig. 7), where a good correlation was noted. The mechanical 
properties (e.g. densification strain and plateau stress) are reproducible in the case of low and 
middle porosity, while in the case of high porosity, a larger deviation can be observed. This 
phenomenon was already explained and justified in previous work [12], where the consequence 
of the fabrication procedure and resulting imperfections was discussed in detail. 
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Figure 6: Deformation behaviour of long specimens with middle porosity in X2 direction in 
powder gun testing 

 
Figure 7: Comparison of experimental and computational results of powder gun loading of long 

specimens with different porosities 

Summary 
The auxetic cellular structures build from inverted tetrapods were analysed in this work. The 
high strain rate deformation response was evaluated with experimental testing using the SHPB 
apparatus and the powder gun device. The homogeneous deformation mode was observed in the 
case of SHPB testing at strain rates up to up to 1,250 s-1. In the case of powder gun loading  at 
strain rates up to up to10,000 s-1 the deformation mode changes to shock mode, where most of 
the material is deformed at the impact front. The change of deformation mode causes large strain 
rate hardening effect of all analysed auxetic structures, which significantly influences the 
mechanical response. The relevant computational models were developed and successfully 
validated. 
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Abstract. We dealt with shock compression on a composition of Gd2Zr2O7 by explosive-driven 
flyer impact methods, because Gd2Zr2O7 with rGd/rZr ration of 1.46 lies at the structural boundary 
between ordered pyrochlore and defect fluorite structures. The results indicate recovered 
products depend on shock conditions that we need to specify by further study. 

Introduction 
Shock compression process provides unique environments for materials synthesis due to not only 
the realized high pressure and high temperature but also the shock-enhanced kinetics and fast 
quenching [1]. The process is a time-limited reaction and favors martensitic phase transformation 
in general. There are many trials to use shock compression techniques for investigation of solid 
state reactions [2]. The most typical one has been known historically as diamond synthesis, and 
the process has been developed to optimize the yield of products. Here we report a progress of 
shock synthesis of oxide compounds using explosive-driven plate impacts. 

Rare earth pyrochlore compounds of A2B2O7, where A is a rare earth element and B is a 
tetravalent cation such as Zr4+ and Ti4+, exhibit several interesting properties for physical, 
chemical and industrial applications. The pyrochlore structure is known to form if the cation 
radii ratio (rA/rB) lies in the range 1.46–1.80. However, the fluorite structure is favored with rA/rB 
below 1.46. The cation radii ratio rA/rB has an important effect on the high pressure structural 
stability. Gd2Zr2O7 with rA/rB ratio of 1.46 lies at the structural boundary between ordered 
pyrochlore and defect fluorite. Hence it is expected to show interesting structural behavior as a 
function of temperature and pressure. We tried to understand the effect of shock compression on 
Gd2Zr2O7. Among A2B2X7 (X is anion such as O and F) compounds there are three discrete 
structures of pyroclore, fluorite, and weberite. Their structural relations are based on the fluorite 
structure (AX2) where each anion is at the center of the cation tetrahedral (A4X) and the lattice is 
characterized by a lattice constant of a = ~5 Å with Z=1. In pyrochlore structure, different A and 
B cations make A4X, B4X, and A2B2X, and the lattice is expanded double (a = ~10 Å) and the 
number of Z=8. Weberite consists of A3BX, AB3X, and A2B2X, with lattice constants of √2a, 2a, 
and √2a and with Z=4. Therefore, pyrochlore and weberite have their corresponding superlattices 
in addition to the fluorite structure. 

Shock compression technique has never been applied to solid-solid reactions in complicate 
chemical systems to our knowledge. We explore such chemical systems using shock 
compression techniques. 
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Experimental methods 
We dealt shock compression on two starting mixtures of a composition Gd2Zr2O7 (powdered 
mixture of Gd2O3 + 2 ZrO2 and the product heated in air at 900 oC for 2 hours), encapsulated in 
copper containers, by explosive-driven flyer impact methods [3]. A copper flyer with a diameter 
of 40 mm and a thickness of 2 mm is accelerated to a high velocity by the detonation of the main 
explosive charge of nitromethane (CH3NO2), initiated by a booster charge of 8701 explosive 
[3]. Peak shock pressure reflected within a sample is calculated by the impedance match method 
from the known impact velocity. The shock velocity (Us km/s)- particle velocity (Up km/s) 
relation of copper [4] with density of 8.924 g/cm3) is used as Us = 3.91 + 1.51Up. The starting 
material preheated at 900 oC (sample I) was partially reacted to a fluorite structure with 
monoclinic ZrO2 according to the powder x-ray diffraction (XRD) analysis (Fig. 1 A, B, and C). 
Another starting material (sample II) was a mixture of Gd2O3 and monoclinic ZrO2 as the 
received powders. 

The container after shot was cut open to remove the sample. The successfully recovered 
samples as well as the starting materials were investigated by powder x-ray diffraction methods 
to identify phases present in products. We carried out a series of recovery experiments as a 
function of impact velocity and porosity. 
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Results and discussion 
We have started a series of shock recovery experiments on various pyrocholre compounds that 
has not known yet, and explore novel compounds using shock compression. We report and 
discuss the results on two bulk compositions of Gd2Zr2O7. Impact velocities of 1.85 km/s, 2/36 
km/s, and 3.06 km/s of Cu flyers correspond to peak shock pressures of 43.5 GPa, 60.0 GPa, and 
84.9 GPa, respectively. 

The XRD patterns of recovered samples indicate completely transformed to the fluorite 
structure with no additional peaks (Fig. 1 F) from sample I. The peaks sharpen with increasing 
shock pressure (Figs. 1 D and E). The starting sample (Fig. 1 C) indicates peaks corresponding to 
a fluoride structure and Gd2O3 with no ZrO2. Although this result suggests that the fluorite is 
non-stoichiometric, the initial monoclinic ZrO2 may be transformed to cubic or tetragonal 
structure at shock-induced high temperatures. The maximum peaks for fluorite and tetragonal (or 
cubic) ZrO2 are close around 30 degree each other, and the difference between tetragonal and 
cubic ZrO2 is indistinguishable by XRD [5]. 

The products from the raw powder mixture (sample II), however, display two types of XRD 
patterns (Fig. 2). One consists of relatively broad peaks corresponding to a pyrochlore structure 
(Figs. 2 C and E) and the other indicate relatively sharp peaks of pyrochlore structure (Fig. D), 
although both contain significant amounts of copper powders from container and may contain 
small amount of tetragonal (or cubic) ZrO2. The copper contamination that we did not observed 
in sample I may suggest higher shock temperatures in sample II than sample I because the 
starting Gd2O3 powder was poorly crystalline (Fig. 2 A). 

Then, the presence of a large amount of copper in the recovered sample II can be explained by 
high temperatures, although the porosity difference may affect the shock temperature. The 
formation of fluorite Gd2Zr2O7 suggests relatively high temperatures (>1530oC) in hot press 
sintering [6]. If this is the case, our shock temperatures could be close to this. The effects of 
porosity of the initial powders pressed in the recovery container are not well controlled in the 
present study, and we need further study. However, high temperatures generated in powdered 
samples are found to promote solid reaction significantly. It is difficult to understand the shock 
pressure effect on the solid reaction due to a small difference between fluorite and pyrochlore 
structures at high pressures. Based on a detailed study of the lattice parameter of Gd2Zr2O7 with 
fluorite and pyrochlore structures at ambient condition [7], the pyrochlore has slightly larger 
volume than the fluorite and can be the low pressure. Therefore, we need to know shock 
conditions to understand the solid reactions. And also it is interesting to compare the static 
compression results on Gd2Zr2O7 at room temperature [8, 9]. The results indicate back 
transformation from pyrochlore to defect-fluorite formed above 15 GPa [8] and amorphization 
above ~35 GPa due to distortion of cation [9]. 

Summary 
Shock compressions of powders with a composition of Gd2Zr2O7 produced both defect fluorite 
and ordered pyrochlore structures detected by x-ray diffraction methods. The results need to be 
specified to understand the solid reactions. 

References 

[1] T. Sekine, Experimental methods of shock wave research for solids. In Hypervelocity 
Launchers (ISBN: 978-3-319-26016-7) Shock Wave Science and Technology Reference Library 
Vol. 10, F. Seifler and O. Igra (Eds), 55-76, Springer. 2016. https://doi.org/10.1007/978-3-319-
26018-1_3 



Explosion Shock Waves and High Strain Rate Phenomena  Materials Research Forum LLC 
Materials Research Proceedings 13 (2019) 31-34  https://doi.org/10.21741/9781644900338-5 

 

 

 34 

[2] S.S. Batsanov, Features of solid-phase transformations induced by shock compression. Rus. 
Chem. Rev. 75 (2006) 601-616. https://doi.org/10.1070/rc2006v075n07abeh003613 

[3] Z. Tan , P. Chen, Q. Zhou, J. Liu, X. Mei, B. Wang, and N. Cui, Shock synthesis and 
characterization of titanium dioxide with α-PbO2 structure J. Phys.: Condens. Matter 30 (2018) 
264006. https://doi.org/10.1088/1361-648x/aac709 

[4] S.P. Marsh, LASL Shock Hugoniot Data, University of California Press (1980). 

[5] R. Srinivasa, R.J. De Angelis, G. Ice, and B.H. Davis, Identification of tetragonal and cubic 
structures of zirconia using synchrotron x-radiation source. J. Mat. Res., 6 (1991) 1287-1292. 
https://doi.org/10.1557/jmr.1991.1287 

[6] U. Brykala, R. Diduszko, K. Jach, and J. Jagielski, Hot pressing of gadolinium zirconate 
pyrochlore. Ceramic Intern., 41(2015) 2015-2021. 
https://doi.org/10.1016/j.ceramint.2014.09.114 

[7] Y.H. Leea, H.S. Sheub, J.P. Denga, and H.-C.I. Kao, Preparation and fluorite– pyrochlore 
phase transformation in Gd2Zr2O7. J. Alloy. Comp., 487 (2009) 595-598. 
https://doi.org/10.1016/j.jallcom.2009.08.021 

[8] F.X. Zhang, J. Lian, U. Becker, R.C. Ewing, J. Hu, and S.K. Saxena, High-pressure structure 
changes in the Gd2Zr2O7 pyrochlore. Phys. Rev. B 76 (2007) 214104. 

[9] N.R. Sanjay Kumar, N.V. Chandra Shekar, and P.Ch. Sahu, Pressure induced structural 
transformation of pyrochlore Gd2Zr2O7. Solid St. Comm., 147 (2008) 357-359. 
https://doi.org/10.1016/j.ssc.2008.06.028 



Explosion Shock Waves and High Strain Rate Phenomena  Materials Research Forum LLC 
Materials Research Proceedings 13 (2019) 35-40  https://doi.org/10.21741/9781644900338-6 

 

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of 
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials 
Research Forum LLC. 

 35 

Experimental Study for the Tenderness of Meat using 
Underwater Shock Waves Generation by Wire Electrical 

Discharges 
Ken Shimojima 1, a *, Yoshikazu Higa 1,b , Osamu Higa 1,c , Ayumi Takemoto 1,d , , 

Hideaki Kawai 2,e , Kazuyuki Hokamoto 3,f Hirofumi Iyama4,g ,  
Toshiaki Watanabe 5,h and Shigeru Itoh6,i  

1Nat. Inst. Tech.Okinawa College of Technology,905 Henoko, Nago Okinawa905-2192, Japan 
2Asahi Giken, Tokura1-17-19 Toyonaka Osaka 561-0845, Japan 

3Kumamoto Univ.,2-39-1 Kurokami Chuo-ku Kumamoto 860-8555,Japan 
4Nat. Inst. Tech., Kumamoto College, Shisuya2659-2 Koushi Kumamoto 861-1102, Japan 
5 National Fisheries Univ., 2-7-1 Nagata-Honmachi, Shimonoseki 759-6595, Japan, Japan 
6 Inst. Shockwave Applied Technology,2070-19 Otohime Aso Kumamoto 869-2226,Japan 

a k_shimo@okinawa-ct.ac.jp, b y.higa@okinawa-ct.ac.jp, cosamu@okinawa-ct.ac.jp, 
dtkmt@okinawa-ct.ac.jp, e h.kawai@asahigiken-kk.com, f hokamoto@mech.kumamoto-u.ac.jp,  

g eyama@kumamoto-nct.ac.jp, h watanabe@fish-u.ac.jp, iitoh_lab@okinawa-ct.ac.jp 

Keywords: Underwater Shock Wave, Meat Softening 

Abstract. High age of the population advances in the world. The consumption of meat increases. 
Some methods of softening of edible meat are methods such as electric energy, pressure, heating 
and biological. The development of the method of the tenderness that is the high efficiency 
which can apply to the volume of production of the meat is expected. The National Institute of 
Technology, Okinawa College (OkNCT) has developed a food processing machine that 
generates underwater shock waves through wire electrical discharge. The machine can be used 
for sterilization, milling, tenderness, and extraction among others. In this study, we 
experimentally examined the conditions for food tenderness using pork as the food material in 
the experiments. The relationship of the tenderness of edible meat measured with a durometer 
with the number of underwater shock wave generation, and the distance of the shock wave 
generation point from the edible meat and reflectance backing material were shown 
experimentally. The prototype design of the pressure vessel for the processing of the meat was 
shown. The possibility of designing and manufacturing of a pressure vessel according to the 
required tenderness was shown. 

1. Introduction 
In USA, Europe, Japan, the consumptions of edible meat increase [1-3]. The population of the 
elderly has been increasing in Japan. The Japanese increase rate is serious, but almost increases 
in all developed countries [4]. There have been many studies on the tenderness of food [5-6]. 
Tenderness is one of the most important sensory characteristics of meat. The conventional 
method of tenderness meat include pounding food materials or cutting muscle fibers with a knife 
or Biological method etc. [7]. It is shown that the softening of the meat using hydrodynamic 
shock wave. However, hydrodynamic shock wave is produced by an explosive and is unsuitable 
for practical use [8]. Biochemical techniques have shown the possibility of tenderness of meat 
[9-13].It is showed that particularly the application of the proteolytic enzymes transglutaminase 
and phrases, associated with nutritional, technological, and environmental improvements[14]. 
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I.N.A. Ashie et al. studied on the softening of meat using an aspartic proteinase (AP) and papain 
on meat proteins. An improvement of 20 to 30% was confirmed in the softening of the meat [15]. 
'SLOW cooking' was shown to be effective for soft meat dishes [16]. Highly cold-shortened 
muscle indicated the possibility of tenderness of a meat [17,18]. However, it is necessary to 
develop mechanical devices for practical use by these new food processing method. The 
possibility of changing the softening of meat was shown by using high concentration of oxygen. 
However, processing has several days. A processing method in which the processing time is 
short and the design and production of a mechanical apparatus that can for practical use is 
realistic is effective. At OkNCT, a food processing machine that generates underwater shock 
waves has been developed. This device consists of a high-voltage power-supply unit for shock 
wave generation and a pressure vessel for processing. The effects of this processing are 
improvement of extractability, tenderness, and sterilization without heating [19-24]. We develop 
the device for processing meat using shock waves. However, the conditions of processing using 
shock waves and their relationships with the tenderness of meat have not been clarified. 
Clarification of the relationships is necessary for the design of the pressure vessel most suitable 
for meat processing. In this study, the relationships of the number of underwater shock wave 
processing and the distance of an underwater shock wave generation point from meat with the 
tenderness of meat were examined experimentally.  The clarification of these relationships may 
also lead to the understanding of this mechanism of the tenderness of meat. A guideline for the 
design of the pressure vessel for processing meat is provided. Figure 1 shows an overview of the 
food processing device that generates underwater shock waves.   

 
Electric energy is charged with the hi-charging device (TDK Lambda: 152A) from a 

switchboard (200V, 20A).The pressure vessel for food processing is filled with water.  The 
charged electric energy is supplied to an electrode in the pressure vessel by the gap switch with 
the air cylinder. A thin aluminum wire is installed between electrodes, and it is evaporated by 
thermite reaction induced by instantaneously applied high voltage, resulting in shock wave 
generation. The generated shock wave propagates in the water in the pressure vessel. The food to 
be softened is packed with silicone or resin. The food is destroyed at the interface owing to the 
density difference resulting in spalling-destruction-phenomenon. The meat is processed 
(softened) by this phenomenon. 
  

 
Fig.1 Figure of food processing machine for test processing 
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2. Experimental conditions 
2.1 Processing conditions for tenderness using the underwater shock waves 
The pressure of underwater shock waves is exponentially decreases with transmission 
distance[25].To clarify the relationship between meat tenderness and the distance of the shock 
wave propagation point from the meat,  meat tenderness was measured at various distances 
between the meat and the shock wave generation point. The effects of these waves may be 
unhanced by increasing the number of times shock waves are generated using this device 
experimentally. To clarify the relationship between the number of processing and tenderness, the 
tenderness of meat was measured after one to three underwater shock waves with the distance of 
the shockwave generation point from the meat (135mm). We chose some materials of the 
backing material. To clarify the relationship between the backing material used and meat 
tenderness, meat tenderness was measured using different backing materials at various distances 
of the shockwave generation point from the meat (135mm). Figure 2 shows a picture of the 
pressure vessel for experiments on tenderness. 

 
The size of the vessel is 1m cubic. This meat placed underwater is supported by a silicone 

sheet. The distance between the shock wave generation point and the meat is changed by screws. 
We prepared water (reflectance to water,0%), wood (83.6%), and stainless steel (92.6%) as 
backing materials. The other parameters were constant. The charge voltage was 3.5KV, the 
condenser capacity was 800μF (This is connected by four parallel). The materials of thin line is 
aluminum. The diameter of the thin line was 1mm, the distance of the thin line at each electrodes 
was 8mm.  

 
2.2 Method of measurement of tenderness                                             . 
We chose pork, as the material for studying the tenderness effect on edible meat. Because 
tenderness differs  depends on part of meat, we processed meat after cutting the red meat part. 
Figure 3 shows the measurement points on the meat. The red meat of pork shown in the figure 
was 10cm in width, 12cm in height, and 1cm in thickness. The measurement points were 
indicated by red food dye. The measurement points were located as follows: one point at the 
center of the meat, one each above and below the center point , two points each on the right and 
left sides of the center point. The distance between points wad 1cm. The tenderness of each point 
was measured after processing with shock waves.       

 
 

 
Fig.2 Picture of pressure vessel for experiment 
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2.3 Evaluation of tenderness 
For the evaluation of the tenderness of meat, we mesured the tenderness of meat using a 
durometer. Figure 4 shows the specifications of the durometer. This measuring instrument was 
made in TecLock Co., the type is OO, the load value of the spring is 203-1111mN, the shape of 
the push needle is a hemispherical (Radius, 1.19mm),  the contact time between the durometer 
and the meat is approximately 1 s. This measurement is in accordance with “ASTM D 
2240”[26]. We measured the meat five times at each measurement point and calculated the 
mean.           

 
Fig.7 Relationship between backing material                Fig.8 Picture of comcept design of  

               and hardness                                             pressure vessel 
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Fig. 4 Specifications of durometer 

Maker: TecLock Co., 
Type: OO
Load value of spring  
:203―1111mN
the shape of push needle
:hemispherical
Radius of needle: 1.19mm
Measurement duration time :1 s

 
Fig. 3 Measuring points of meat (pork) 
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3. Experiment result and discussion 
Figure 5 shows the relationship between the distance of the shock wave generation point from 
the meat (Horizontal axis) and hardness (tenderness) of meat (Vertical axis). As the distance 
dereases, it is obvious that the meat became tender.Figure 6 shows the relationship between 
number of times shock waves were generated (horizontal axis) and the hardness (tenderness) of 
meat (vertical axis).  A negative hardness value is indicated that the meat is softened. After the 
third shock wave generation, meat is clearly softened by about 1.8 fold. The meat was hard after 
one time shock wavecompared with the other number of times of processing. The other-
experimental processing (extraction and flour milling) in this study showd negative effect after 
one time shock wave processing[27,28]. It will be necessary clarify to the reason why the meat 
became hard after one-time shock wave  processing, as shown by observation undar a 
microscope. Figure 7 shows the relationship between the reflectance of the backing material to 
water and tenderness.  

The acoustic impedance that reflectance is decided on is calculated by the multiplication of 
density of the meat and the speed of sound. A different reflection expansion wave occurs by 
materials of the back materials, and it is assumed that a change occurred in the hardness of the 
meat.The effect of the backing material on tenderness was found to be larger than those of the 
number of times of shock wave generation and the distance between the meat and the shock 
wave generation point. Figure 8 shows a prototype design of the pressure vessel for processing 
meat using underwater shock waves. We can manufacture the pressure vessel for meat 
tenderness by setting the distance between the meat and the shock wave generation point, the 
backing material, and the transport speed of meat calculated from charging time and the numbr 
of times of shock wave generation according to the desired hardness (tenderness) measured using 
a durometer.  
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Abstract. Aluminum tubes are energy-efficient absorbing components and are widely used for 
framework and reinforcement materials of structures. The effects of the axial length and cross-
sectional shape on the deformation behavior were investigated. Regarding the axial length, it has 
changed only to a certain length, and there are few studies on it. This paper deals with the 
influence of axial length. Also, when an impact is actually applied to the square tube, the impact 
in the oblique direction must also be taken into consideration. Therefore, the deformation 
behavior was analyzed by applying impact to the square tube from various angles other than the 
axial direction. An analysis of the dynamic deformation process of the polygonal tube was made 
using a finite element method. The results show that the load reached the peak immediately after 
the weight hit the square tube, then declined gently. The same tendency was obtained even if the 
axial length was changed. However, as the axial length became longer, the displacement taken to 
reach the peak load increased. As for the impact in the oblique direction, the peak load was small 
as compared with the axial direction. The deformation of square tube did not buckle in whole but 
only partially at any length. 

Introduction 
Square tubes have been used for framework and reinforcement members of structures.There are 
many studies on circular tubes, and deformation behaviors have been studied by static and 
dynamic compression tests [1]. Previous studies have shown that square tubes have a role of 
absorbing impact energy by crushing under pressure in the axial direction at the time of a 
collision [2]. Aluminum alloy has a Young’s modulus that is one-third that of commonly used 
steel materials, giving it the disadvantage of low rigidity. In addition, the whole buckles become 
large when thickness is increased, and causing axial compression deformation, which cannot 
effectively absorb collision energy[3].The tubular bodies with polygonal tubes and cellular cross 
sections have been studied as a means to effectively absorb energy [4]. Additionally, an 
influence of axial length on dynamic axially compressed aluminum tubes is being considered [5-
7].It is known that elastic deformation occurs in the entire square tube prior to plastic 
deformation when the square tube deforms. Since this is periodic and wavy, it seems that the 
axial length will have a large influence. In a previous study, deformation behaviors up to 500 
mm in length have been considered [8]. The purpose of this paper is to discuss, the deformation 
behavior of dynamic axial compression of an aluminum square tube of axial lengths of 500 mm, 
750mm and 1000 mm. Also, when an impact is applied to the tube, the impact in the oblique 
direction must also be taken into consideration. Therefore, for comparison with the axial 
compression, deformation behavior of aluminum square tube under oblique impact loading was 
considered. 
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Numerical Analysis 
Analytical method. The analysis is conducted by non-linear structure analysis program (Marc 
2018) and pre-post processor (Mentat 2018). An example of analytical model is shown in Fig. 1. 
The specimen is an aluminum tube (A6063-T5). Material properties are shown in Table 1. 
Concerning axial length l, the square tubes (l = 500 mm, 750 mm and 1000 mm) are discretized 
at 20000, 30000, 40000 bilinear four-node shell elements, respectively. For the analysis in the 
oblique direction, an angle of θ= 10 degrees was given between the weight and the impact edge 
of the square tube. Schematic diagram of the analysis model is shown in Fig. 2. 
 

Fig. 1 Analytical model of square tube (l = 500mm). 
 

 
Fig. 2 Impact angle of weight (θ= 10 deg). 

 
The nodes on the edge of the tube are fixed with the exception of in the axial direction of the 

impact edge. The weight (80 × 80 × 20 mm, 15 kg) is an un-discretized three-dimensional, eight-
node, first-order, isoparametric element. The deformed tube is regarded as an isotropic material 
following von-Mises yield condition, and the flow stress-strain relationship is shown in Equation 
(1) because the effect of the strain rate of the aluminum is smaller than that of other materials 
like iron, etc [9]. 
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Table1 Material properties of aluminum (A6063-T5) 

Young’s modulus E [GPa] 69 
Poisson’s ratio ν 0.33 
Density ρ [kg/m3] 2.71×103 
Work-hardening modulus F[MPa] 268 
Work-hardening exponent n 0.065 

 

nFεσ = .           (1) 
In this analysis, the time step width is 1μs. The Newton-Raphson method and the updated 

Lagrangian formulation are used as the solution methods of the non-linear equation, and the 
single-step houbolt of implicit solution time-integration method is used for the analysis of 
dynamic deformation. The impact velocity is 10 m/s. 
 

Results and Considerations 
Analytical results. Final deformations of the square tube (l = 500 mm, 750 mm and 1000 
mm)are shown in Fig. 3. 
(a)                                                                                (b) 
 

 
c) d) 

 
Fig. 3 Final deformations of square tube (a)l = 500 mm, (b)l = 500 mm (oblique direction), c)l = 

750 mm, (d)l = 1000 mm. 
 

Load-displacement curve. Load-axial displacement curves of square tube with length 
variation are shown in Fig. 4. The same tendency was obtained even if the axial length was 
changed. The peak load is not hardly affected by axial length. However, it was confirmed that 
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the displacement taken to reach the peak load is dependent on the axial length. And the final 
displacement is independent of the axial length. 

 
Fig. 4 Relationship between axial load P and axial displacement x (axial loading,l = 500 mm,  

750 mm and 1000 mm). 
 

The load-displacement curves in the axial direction and oblique direction of  length l = 500 
mm are shown in the Fig. 5.Compared with the result of loading in the axial direction, the peak 
load is small. And the displacement taken to reach the peak load is larger than that in the axial 
direction.This is because the weight collides with the upper portion of the tube so that the initial 
collision portion is smaller than the axial direction. After that, the load reached a peak at around 
17 mm in axial displacement, because the entire weight collided with the tube. 

 
Fig. 5 Relationship between axial load P and axial displacement x (axial loadingand oblique 

loading,l = 500mm). 
 

Effects of axial length on compressive strain distribution. Strain distributions in bucking 
region are shown in Fig. 6. As seen in Fig. 6, it was confirmed that peak strain wasnot 
considerably affected by changes in the axial length. The strain occurs partially at the side of the 
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tube even if the axial length changes. In addition, the strain is almost 0 except for the peak strain 
region. From the above results, it was also confirmed that deformation occurred partially. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Compressive strain distribution along the side. 
 

Effects of axial length on axial strain distribution.Strain distributions along the hill and 
valley are shown in Fig. 7. The distortion here shows the compressive strain at the position 
where the concave-convex pattern of the edge is maximized.It was confirmed that axial strain 
near the corner of the tube is large compared to that of the other parts of tube. Even if the axial 
length changes, the trends of the axial strain distribution was not considerably affected. In 
addition, the peak strain did not markedly change.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Axial strain distribution along the hill and valley. 

Conclusions 
The deformation behavior of the square tube subjected to dynamic axial compression was 
compared with the results of examination by finite element analysis with the axial length varying 
from 500 mm to 1000 mm and the deformation behavior in the axial direction and diagonal 
direction when the axial length was 500 mm. The following conclusions were obtained. 
 
(1) The trends of the load-displacement curve and peak load were not considerably affected by 

changes in the axial length. 
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(2) As the axial length increases, the final displacement becomes smaller. 
(3) In the case of oblique direction impact, it was found that the peak load is small compared 

tothat of axial direction impact, and the displacement taken to reach the peak load is 
dependent on the axial length. 

(4) The deformation of the square tube did not buckle in whole but only partially. 

References 

[1] W. Abramowicz and N. Jones, International Journal Impact Engineering. 2-2 (1984) 179-208. 

[2] M. Yamashita, H. Kenmotsu and T. Hattori : Thin - Walled Struct., 69 (2013), 45-53. 

[3] D-K. Kim, S. Lee and M. Rhee, Materials & Design. 19-4 (1998) 179-185. 

[4] J Fang, Y. Gao, G. Sun, N. Qiu . and Q. Li : Thin-Walled Struct., 95 (2015), 115-126. 

[5] M. Miyazaki, H. Endo, and H. Negishi, J. Mater. Process. Technol., 85-1-3 (1999) 213-216. 

[6] M. Miyazaki and H. Negishi, Materials Transactions. 44-8 (2003) 1566-1570. 

[7] M. Miyazaki and M Yamaguchi, Procedia Engineering. 81 (2014) 1067-1072. 

[8] K. Yokoya, M. Miyazaki, Y. Tojo and M. Yamashita : Procedia Eng., 207 (2017), 251-256 

[9] S. Tanimura, H. Hayashi, T.Yamamoto and K. Mimura, J. Solid Mech. & Mater., 3-12 
(2009), 1263-1273. 
  



Explosion Shock Waves and High Strain Rate Phenomena  Materials Research Forum LLC 
Materials Research Proceedings 13 (2019) 47-52  https://doi.org/10.21741/9781644900338-8 

 

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of 
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials 
Research Forum LLC. 

 47 

Collision Behavior in Magnetic Pressure Parallel Seam 
Welding of Aluminum Sheets 

Akira HATTA1,a, Makoto MIYAZAKI1,b*and Yohei KAJIRO1,c 
1Department of Mechanical Engineering, National Institute of Technology, Nagano College, 

716 Tokuma, Nagano-city, Nagano 381-8550, Japan 
a5030arika@gmail.com,bmiyazaki@nagano-nct.ac.jp, ckajiro.nagano@gmail.com 

Keywords: Magnetic Pressure Seam Welding, Parallel Seam Welding, Collision 
Behavior, Aluminum Sheet, Numerical Analysis 

Abstract. Magnetic pressure seam welding has attracted attention as a new joining method for 
aluminum thin plates. Magnetic pressure seam welding is a collision welding process, utilizing 
electromagnetic force as the acceleration mechanism. The electromagnetic seam welding is a 
method of abruptly adding a high density magnetic flux around a metal material and utilizing the 
generated electromagnetic force to deform the thin plate at high speed and pressure welding. 
This paper deal with the deformation behavior of parallel aluminum seam welded aluminum 
sheet. Numerical analysis of the dynamic deformation process of the metal plate is performed by 
the finite element method. The sample used for this analysis is assumed to be a thin plate made 
of aluminum (A1050-H24, width100mm, thickness 1mm) and composed of quadrilateral 
elements of plane strain. The experimental results show that the collision speed between the 
aluminum plates is sufficiently reproduced. The impact point velocity between the aluminum 
plate surfaces was very high at the initial collision point but decreased continuously during 
welding. It was also found that the smaller the gap is, the faster the collision point moving speed 
becomes. 

Introduction 
Aluminum has higher electrical conductivity and thermal conductivity than iron, so welding is 
difficult due to low heating efficiency. In previous studies, there is a report on the magnetic 
pressure seam welding method [1]-[14]. Magnetic pressure seam welding is a collision welding 
process similar to explosive welding and utilizes electromagnetic force as an acceleration 
mechanism. Magnetic pressure seam welding accelerates and collides a certain metal plate (flyer 
plate) to another stationary metal plate (parent plate) by using electromagnetic force. When an 
impulse current from a capacitor bank passes through a flat one-turn coil, a magnetic flux is 
instantaneously generated in the coil. The eddy currents are induced in insulated flyer plate in the 
coil. In magnetic pressure parallel seam welding, one-turn coils are arranged in parallel. A part of 
flyer plate along the longitudinal direction of the coil bulged toward a parent plate, then flyer 
plate collided and was welded to a parent plate. At the time of the high-speed collision, metal jets 
are emitted in the welding interface of the specimen [7]. The collision point velocity and 
collision angle are determined by the primary and induced electromagnetic force. True metallic 
bonding is achieved at the mating interface if contact takes place above an appropriate collision 
point velocity and collision angle [15]. The purpose of this paper is to discuss, the dynamic 
deformation behavior of magnetic pressure parallel seam welding of aluminum sheets. 

Welding principle 
The welding principle is shown in Fig. 1. Magnetic pressure parallel seam welding uses 
electromagnetic force to accelerate one metal sheet (flyer plate) against another stationary metal 
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sheet (parent plate). When a high magnetic field B suddenly occurs and enters the metal sheet, 
eddy current (current density i) passes through the metal sheet. As a result, the electromagnetic 
force of Eq. 2 acts mainly on the flyer plate and it is accelerated away from the coil and collides 
rapidly with the parent plate [10]. The eddy current i, electromagnetic force f and Joule heat Q 
are given as follows. κ and B are electric conductivity and magnetic flux density at aluminum 
sheet. When the residual inductance of the electromagnetic forming apparatus is large, it 
becomes difficult for a large current to flow through the one-turn coil, so the magnetic pressure 
also becomes small and it is difficult to join. Since the inductance of the coil of the multi-turn 
coil is higher than that of the one-turn coil, the current flowing through the coil can be increased 
and the magnetic pressure can be increased. 

rot 𝐢 = −κ 𝜕𝐁
𝜕𝜕

 (1) 

𝐟 = 𝐢 × 𝐁 (2) 

𝑄 = 𝒊𝟐

𝜿
 (3) 

 
 
 
 
 
 
 

(a) before                                                                       (b) after 
Fig. 1 Schematic illustrations of welding method 

Numerical Analysis 
The analysis was made by non-linear-structure-analysis-program (MARC 2018). An element 
division model and boundary condition are shown in Fig. 2. In this analysis, the metal sheets 
(100mm width, 1mm thickness) were assumed to be composed of 20000 plane-strain 
quadrilateral elements. The gap length between the flyer plate and the parent plate was varied 
between from 0.5mm to 1.5mm.The deformed plate was an isotropic material. The true stress-
true strain relation is given by Eq. 4. 

𝜎 = 𝐹𝜀𝑛 (4) 

The specimens used in this simulation were aluminum sheets. Material properties obtained by 
a static tension test are shown in Table 1. Okagawa et al. reported that deformation of aluminum 
sheets was finished at the first discharge waveform [16]. In the analysis, calculation time was 
10.8 μs, and calculation step was 5000. The time integration method was single-step houbolt of 
implicit solution method. The magnetic pressure P - measured magnetic flux density B relations 
are given by Eq. 5. 

𝑃 = 𝐵
2𝜇
�1 − exp �− 2𝑡

𝛿
�� (5) 

  

Metal sheets

Coils
Flux lines

Electromagnetic forceFixture
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Enlarged A 
Fig. 2 Finite element model of magnetic pressure paralell seam welding. 

 
Table 1 Material properties of A1050-H24 sheets 

Young's modulus E  [GPa] 69 
Poisson's ratio ν 0.33 

Density ρ [kg/m3] 2.71×103 
Strength coefficient F  [MPa] 118 

Strain hardening exponent n 0.0623 
 

The parameters μ, δ and t are magnetic permeability, skin depth and thickness of metal sheets, 
respectively. The relationship between time and magnetic pressure is shown in Fig. 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Relationship between time T and magnetic pressure P. 
 

Results and considerations 
The analysis in this study was examined from the initial collision point to the outside. 
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Collision angle. The collision angle and collision point velocity relations[15] are given as 
follows: 

𝜐𝑝 = 2𝜐𝑐 sin 𝛽
2
 (6) 

𝜐𝑝 = �𝜐𝑥2 + 𝜐𝑦2 (7) 

Where β, vc, vp, vx and vy are collision angle, collision point velocity, collision velocity, x 
direction element of vp and y direction element of vp, respectively. Spatial relationships of vp, vc 
and β are shown in Fig. 4. 

 
 
 
 
 

Fig. 4 Definition of collision angle β, collision velocity vp and welding velocity vc. 
 

The relation between distance from initial collision point and collision angle is shown in Fig.  
5. Watanabe et al. reported that the collision angle between the metal plate surfaces was 0 degree 
at the initial collision point [17]. In this simulation, the collision angle between the metal plate 
surfaces was 0 degree at the initial collision point, but it increased continuously during the 
welding. Also, increasing the gap length increased the maximum value of the collision angle. 
When the gap length was 1.5 mm, the collision angle sharply increased at about 2 mm from the 
initial collision point. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Relationship between distance from initial collision point x and collision angle β. 
 

Collision velocity. The relation between initial collision point and collision velocity is shown 
in Fig. 6. Depending on the gap length, the collision speed is fast. The collision speed became 
the maximum value at a certain distance away from the initial collision point and decelerated 
from there. This phenomenon occurs when the movable plate continues to be accelerated by 
electromagnetic force. The collision speed varies with the electromagnetic force and the 
mechanical characteristics of the movable plate. 

 
  

vc

vp

Parent plate

Flyer plate

x

y

β

0

5

10

15

20

0 0.5 1 1.5 2 2.5 3

C
ol

lis
io

n 
an

gl
e 
β

[d
eg

]

Distance from initial collision point x [mm]

0.5mm
1.0mm
1.5mm

Gap length



Explosion Shock Waves and High Strain Rate Phenomena  Materials Research Forum LLC 
Materials Research Proceedings 13 (2019) 47-52  https://doi.org/10.21741/9781644900338-8 

 

 

 51 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Relationship between distance from centerxand collision velocity vp. 
 

Collision point velocity. The relation between initial collision point and collision point 
velocity is shown in Fig. 7. The collision point velocity was very high-speed at the initial 
collision point, but it decreased continuously during the welding. As the gap length increases, the 
initial collision point movement speed in the vicinity of the initial collision point also increases. 
When surface layer of the metal plate is emitted as a metal jet, strong metallic bond is established 
on the metal plate [18]. The velocity of metal jet is 2000-3000 m/s [19]. As seen in Fig. 7, the 
collision point velocity of near the initial collision point is higher than velocity of metal jet. The 
metal jet is not emitted near the initial collision point. Therefore, the un-welded zone exist near 
the initial collision point. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7Relationship between distance from initial collision point x and collision point velocity vc. 
Conclusions 
(1) The collision point velocity is very high-speed at the initial collision point, but it decreases 

continuously during the welding. 
(2) The collision angle between the metal plate surfaces is 0 degree at the initial collision point, 

but it increases continuously during the welding. 
(3) As the gap length increases, the maximum value of the collision angle increases. 
(4) The maximum value of the crash velocity tends to increase as the gap length increases. 
(5) The analysis from the initial collision point to the outer side is similar to the single coil. 
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Abstract. Azimuthal characteristics on blast wave from a cylindrical charge were experimentally 
investigated. A cylindrical PETN pellet, weight of 0.50 g, was detonated on a large steel plate, 
which is a model of the ground surface. 0°was defined as the direction of detonation, which was 
correspondence with the central symmetry axis of the cylindrical pellet. 12 pressure transducers 
were embedded in the steel plate to measure the pressure histories on the plate. The direction of 
the pellet and detonation was rotated every 30° and the distribution of blast pressure histories 
around the explosive were obtained. The peak overpressure and impulse were high in the range 
from 30° to 80° compared with the standard explosion data in which the explosive was placed 
vertically for a two-dimensional axisymmetric explosion on the steel plate and detonated from 
the top of the explosive. On the contrary, these blast parameters were low in the range from 90° 
to 130°. These blast pressures were not low in the direction of 180°. These findings are important 
for safety. The data will be compared with numerical simulations in future. 

Introduction 
Explosion of non-spherical explosive causes anisotropic blast wave. This anisotropic blast waves 
have been extensively studied for many decades. Especially, explosion of cylindrical explosive, 
which is relatively symmetric, have been studied both experimentally and numerically. R.A. 
Strehlow and W.E. Baker reviewed these studies in 1976 [1]. As the experimental technique and 
numerical analysis technique have been improving, many papers have been published until 
present [2]. It is noteworthy for safety that the blast wave in specific direction is reported to be 
strong in these papers. 

The authors carried out indoor tabletop experiments for evaluating the blast wave, using 
explosive of 1 g scale, and the obtained data were examined by numerical analysis. The authors 
reported the blast wave mitigation or distribution in a couple of systems [3-6]. In this study, the 
authors applied the technique above to evaluate the blast wave distribution from a cylindrical 
explosive precisely. The experimental system was designed under consideration for numerical 
analysis. 

Experiment 
Test Explosives. A PETN pellet, weight of 0.50 g, was used as a test explosive. Its length and 
diameter were both 7.5 mm. It contained 5 wt% of carbon for forming. A specially designed 
electric detonator with 100 mg lead azide was used as a detonator. Both the PETN pellet and the 
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detonator were distributed by Showa Kinzoku Kogyo Co. Ltd. A spacer was used so as to the 
height of the center of the explosive was 0.18 m/kg1/3.The scaled height was set up as the same-
scaled height of previous study [5] for comparison. The spacer was made of pasteboard and was 
rectangular block with the height of 10 mm and base of 7x7 mm. The lateral surface of the 
cylindrical pellet was fixed on the spacer using epoxy resin adhesive. 4 kV was applied to initiate 
the detonator (test explosive) using a firing system (FS-43; Teledyne RISI, Inc.). 

Ground Surface Model. A steel plate, length of 3510 mm, width of 2200 mm, and thickness of 
10 mm, was regarded as a ground surface. The test explosive with the spacer was fixed on the 
surface model using double-sided adhesive tape. Fig. 1 shows the configuration of the test 
explosive on the surface model. The direction of ignition is defined as 0°.  

 
 
 
 
 
 

 
 

Fig. 1  Set up of test explosiveand definition of the angle. 
 
Pressure Measurement.12 pressure transducers (113B28; PCB Piezotronics, Inc.) were used to 

measure the blast pressure at the ground model surface. The pressure transducers were set with 
the vibration isolator (GEL Tape; Taica Corporation) as the diaphragm of the transducer was 
flush with the ground surface model. The transducers were on three lines of every 10°. Then, the 
pressure histories of three directions, for example, 0°, 10° and 20°, were obtained in one 
explosion experiment. The distances from the center of the explosive were 400 mm, 800 mm, 
1200 mm, and 1600 mm, respectively. The corresponded Hopkinson scaled distance was from 
5.1 m/kg1/3 to 20.4 m/kg1/3. The Hopkinson scaled distance was obtained the distance divided by 
cube root of the net weight of PETN, 95% of the measured weight of the pellets. The output 
signals were recorded using a transient recorder (LTT184/8;LabortechnikTasler GmbH; 
sampling rate of 1.04 MHz and resolution of 16 bits in this study) through an amplifier system 
(30510 and 30622; H-Tech Laboratories, Inc.).  

Number of Experiments and Standard Experiments. The setup of explosive direction varied 
every30°. Seven experiments gave one series of the data from 0° to 180°. Two series of the data 
were acquired in this study. In addition to the experiments above, the standard data in which the 
explosive was placed vertically for a two-dimensional axisymmetric explosion on the steel plate 
and detonated from the top of the explosive were obtained for comparison. 

Results and Discussions 
The obtained pressure histories were fitted using spline functions. Then, peak overpressures and 
positive scaled impulse, just scaled impulse hereinafter, were determined. Fig. 2 (a) shows the 
relation between peak overpressure and azimuthal angle. The shown data is average of data by 
two experiments. The dotted line is the peak overpressure of the standard data. Fig. 2 (a) shows 
the absolute value, and the dependence on azimuth angle is not easy to understand at further 
points. Fig. 2(b) shows the peak overpressure ratio to the standard data. It is clearly seen that the 
explosive shape affected even at 20.4 m/kg1/3.The peak overpressure is high from 30° to 80°  (at 
5.1 m/kg1/3, from 30° to 60°), compared with the standard data. The difference is from 10% to 

0° θ 
φ7.5 

PETN pellet Detonator 
180° 

7.5 
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25%. On the contrary, It is low from 90° to 120°. The peak overpressure was not low at the 
direction of 180°, that is, opposite to the direction of ignition. 
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Fig. 2  (a) Dependence of peak overpressure on azimuthal angle. (b) Dependence of peak 

overpressure ratio to standard peak overpressure on azimuthal angle. 
 
Fig. 3 (a) shows the dependence of scaled impulse on azimuthal angle. Fig. 3 (b) shows the 

dependence of the ratio on azimuthal angle. The tendency is similar to that of peak overpressure, 
although data scatter at 20.4 m/kg1/3is large. 
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Fig. 3 Dependence of scaled impulseon azimuthal angle. (b) Dependence of scaled impulseratio 
to standard scaled impulse on azimuthal angle. 

 
The relation between peak overpressure and the scaled distance on log-log plane was fitted 

using quadratic function. The peak overpressures of standard data at scaled distance of 8 
m/kg1/3and 16 m/kg1/3 were calculated using the fitted quadratic function. Scaled distance of 8 
m/kg1/3and 16 m/kg1/3 are regulated as safety distance in law in Japan. The calculated peak 
overpressures were 23.67 kPa and 8.59 kPa, respectively. Then, the scaled distances, where the 
peak overpressures were 23.67 kPa and 8.59 kPa, were determined for every direction (from 0° 
to 180°). Same procedure was adopted to the scaled impulse. The scaled impulses at 8 
m/kg1/3and 16 m/kg1/3 were 39.12 Pa s/kg1/3 and 20.63 Pa s/kg1/3, respectively. Figs. 4 (a) and (b) 
show the isobaric line of peak overpressure and scaled impulse. The plots form 190° to 350°in 
the figure are just the mirror image of 170° to 10°. 
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Fig. 4 Isobaric line of (a) peak overpressure and (b)scaled impulse. 
 

Regarding to the peak overpressure, the isobaric line expanded, up to scaled distance of 
approximately 2 m/kg1/3, at the direction from 30° to 80°. This means that the peak overpressure 
is same as the standard data at scaled ditance of 16 m/kg1/3, at scaled distance of 17 m/kg1/3 or 
even 18 m/kg1/3on the specific direction. Regarding to the scaled impulse, the tendency is similar 
to that of peak overpressure, however, the range of angle that expanded is larger than that of 
peak overpressrure. Both isobaric lines are not symmetric on the line of 90° and 270°. The blast 
wave is strong at former direction. The direction of ignition might affect the distribution. 

In conclusion, the shape of the explosive and direction of ignition affected the blast pressure 
distribution. The blast pressure from 30° to 80° were high. These factsare important for safety 
consideration.  
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Abstract. There are many things in our surroundings that are at risk of explosion (e.g. lithium 
ion batteries, power modules, spray cans etc.), and there is a possibility of causing great damage 
to the surroundings due to explosive fragments. For safe operation of them, it is essential to 
establish a way to protect the surroundings from explosive fragments. In this study, the purpose 
is to develop a compact container protecting the surroundings from explosive fragments. Ultra-
High Molecular Weight polyethylene (UHMW) which is excellent in strength against explosive 
and penetrationof fragments was used for container, and Dyneema string or Zylon string were 
wound around the container for suppressing deformation. In order to observe a deformation of 
containers due to explosion, containers were blown up by explosives, and taken by high speed 
camera. Experimental results showed that the supporting strings are available for suppressing 
deformation. 

Introduction 
It is expected that power modules will be popularized due to the influence of smart grid and 
soon, but when dielectric breakdown occurs when high voltage exceeding breakdown voltage is 
applied, explosion occurs due to high heat of chip of component parts have been confirmed. 
Besides, there are many things that have a risk of explosion around us, such as lithium ion 
batteries used in smart phones, headphones, etc. and spray cans used in paints, insecticides, etc. 
Because of the possibility of damage to the surrounding people and things due to the explosion 
and the fragments of the explosive component parts, it is essential to establish a method to 
protect the surroundings from explosion and fragments in order to operate safely. 

As a method of protecting the surroundings from explosion and fragments, it is conceivable to 
develop a container that has strength against explosion and penetration. Strength against shock 
and high speed penetration of fragments is required for the material of the container. And also, in 
the case of lithium ion batteries or power modules, containers should be lightweight and compact 
to incorporate into the equipment in which they are used. As a material of container, UHMW 
which satisfies the above properties was used for container. Also, UHMW was reinforced by 
Dyneema string or Zylon string protecting from being broken due to an increase in strain. In 
order to investigate the influence of penetration of fragments, explosives were loaded in metal 
pipes and placed inside the container and blown up. High speed deformation due to explosion 
was observed by high speed camera. It was also investigated whether Dyneema and Zylon can be 
used as the material of the reinforcing layer. Experiments were conducted in Shock Wave 
Laboratory, Kumamoto University, Japan. 

Explosion experiment of UHMW1 
The deformation of UHMW due to explosion was observed. Sizes of UHMW used in the 
experiment and a schematic diagram of the experimental device are shown in Fig.1, and the 
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device after assembly is shown in Fig.2. To observe the deformation of UHMW, took videos 
from the radial direction by using a high-speed video camera (PhantomV7.3). Table.1 shows 
experimental conditions. Detonating fuse (DF), which contains 9.5~11.5g/m pentaerythritol 
tetranitrate (PETN), was used as an explosive. In order to confirm whether Dyneema string (3.0 
mm diameter) is available as a reinforcing material, container was exploded while changing the 
number of reinforcing layers. Also, to confirm the influence of the fragments, DF was installed 
in a brass pipe and exploded. Next, in order to observe the influence of the deformation due to 
the change of the explosive amount, explosives was changed to PETN, loaded in an explosive 
pipe and detonated with an electric detonator. Also, in order to observe the influence by the 
fragments, we made experiments while changing the material of the explosivepipe. 

 
Fig.1 Sizes of UHMW, Schematic diagram of the experimental device 

Table.1 Experimental conditions 

 Explosive Reinforcing 
layers 

Brass pipe Length of 
DF [mm] 

Amount of explosive [g] 

No.1 DF 0 None 160 1.68 
No.2 DF 1 None 160 1.68 
No.3 DF 2 Used 160 1.68 
No.4 DF 2 None 190 1.995 

 Explosive Reinforcing 
layers 

Explosive 
pipe 

Length of 
explosive part 

[mm] 

Amount of 
explosive [g] 

Inner diameter 
of cylinder 

[mm] 
No.5 PETN 2 Straw 160 3.466 5.50 
No.6 PETN 2 Aluminum 150 9.739 10.00 
No.7 PETN 1 Copper 160 3.885 6.00 
No.8 PETN 2 Copper 160 6.269 7.52 

 
Fig.2 Experimental device after assembly 
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Fig3. Samples after exploded 

Samples after exploded are shown in Fig.3. In the case of using DF, Only No.1 that was not 
reinforced by Dyneema was broken, and No.2, 3 and 4 that were reinforced showed no 
significant change. From these, it can be said that Dyneema is available for reinforcement 
material. In the case of using PETN, No.6 was broken. In No. 6, due to the increase in the 
amount of explosives, Dyneema was partially cut, and a part of UHMW expanded but wasn’t 
broken. In the case of No.8, there were traces that the fragments penetrated at the end part, but 
wasn’t broken. In No.5, no significant change was observed. 

Explosion experiment of UHMW2 
It was observed how the difference of material of explosive pipe affects the deformation of 
UHMW. ABS and copper pipes are used as a material of explosive pipe, conducted experiment 
while changing the amount of explosive. The material of the side plate was changed to SS400 in 
order to prevent the decrease in pressure due to the destruction. The experimental procedure is 
the same as in Chapter 2. A schematic diagram of the device is shown in Fig.4, and the device 
after assembly is shown in Fig.5. To observe the deformation of UHMW, took videos from the 
radial direction by Phantom V7.3. The experimental conditions are shown in Table.2. The 
reinforcement of Dyneema is 2 layers, and the length of explosive pipe is 160mm. In order to 
compare the influence of the differences in the material of the fragments, experiments using ABS 
for explosive pipe were conducted twice, and experiments using a copper pipe were conducted 
twice. 

 

 
 

               Fig.4 Schematic diagram of the device,          Fig.5 Experimental device after assembly,  
Samples after exploded are shown in Fig.6. No.9 was not broken, but No.4, the amount of 

explosive was almost the same as No.9, was broken. No.10, which used the largest amount of 
explosives, was also broken. In the case of No.11 that used copper pipe as the material of 
explosive pipe and DF as explosive, it wasn’t broken. Because the container was cracked from 
the part where the Dyneema was cut, it is thought that penetration of fragments greatly affects 
the destruction of the container. 
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Table.2 Experimental conditions 

 Explosive pipe Explosive Amount of 
Explosive [g] Material Inner dia [mm] Thickness [mm] 

No.9 ABS 8 t2 PETN 6.9 

No.10 ABS 11 t2 PETN 13.5 

No.11 Copper  2.5 t1 DF 2.0 

No.12 Copper  8 t1 PETN 7.0 

 
Fig.6 Samples after exploded 

Study on reinforcement material 
The influence of difference of reinforcement materials on the deformation of UHMW was 
compared. Besides Dyneema which has excellent tensile strength, ZylonX and Zylonknot, which 
have higher tensile strength than Dyneema, were used. The diameter of the reinforcement string 
is 3 mm for Dyneema, 1.9 mm for ZylonX, and 2.6 mm for Zylonknot. The size of UHMW used 
in the experiment and the schematic of the experimental device are shown in Fig.7. Copper was 
used for the material of explosive pipe, and the influence of fragments was observed. The 
experimental procedure is the same as in Chapter 2. To observe the deformation of UHMW, took 
videos from the radial direction by Phantom V 7.3. The experimental conditions are shown in 
Table.3, and physical properties of the reinforcing string material are shown in the Table.4, [1], 
[2]. The reinforcement for all samples is one layer. 

 
Fig.7 Sizes of UHMW, Schematic diagram of the experimental device 
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Table.3 Experimental conditions 
 UHMW size 

[mm] 
Reinforcing string Copper pipe 

size [mm] 
Amount of 
Explosive [g] 

Material Diameter [mm] 
No.13 Inner dia 104.6 

Outer dia 110.6 
width 40.5  

Dyneema  3 Inner dia 6 
Thickness 1 
width 30.5  

0.736  

No.14 ZylonX  1.9 0.734 

No.15 Inner dia 104.6 
Outer dia 110.6 
width 46.5  

Zylonknot  2.6 Inner dia 6 
Thickness 1 
width 36.5  

0.860  

No.16 Dyneema  3 0.848  

No.17 Zylonknot  2.6 Inner dia 7.52 
Thickness 1 
width 36.5  

1.397  
 

No.18 Dyneema  3 1.408 

Table.4 Physical properties of the reinforcing string material 

 Tensile strength 
[GPa] 

Tensile modulus 
[GPa] 

Bulk modulus 
[GPa] 

Dyneema 2.5 123 68.3 
ZylonX 4.2 180 100 

Zylonknot 4.0 120 66.7 
Samples after exploded are shown in Fig.10. No.8 reinforced with ZylonX was broken, but 

UHMW was not broken in No.5, No.7 and No.8 which were exploded at almost the same amount 
of explosive, and reinforcing layer was cut at the part where the copper fragments was 
penetrated. No.17 and No.18 which used a large amount of explosives were also broken. 

 
Fig.8 Samples after exploded 

Influence of metal fragments on deformation 
The influence of the amount and size of metal fragments on the deformation of UHMW was 
investigated. UHMW sizes and experimental procedures are the same as in Chapter 2. A 
schematic diagram of the experimental device is shown in Fig.9. The length of explosive pipe is 
194 mm to make the fragments collide with UHMW uniformly. The explosive pipe was made of 
two layers, copper and ABS. The amount and size of fragments were adjusted by the diameter of 
the copper pipe, and the amount of explosives was adjusted by the diameter of the ABS pipe. 
The experimental conditions are shown in Table.5. Dyneema was used as the material of the 
reinforcing layer. The reinforcement is two layers. 

A graph measuring the time change of the radius of the container due to the explosion is 
shown in Fig.10. Measured the central part of the container every 16μs, which is the frame 
interval of a high-speed camera. All samples were not broken, and containers were repeatedly 
expanding and contracting. As shown in Fig.7, No.17 which used a large copper pipe repeats 
expansion and contraction with large displacement. It is thought that larger fragments are 
generated if a large copper pipe is used, and causes a large deformation of the container. 
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Fig.9 Schematic diagram of the experimental device 

 
Fig.10 Time change of radius of container 

Table.5 Experimental condition 
 Explosive pipe ABS  Explosive pipe Copper Amount of 

explosive [g]  Inner dia 
[mm]  

Thickness 
[mm]  

Inner dia 
[mm]  

Thickness 
[mm]  

No.19 4 t1 6 t1 2.156  
No.20 6 t0.7 7.52 t1 4.354  
No.21 6 t1 15 t1.5 4.217  

Conclusions 
It was confirmed that it is available as enforcing material for Zylon and Dyneema. It was found 
that the penetration of fragments has a great influence on the deformation of the container. It was 
found that the rigidity of the reinforcing layer material is related to the destruction of the 
container. 
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Abstract. The fragment safety distance is an important requirement for test and evaluation of the 
munition stores in the field trials. It determines the area to be cleared or evacuated before conduct of 
any trial activity.  In this paper, theoretical and experimental work is carried out for establishing the 
explosive parameters and its interaction with the metallic casing. High  explosives are used for 
controlled fragmentation to generate specific–size-and-weight fragments with lower velocity. 
Empirical relationship based on high strain rate and Gurney energy criteria were applied and 
optimized. Two prototypes having two different type explosive filling were fabricated to generate 
the fragment data. This enables to determine the safety distance useful for conducting trials in small 
ranges with required safety. The experimental data reveals that  90% fragments of a definite shape 
and size have been generated. The recorded fragment velocity was of the order of 250 to 400 m/s. 
Based on these data, safety distance was calculated and found to be about 400 m. Experimentally, 
fragments were recovered and found up to 130m from the point of burst.  

1. Introduction 
The objective of reducing fragment safety distance is to use the smaller ranges for trial and 
performance evaluation of fragmenting munitions. Fragment safety distance is a function of 
fragment mass, fragment velocity and fragments’ aerodynamic behavior. If we can lower the 
fragment velocity and control fragment shape and size, then it is possible to reduce the fragment 
safety distance significantly. To do this, attempts are made to replace high explosive by high 
explosives for lower fragment velocity and controlled fragmentation technique [1-2] for definite 
shape fragment with known ballistic behaviors.  

2. Theoretical Work  
2.1. Particle Velocity and Maximum Pressure of the Shock Wave  
The reduced pressure of the explosive filling inside the steel cylindrical warhead is calculated using 
Hugoniot values of various explosives, paraffin/High Energy Substitute (HES) and steel materials. 
The values [3] are given in Figure 1. The following equations are used for particle velocity and 
maximum pressure acting on the steel casing. 

 
                                                                                                            ---(1) 

 
                                                            ---(2) 

 
      ---(3) 
 

Where D=detonation velocity, Pcj= CJ Pressure, u = particle velocity, P=pressure 

DuP JCCJ 0  ρ=

    2
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The equations 1- 3 are solved for particle velocity u and maximum pressure P of the shockwave. 
 

  

Paraffin 
 

 
 
 
Comp B: 
 

          Cylindrical Warhead   
Figure 1 Pressure Calculation 

 
2.2. Modified Gurney Formula for Initial Fragment Velocity 
The initial fragment velocity is calculated using the Gurney equation [4]. But the Modified Gurney 
equation is also used to accommodate the ratio of warhead length to its internal diameter. The initial 
velocity of fragments resulting from a high-order detonation of a cylindrical warhead expressed as 

 

V0 = √2E�
C/M

�1+0.5C
M �(1+0.5Di

L )
                                                              ---(4) 

Where 
Vo = Initial velocity of fragments (m/s), √ (2E) = Gurney Constant (m/s) 
C= Charge mass (g), M=casing mass (g), L=warhead length (mm), Di=internal diameter (mm) 

2.3. Fragment Trajectory 
The point mass trajectory model is used to compute the trajectory of a fragment with constant mass 
[5-6]. The fragment in air experiences the aerodynamic drag force and gravity. The motion of the 
fragment is described by the following differential equations: 

𝑉̇𝑥 = −
𝜌𝐴𝑝𝐶𝑑

2𝑚
𝑉𝑉𝑥 

𝑉̇𝑦 = −
𝜌𝐴𝑝𝐶𝑑

2𝑚
𝑉𝑉𝑦 − 𝑔 

𝑉̇𝑧 = −𝜌𝐴𝑝𝐶𝑑
2𝑚

𝑉𝑉𝑧             ---(5) 

 

 

Where 
m=fragment mass(g), V=magnitude of velocity vector(m/s),Vx,VyVz=components of velocity of 
fragments,g=gravitational acceleration(m/s2), ρ=air density(g/cc), Cd=drag coefficient of 
fragment,Ap=presented area of fragment(mm2). 
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3. Experimental Work 
Based on the theoratical calculations, two prototypes of 3 kg class controlled fragmentation 
warhead having two different type explosive filling were fabricated to generate the fragment data. 
Both prototypes were subject to static trial under similar conditions. Velocity measurement system 
was used to record the fragment velocity and strawboards for fragment recovery. The survey 
method was used to trace the fragments up to 250m distance from the point of burst. The trial setup 
is shown in Figure 2. 
 

 
 

Figure 2 Trial Setup 
 

4. Result & Analysis 
Based on pressure and initial velocity of fragments, different ratios of diameters of high explosive 
substitute to that of high explosive were calculated.   
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Figure 3. Fragment Velocity vs Filling Pattern 

 

In Figure 3.The Curves are plotted using reduced pressure for different combinations of ratios of 
three explosive with  HES paraffin. The curve of Fragment velocity vs different ratios of three 
explosive to HES are used to compute the optimum ratios for lower the fragment velocity. As an 
example, the composition(TNT:HES) gives the fragment velocity up to 600 m/s.  

Based on these calculations, prototypes was fabricated and tested. Experimentally generated 
fragments are shown in Figure 4. 
 

 

 
 

Figure 4. 3-kg class Prototype Warhead and Fragments 
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Using the fragment trajectory equations, fragments with highest velocity and diferent orientations 
were used to compute the fragment safety distances. The computed safety distance is about 400 m. 
The survey method was used to find the trace of fragments on the ground. Experimentally, it was 
observed that the fragments travelled up to 130m.  

Conclusions 
Two prototypes having two different type explosive filling were fabricated to generate the fragment 
data. This enables to determine the safety distance useful for conducting trials in small ranges with 
required safety. The experimental data reveals that 90% fragments of a definite shape and size have 
been generated. The fragment velocity is recorded  in the order 250 to 400 m/s. Based on these data, 
safety distance was computed. The calculation shows that maximum safety distance is about 400 m. 
The experimetal observation shows that fragments travelled upto 130m.  
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Abstract. In explosive welding, the velocity of flyer plate requisite for joining of two different 
kinds of metallic sheet is several hundred meters per second. We thought that the velocity would 
be accomplished easily without explosives. A lightweight projectile, which receives higher 
pressure on the rear side than front side, goes forward and is accelerated to extremely high 
velocity, even if the pressure difference is small. Joining should be achieved, when a thin metal 
sheet attached on the front of the projectile collides with another metal plate fixed on an oblique 
block. Oblique collisions between several kinds of metal were examined. Examinations of the 
joint interfaces of this resultant by both scanning electron and optical microscopes find no 
opening. Detachment at the joint interface did not occur, when tensile forces were applied. 
Therefore, we regard that the joint interface has sufficient strength. 

Introduction 
High-energy-rate processing has many excellent features that differ from static processing. For 
example, explosive welding, which is one of the methods for producing cladding materials, is 
applied to combinations in dissimilar metals and non-metals that are difficult to bond in diffusion 
bonding. Metal processing and material synthesis have been carried out with shock waves 
generated by explosives [1, 2]. The method that does not use explosives was originated, as 
experiments using explosives require qualifications to handle them and the cost of the 
experiment is high. The general methods of joining metals are mechanical bonding, metallurgical 
bonding, and chemical bonding. Each has advantages and disadvantages, and it is necessary to 
select a bonding method suitable for the material and bonding conditions to join metals 
efficiently. Explosive welding has the best features among these bonding methods. A simple 
projectile accelerator using a difference in air pressure has been produced. The equivalent 
qualifications to explosive welding will be succeeded, if the device were used. When this device 
is applied to sheet metal forming, good results than expected was obtained. Then I tried joining 
of dissimilar metals. 

Experiment 
In explosive welding, the flyer plate is arranged in parallel with an appropriate distance from the 
parent plate, and one end of the explosive placed on the flyer plate is detonated. In the proposed 
method, the flyer plate is accelerated by the air pressure difference substitute for the explosive. 
Since a high pressure difference is required to obtain a large acceleration, a vacuum collision 
chamber and a high-pressure chamber are made. Figure 1 is a photograph of the overall view of 
the projectile accelerator. A metal plate attached to the flyer plate is accelerated by the pressure 
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difference, and it collides with another metal plate at high speed obliquely. In order to achieve 
this, as the condition called weldability window [3] must be satisfied, it is necessary to adjust the 
collision velocity Vc and the collision angle β appropriately according to the combination 
between the material of flyer plate and that of parent plate. 

 

 
 

Fig.1 Overall view of the projectile accelerator. 
Results 
Figures 2-5 indicate the results of observation of the bonding interface of the joined metal plates 
obtained in this experiment with an optical microscope and an electron microscope. Figure 2 
shows the results in the case of joining copper to another copper. Figures 3-5 are in the cases of 
joining copper to aluminum, aluminum to stainless steel, and aluminum to cast iron, respectively. 
In all case, no clearance or crack was observed, and they were joined well. 
 

 
 

Fig.2 Optical and SEM micrographs of bonding interface in the case of Cu and Cu. 
 

 
 

Fig.3 Optical and SEM micrographs of bonding interface in the case of Cu and Al. 

(a) Optical. 

(a) Optical. 

(b) Low magnification SEM. (c) High magnification SEM. 

(b) Low magnification SEM. (c) High magnification SEM. 
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Fig.4 Optical and SEM micrographs of bonding interface in the case of Al and SUS304. 
 

 
 

Fig.5 Optical and SEM micrographs of bonding interface in the case of Al and cast iron. 
 

Discussions 
As the area between copper and aluminum in Fig.3(a) has different quality from two materials, 
intermetallic compounds may be formed by collision. Energy dispersive X-ray spectrometry 
(EDS) and X-ray diffraction analyzed (XRD) were operated. The central horizontal part with 
intermediate color in Fig.6(a) is the analysis target. Figures 6(b) and (C) indicate the molecular 
distribution map of copper and aluminum. The distribution of copper overlaps that of aluminum. 
Though the analysis of the crystal structure near the bonding interface was carried out by XRD, 
no peak for intermetallic compounds was observed. 
 

 
 

Fig.6 Molecular distributions of boundary layer of Cu and Al observed with EDS. 
 
 
 

(a) Optical. 

(a) Optical. 

(b) Low magnification SEM. 

(b) Low magnification SEM. (c) High magnification SEM. 

(c) High magnification SEM. 

(a) SEM of Al and Cu. (b) Distribution of Al. (c) Distribution of Cu. 
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In order to observe the bonding interface in detail, the surface was corroded. A 
photomicrograph of the corroded interface between copper and aluminum is shown in Fig.7(a). 
Figures 7(b) and (c) are in the case of copper and copper. In each case, as the procedure of 
corrosion was not appropriate, the structure could not be clearly observed. 
 

 
 

Fig.7 Optical microscope and scanning electron microscope observation after corrosion. 
A tensile test was carried out to check the bonding strength. Since a bonding material that can 

pull the bonding surface vertically cannot be manufactured, two plates with same size and 
material are aligned and another metal plate is bonded to the center of that. Figure 8(a) shows the 
test piece mounted on the tensile test instrument and (b) is the test piece after fractured. The 
stress σ is nominal stress that is obtained by dividing the maximum tensile load F at fracture 
point by the original cross-sectional area A, that is σ = F/A = 59 MPa. The result is slightly 
smaller than the tensile strength of aluminum 78 MPa. A slight gap between the two plates may 
cause a step on the flyer plate, which may affect the test results, and the bonding strength seems 
to be sufficient because it did not separate at the bonding interface as shown in Fig.8(b). Figure 
8(c) is a curve plotted with nominal stress-nominal strain. 

 
 
 

Fig.8 Tensile test. 
 

Summary 
In this study, we tried to join dissimilar metals using low-pressure difference. 

- As in the observation at bonding interface by microscope, no clearance or crack was existed, 
bonding were success. 

(a) Corrosion of Cu and Al. (b) Optical of corroded Cu. (c) SEM of corroded Cu. 

(a) Test piece mounted 
      on the instrument. 

(b) Fractured test piece. (c) Stress-strain curve. 



Explosion Shock Waves and High Strain Rate Phenomena  Materials Research Forum LLC 
Materials Research Proceedings 13 (2019) 69-73  https://doi.org/10.21741/9781644900338-12 

 

 

 73 

- Though in the observation by microscope, there was a different part in texture from original 
material, no peak for intermetallic compounds was observed in the analysis by XRD.  

- The bonding strength is sufficient because it did not separate at the bonding interface in the 
tensile test. 
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Abstract. In explosive welding, it is known well that the collision angle and collision velocity 
are the important parameters to achieve good welding. In addition, generations of a metal jet and 
the interfacial waves are important for the explosive welding conditions. To know the parameters 
and the collision conditions, the optical observation and the numerical simulation for the oblique 
collision using a powder gun were done by the authors. A metal jet was observed clearly by 
using a powder gun and wavy interface was generated without the intermetallic layer for the 
reactive materials by controlling the welding conditions. In this investigation, the results of the 
optical observations and the numerical analysis for similar and dissimilar material combinations 
were reported. 

Introduction 
Explosive welding technique is known well as the welding method to weld strongly for the two 
metal plates of similar and/or dissimilar material combinations. In explosive welding technique, 
a metal flyer plate is accelerated by the detonation of explosive and is collided to another metal 
plate (base plate) with a certain angle at high velocity. A good welding is achieved with 
generating the interfacial waves in the welded interface and the metal jet at the collision point 
when the velocity and the angle collided are within the suitable range [1, 2]. Therefore, to 
achieve the optimal welding conditions for the difficult-to-weld materials, it is necessary to know 
the parameters and the collision phenomena, such as the metal jet generations and the interfacial 
waves. The mechanism of interfacial waves and the metal jet generation have been studied 
theoretically and/or numerically by many researchers [3-5]. Onzawa et al. [6] reported about the 
characteristics of metal jet generated by the collision of similar and dissimilar metals set on 
parallel and angular arrangement using a high-speed streak camera. The observation for the 
metal jet generation is difficult by the optical observation system because the detonation gas 
spreads out rapidly with the high velocity which is faster than the flying velocity of metal. From 
the weldability window proposed by Wittman [7] and Deribas [8], claddings same as explosive 
welding can be obtained when a metal plate collides obliquely at high velocity. To know the 
inclined collision, same as the phenomena of explosive welding, a powder gun was applied to 
observe the high-speed oblique collision, which is same as the phenomena of explosive welding, 
without the influence of detonation gas. And the numerical simulation using SPH solver in 
ANSYS AUTODYN software was used to understand the material behavior in the high-speed 
oblique collision, comparing with the experimental results.  
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Experimental Procedure 
Experimental setup to observe the high-speed oblique collision is shown in Figure 1. A powder 
gun set on Institute of Pulsed Power Science in Kumamoto University was used to accelerate the 
metal plate. A pure copper and magnesium alloy AZ31, which diameter were 32 mm and 
thickness was 3 mm or 5 mm, were applied as the flyer and target plate. The flyer plate was 
combined the sabot made by Ultra high molecular weight polyethylene (UHPE) as the projectile.  
The projectile was set in the barrel of the powder chamber side. The copper weight-control plate 
was placed behind the flyer plate to control the flying velocity of projectile. The target plate put 
into a PMMA target holder was arranged on the target stand with an inclined angle (θ = 7, 10, 
15, 20) in the target chamber. For the optical observation of the oblique collision, High-speed 
video camera (HPV-1, Shimadzu corp., capable of recording up to 1 million fps) was placed at 
the side of the target chamber and was located in the opposite side of the light across the target 
chamber. Smokeless and the black gunpowder were set in the powder chamber. After the target 
chamber was in a vacuum, the black gunpowder was ignited. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Numerical Analysis 
Explicit dynamics software ANSYS AUTODYN was used and the 2-dimensional planer 
symmetry was applied to know the detail of the oblique collision at high velocity numerically. A 
target plate and a projectile were modeled by two solvers, which were the Smoothed Particle 
Hydrodynamics (SPH) solver and the Lagrangian solver. The 60% thickness part on the collision 
side of the metal plate was modeled by the SPH solver, and the remaining 40% was applied by 
the Lagrangian. The particle size of SPH solver and the mesh size of Lagragian solver were fixed 
at 0.05 mm and 0.03 mm when the thickness of metal plates was 5 mm and 3 mm respectively.  
The Mie-Grüneisen form shock equation of stat and the Johnson-Cook strength model were 
applied for each material. The material parameters for each equation are referred from the reports 
[9, 10]. 
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Fig. 1  Schematics of experimental setup used 
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Results and discussion 
Examples of framing photographs after the starting of collision were shown in Figure 2. The 
metal jets generation for the similar and dissimilar material combinations could be observed 
clearly in the oblique collision, which was the same condition in the explosive welding process, 
when a powder gun was used. The metal jets were generally dark and not bright when the copper 
and copper oblique collision. In the case of using a magnesium alloy regardless of the similar / 
dissimilar combination, bright metal jets were observed shown in Figure 2 (b) and (c). In 
addition, it was confirmed that two types of metal jet, the central jet and the surrounding jet, 
were generated when the installation angle of the plate was 15 degrees or more, as shown in 
Figure 2 (a) and (c).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

t = 3 μs 

AZ31 

AZ31 

Sabot 

Target holder 

Metal jets 

t = 7 μs t = 9 μs t = 11 μs t = 5 μs 

(b) metal jets of similar metals (AZ31/AZ31): Vp＝420m/s, θ ＝7° 
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Metal jets 
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(c) metal jets of dissimilar metals (Cu/AZ31): Vp＝530m/s, θ ＝15° 

Fig. 2 Metal jet generations in the oblique collsino of similar and dissimilar material 
combition 
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(a) metal jets of similar metals (copper/copper):  Vp＝630 m/s, θ ＝20° 
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From the formula of the relation for the collision velocity, the collision point velocity and the 
collision angle [1], the collision point velocity was 1810, 3440 and 1780 m/s in the condition of 
Figure 2(a), (b) (c) respectively. And the moving velocity of the top of metal jets obtained from 
these photographs was 3540, 5350 and 3560 m/s, which was about twice the collision point 
velocity.  

Numerical results for the oblique collision of Cu/Cu, AZ31/AZ31 and Cu/AZ31 using 
ANSYS AUTODYN-2D were shown in Figure 3. The particle velocity constituting the metal 
jets agreed with the experimental results. In the case of Figure 3(a), the large-size interfacial 
waves which height was about 1 mm were formed from the center to the end of metals 
numerically although the small interfacial waves were formed around the starting of the 
collision. On the other hand, in the case of magnesium alloys, even the similar material 
combination, small interfacial waves were simulated from the starting of the collision to end. In 
the temperature contour of the numerical results, the metal jets were increased at 2000 ~ 3000 K 
in the case of copper and copper metals and increase over 5000 K in the magnesium alloy. Since 
the melting point of the magnesium alloy is 650 °C and the boiling point is 1090 °C, it was 
thought that magnesium jets were vaporized instantaneously, considering only the temperature 
state. However, it was unclear what the phase of metal jets specifically was because of the high-
pressure condition at the time of collision. A slight difference in the state of temperature and 
pressure has been speculated that two types of jet could be observed in experimental results. 
From the numerical analysis, the metal jets were composed only of magnesium alloy in the case 
of dissimilar oblique collision. It was possible that the jets were composed mainly of the low-
density material. 
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Fig.3 Temperature contour of the collided interface obtained from the numerical simulation 
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Figure 4 shows a welding cross-section of recovered in experimental samples. In the similar 
metal combination, a good welding was achieved with forming the interfacial waves in the same 
as the explosive welding. However, a good welding was not achieved in the dissimilar metal 
combination. In the case of magnesium alloys, it could not be achieved to weld at high velocity 
or large collision angle. In the case of the Cu/Cu oblique collision, as shown in Figure 4(a), 
molten parts were observed in the welded interface. Therefore, it was thought that the separation 
or the destruction was occurred at the molten parts when a magnesium alloy was used.  

Summary 
The phenomena of high-speed oblique collision of the two metals were investigated in the 
experiments using the optical observation system and in the numerical simulation. In the optical 
observations metal jets were observed clearly and two types of metal jets were observed when 
the setup angle was 15 degrees and more. And it was confirmed that the top of metal jets was 
propagated at approximately twice of the collision point velocity. In the numerical results, it 
could be confirmed the behaviors and temperature conditions of the collided interface and the 
metal jets, which were difficult to measure by the experimental method. 
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Abstract. Zr2SC MAX phase with the layered structures was produced by self-propagating high 
temperature synthesis (SHS). Basic composition for MAX phase was determined in molar ratio 
of Zr:S:C=2:1:1. In addition, molybdenum of transition metal element was added according to 
the molar ratio of Zr:Mo:S:C=2-x:x:1:1 (x = 0 to 1.2) in order to attempt a formation of solid 
solution of MAX phase. SHS was initiated by using a metal heating coil. The synthesized 
materials were evaluated by XRD, Vickers hardness tests, SEM and TEM. XRD patterns of the 
synthesized MAX phases showed proof of formation of solid solution up to 20 at% of added 
molybdenum to zirconium. SEM observations revealed that the interlayer of monolithic Zr2SC 
phase bonded strongly each other, and it looked like the structure in which it must be difficult to 
occur the interlayer exfoliation. On the other hand, molybdenum-added MAX phase had the 
interlayer structure at which it must be easy to exfoliate. TEM observations showed that the 
material was consisted of thin lamellas with about 10 nm thickness. 

Introduction 
In recent years, many researchers in inorganic materials science have been working on MAX 
phase materials in order to sleuth their unique properties. MAX phases are crystals of ternary 
nitrides or carbides with layered structures. Their general formula can be described as Mn+1AXn 
(where M is a transition metal, A is an A group (mostly IIIA and IVA) element, and X is N 
and/or C, and n = 1 to 3). Its features are typified by the combination of the properties of 
ceramics and metal materials, and it is remarkable in mechanical properties such as machining 
and deformability [1]. Also, Medkour et al. [2] and Pang et al. [3] reported in detail on electrical 
and thermal conductivities of MAX phase, respectively. Furthermore, Jovic et al. [4] reported the 
behavior of oxidation and corrosion of the material. In addition to the above-mentioned 
properties, it is well-known that treatments of MAX phase with an acid can elute selectively a 
layer A in MAX phase, which is formed from the group A element, and it has also been 
confirmed that an intercalation compound is formed from the elution-treated MAX phase. Thus, 
it is considered that these properties result from the crystal structure of MAX phase, especially, 
their layered structure. Graphite and MoS2 which are used as solid lubricants, are also known as 
the materials having the layered structure. Their lubricating property is attributable to exfoliation 
at relatively weak bonding sites in the layered compound. Although the lubricating properties of 
MAX phase have not been clearly reported, it is speculated that the materials also has good 
lubricating property due to their layered crystal structure. On the other hand, it has been known 
to change properties according to the crystal structure, not only in the MAX phase but other 
materials. In particular, formation of a solid solution is known extensively as a method capable 
of artificially changing the crystal structure. Interstitial and substitutional solid solutions can be 
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formed by adding an element different from the constituent elements. Naguib et al. introduced 
many types of solid solutions in the MAX phase, but they are mainly the cases of titanium-based 
MAX phase materials, and the aspect on formation of solid solution has not been clarified in 
other MAX phases [5]. Further, it is not readily to find the material properties in the case of 
MAX phase including sulfur as a constituent element because of their difficulty in synthesizing 
itself. By the way, it is well-known that self-propagating high temperature synthesis (SHS) is a 
method of producing spontaneously compounds with high temperature. One of the authors has 
also studied the synthesis of chromium sulfide using SHS. It was observed a phenomenon that a 
part of sulfur added as a raw material volatilized during synthesis under high temperature. 
However, the sulfides could be synthesized successfully without precisely controlled sintering 
method [6]. 

In this research, focusing on Zr-S-C MAX phase, it has been investigated whether synthesis 
of solid solutions of the carbosulfide is possible by SHS, and some of their material 
characteristics were evaluated.  

Experimental Procedure 
Commercially available powders of zirconium (Size:150 µm, Purity: 98%,  Kojundo Chemical 
Laboratory), graphite (10 μm, 99.8%, Kojundo Chemical Laboratory), sulfur (75 μm, 99.5%, 
Kanto Chemical) and molybdenum (1 to 2 μm, 99.9%, Sigma-Aldrich ) were used as raw 
materials, and  were wet-mixed in ethanol for 1 hour in molar ratio of Zr:Mo:C:S = (2-x):x:1:1 (x 
= 0 to 1.2), followed by sufficient drying the mixtures. Here, molybdenum was selected as added 
solute element, which has the ion radius, Mo4+, of 0.068nm similar to zirconium (Zr4+: 0.087nm). 
It was also expected the addition of molybdenum with higher melting point than zirconium to 
suppress intensive reactions during synthesizing MAX phases. The powder mixtures were 
hydraulic pressed for molding pellets with 12mm in diameter and 10mm in height. The pellets 
were embedded into the steel container filled with sand, then SHS was carried out with a 
nichrome heating-coil settled at the top of the pellet. After applying voltage of 10V for initiation 
of SHS, the energetic chemical reaction was completed in a few seconds. The synthesized 
materials were investigated on microstructural observations by scanning (ERA-600, ELIONIX, 
Japan) and transmission electron microscopy (TITAN Themis, FEI, USA), phase identification 



Explosion Shock Waves and High Strain Rate Phenomena  Materials Research Forum LLC 
Materials Research Proceedings 13 (2019) 79-84  https://doi.org/10.21741/9781644900338-14 

 

 

 81 

by X-ray diffraction 
(X’Pert Pro, Panalytical, 
the Netherlands), and 
Vickers hardness tests 
(HV-100, Mitsutoyo, 
Japan).  

Results and discussion 
Figure 1 shows outer 
views of the samples 
obtained by SHS. All of 
them were not in their 
original form due to 
their very energetic 
chemical reaction. Some 
of the specimens 
appeared to be melted. 
Comparatively, addition 
of molybdenum powder 
inhibited the reaction 
activity, and the 
specimens obtained by 
this synthesis became 
porous and brittle with 
increasing the 
molybdenum content.  

Figure 2 shows the 
results of XRD 
experiments. In 
specimen (a) without 
molybdenum, Zr2CS 
was formed with a small 
quantity of ZrC phase 
and trace of ZrO2. Their 
diffraction peaks from 
the specific planes of 
(004) and (006) 
indicated very high 
intensity comparing 
with ICDD data. It is 
considered that the 
material had strong 
anisotropy. XRD 
patterns in the 
specimens (b) through 
(f) were similar to each 
other. Unlike in the case 
mentioned above, it was 
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indicated that Zr2SC MAX phase disappeared and only Zr3S4 and Mo2C phases were formed 
dominantly in the diffraction pattern of specimen (g), which was the most molybdenum-added 
specimen in this study. This means Zr2SC MAX phase cannot be maintained under the existence 
of excess molybdenum. The ratio of each product was quantified with peak intensity from the 
formed phases as shown in Figure 3. Vertical axis values indicated the ratio of diffraction peak 
height from (111) plane of ZrC, or  (101) plane of Mo2C to that from (004) plane of Zr2SC. The 
results revealed that the amount of ZrC phases decreased and Mo2C increased as adding 
molybdenum. This means that ZrC was formed as a bi-product of Zr2SC phase when x=0 and 
0.2. On the other hand, Mo2C phase became a main phase in the range of x=0.4 to 1.2. It seems 
to be dominant that Zr and C reacted each other to form ZrC at the synthesis stage rather than 
that molybdenum extracted carbon from Zr2SC phase synthesized by SHS in order to ZrC. Next, 
variation in lattice spacing of Zr2SC phase is shown in Figure 4. Measurement of the lattice 
spacing was carried out on the base of diffraction peak from (006) plane of Zr2SC. It was found 
that the lattice spacing varied remarkably between x=0 and 0.2 in the composition of 
Zr:Mo:S:C=2-x:x:1:1. However, the spacing hardly varied in the composition of more than 
x=0.4. Therefore, solid solution limit of molybdenum must be up to x=0.2, and it is considered 
the substitution cannot generate at the higher ratio of molybdenum.  

Hardness was tested as a part of mechanical properties of Zr-Mo-S-C system MAX phase as 
shown in Fig.5. The test was performed under the condition of load of 4.9N and loading time of  

Fig.3 Variation in existence ratio of the formed phases 

Fig.4 Variation in lattice spacing of (006) of Zr2SC phase 
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30 sec. The hardness increased slightly with the addition of Mo. It was thought to attribute 
mostly to hardness of Mo2C though there was some influence of the solid solution hardening. 

Figure 6 shows SEM micrographs of various specimens. Figs.6 (a) to (c) indicated the layered 
structures. Especially, in Fig.6 (c), fine bi-layered structure was observed. The layered structure 
is preferable for a solid lubricant. Excess addition of the molybdenum, more than x=0.6 in this 
case, caused the specimen to be porous and rugged (Figs.6 (d, e)). TEM observations were also 
carried out for clarifying their nanostructure. Figure 7(a) and (b) revealed that Zr2SC phase 
without molybdenum had the layered structures, which consisted of belt-like crystals in the order 
of 40 to 50 nm in width. In addition, they looked like to be in close contact each other. On the 
other hand, TEM image shown in Fig.7(c), which was taken from the sample with a composition 
of  Zr:Mo:C:S=1.6:0.4:1:1, revealed that the sample had also the layered structure, but its layer 
thickness was around 10 nm. The characteristic layered structure could be seen in common 
between MAX phase in this study and MoS2, which is well-known as typical solid lubricant. For 
example, thickness and flexibility enough to bend at a relatively steep angle are similar to each 
other [7,8]. Therefore, it is expected that the MAX phase material may become good solid 
lubricant. 

Fig.5 Results of the hardness test 

Fig.6 SEM observations of the obtained samples with a composition of Zr:Mo:S:C 
= 2-x: x:1:1 ; (a) x = 0, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8 and (f) 1.0. 
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Conclusions 
1. Zr2SC could be produced readily by SHS, however with ZrC and Mo2C of by-products.  
2. It was speculated the solid solution could be formed up to 20% of molybdenum to zirconium.  
3. It was considered that hardening of the composite was mainly attributed to the formation of 
Mo2C, and that influence of formation of the solid solution on hardening was small. 
4. TEM observations revealed that Mo-added MAX phase consisted of thin layers 10nm wide.  
5. Because the material properties of Mo-added Zr2SC MAX phase were different from those of 
monolithic Zr2SC, it was concluded that the Mo-added one might become the promising 
material, especially in the solid lubricity. 
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Abstract. Field theory of multiscale plasticity (FTMP) is applied to the quantitative evaluations 
of geometrically necessary boundaries (GNBs) of dislocations. Reproduced four representative 
GNBs via dislocation dynamics simulations are scrutinized via the duality diagram 
representation scheme and the Shannon entropy. Notable correlations are found both between the 
entropy and the incompatibility, and the mean entropy rate and the incompatibility rate. 
Furthermore, the mean entropy rate is linearly correlated also with the log of the incompatibility. 
Combined with a unified correlation for all the GNBs on the duality diagram, we demonstrate the 
effectiveness of the FTMP-based stability/instability criterion proposed in the previous study. 

Introduction 
Evolving dislocation substructures are one of the key features in achieving practically-feasible 
multiscale modeling of crystalline metallic materials. Geometrically necessary boundaries 
(GNBs) of dislocations[1,2] are classified as the typical wall structures among others that play 
pivotal roles not only for determining mechanical responses but also for controlling 
recrystallization processes[2,3]. For dealing with these, however, the widely-recognized 
dislocation density tensor, or equivalently, the concept of geometrically-necessary dislocations 
[4], seem to be incompetent, for it vanishes when counting both-signed components of 
dislocations simultaneously. This shortcoming brings about serious problems in tackling 
dislocation ensembles in general. The incompatibility tensor, on the other hand, has been 
demonstrated to readily and effectively solve those issues when it is appropriately utilized in the 
context of Field Theory of Multiscale Plasticity (FTMP) [5]. The theory relates the quantity with 
the energy-momentum tensor fluctuation after extended to 4D space-time [5], providing us with 
a new perspective regarding the quantity as the underlying microscopic degrees of freedom that 
plays critical roles as the destinations of excessively stored strain energy during the course of 
elasto-plastic deformations. 

The present study targets four representative GNBs, whose detailed structures have been 
identified by Winther et al. [1]. The GNBs are reproduced by using dislocation dynamics method 
and the processes as well as the obtained configurations are evaluated based on FTMP, in 
particular, via duality diagram representations. We further characterize the simulated dislocation 
configurations by the Shannon entropy [6], and attempt to extensively examine in detail the 
organic interrelationships that can be expected to exist between the two quantities. 

Theoretical Background 
According to the non-Riemannian geometry, all the imperfections in crystalline materials space 
are completely represented by combinations of the torsion and the curvature [5]. The former is 
defined as the closure failure of the circuit around the defected field, while the latter is 
characterized by the rotation of the material vector after its parallel displacement along the 
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circuit. From the definition, they correspond to the dislocation density tensor and the 
incompatibility tensor, respectively.  

The incompatibility tensor 𝜂𝑖𝑖can be obtained as the spatial curl against the dislocation 
density tensor 𝛼𝑖𝑖 as, 

𝜂𝑖𝑖 = −ϵ𝑖|𝑘𝑘|(𝜕|𝑘|𝛼𝑗𝑗) (1) 

In this study, we evaluate the dislocation density tensor𝜶based on the following equation. 

𝑏𝑙 = ∫ 𝛼𝑗𝑗𝑠  d𝑆𝑗 (2) 

Here, 𝑏𝑙  is the Burgers vector and d𝑆𝑗is the surface through which dislocation lines penetrate. 
We once obtain 𝛼𝑖𝑖 by dividing simulation cells into a prescribed number of sub-cells, and 
calculate the spatial derivatives. 

In FTMP, presuming that incompatible displacements are driven by the inhomogeneous 
forces acting on them (flow-evolutionary hypothesis) [5], we derive the relationship between the 
incompatibility tensor and the fluctuation part of energy-momentum tensor 𝛿𝑇𝑖𝑖as, 

𝜂𝑖𝑖 = 𝜅𝛿𝛿𝑖𝑖 , (3) 

where 𝜅 represents the duality coefficient, which is a sort of the transport coefficient,𝛿means the 
deviation from the spatio-temporal average, and the subscripts i and j denote four-dimensional 
spatio-temporal components, i.e., i, j = 1, 2, 3, and 4.Considering the temporal components for 
the both tensors, we have a relationship between the incompatibility and the energy fluctuation, 
as follows. 

𝜂𝐾𝐾 = 𝜅(𝛿𝑈𝑒 + 𝛿𝛿), (3’) 

where 𝑈𝑒is the elastic strain energy and 𝐾is the kinetic energy. In this study, 𝐾 is defined as  

𝐾 = 1
2
𝜌𝑏3𝑙𝑣2, (4) 

where 𝜌is the density, 𝑏 is the magnitude of Burgers vector, 𝑙is the segment length and 𝑣is the 
speed of dislocation nodes. In the static problem, 𝐾 can be neglected. By plotting the two 
quantities in Eq.(3’), we obtain the duality diagram, allowing us to visualize the energy flow into 
the incompatibility-based degrees of freedom, accompanied by configurational changes 
occurring in the targeted dislocation systems. 

The Shannon entropy 𝑆𝑆
configis evaluated as follows [6,7], 

𝑆𝑆
config = −∑𝑓𝑖 log 𝑓𝑖 (5) 

Here,𝑓𝑖is defined as the length ratio of the dislocation segments for the sub-cell i, i.e., the 
segment length of the dislocations contained in the sub-cell i divided by the total length within 
the simulation cell. Note that the commonly-used definition based on the number of points is not 
suitable in the present context, because the “number“ varies as a function of the curvature of the 
segment independent of the segment length during the simulations.  
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Simulation Conditions and Results 
After producing four representative GNBs [8], i.e., GNB2, 3, 4 and7, which has been identified 
and classified by Winther, et al. [1], we examine the formation processes based on the duality 
diagram representation scheme in the following.  

Figure 1 summarizes the simulation results, displaying the initial and the final 
configurations, each compared with the ideal counterpart by Winther, et al. [1]. The GNB2 
ultimately yields a regular hexagonal network, as shown in Fig.1, while relatively complex 
configurations accompanied by crooked segments are resulted for the GNB4. Mutually similar 
final configurations consisting basically of straight segments, on the other hand, are obtained for 
the GNBs 3 and 7. Generally, we confirm good agreements between the ideal morphologies and 
the corresponding simulated final configurations. To be noted that slightly curved segments in 
the simulated GNB4 are due to the residual internal stress field, not completely screened out 
even in the terminal state because of its highest dislocation density among others.  

 

 
Fig.1 Simulated initial and final configurations for GNBs 2, 3, 4 and 7, compared with those 

predicted by Winther, et al [1]. 
Figure 2 displays duality diagrams for the above formation processes for the four GNBs, 

(a)without and (b)with considering the virtually-enhanced contributions of the kinetic energy 
fluctuation δ𝐾(eq.(3’)), where the final states are indicated by solid symbols. The multiplying 
factor employed here is α = 1 × 107. As demonstrated in Fig.2(a), we find a unified trend 
governing all the GNBs: all the final states tend to align on a single master curve in the diagram.  
The virtual contributions of δ𝐾 in Fig.3(b), on the other hand, indicate the rate of the 
configurational changes toward the final states, with the GNB2 exhibits the maximum, the 
GNB3 and 7 the intermediate, and the GNB4 yields the minimum, from which we can conclude 
the following. The GNB2 tends to reach its final configuration quite rapidly compared to others, 
as schematically illustrated in the insets in Fig.3(b) via rolling-down ball in steeper energy 
landscape.  

The authors [8] proposed a new stability/instability criterion based on the above observations, 
as overdrawn on Fig.3(a), where the relationships between the disturbancesΔ(𝛿𝛿𝑒) and the 
corresponding configurational changes measured by ∆𝜂𝐾𝐾 for the GNB2 and GNB4 are 
indicated. The most stable GNB2 tends to cope with such disturbances by its relatively large 
configurational changes, whereas the GNB4 tries to withstand them rather firmly with minimum 
morphological variations.  The above result about the virtual contributions ofδ𝐾supports this 
postulate. 
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Fig.2 Duality diagrams for simulated GNBs (a) without and (b) with virtually enhanced 

contribution of kinetic energy term. 

Relationships with Shannon Entropy 
Since the Shannon entropy counts for the configurational information by nature, one can expect 
some correlations between what are to be represented by the quantity and the incompatibility 
discussed above. 

Figure 3(a) shows the variation of the evaluated entropy with elapsed time for the four 
GNBs. The GNB2, with regular hexagon as the final configuration, exhibits the minimum 
entropy, together with the largest drop rate, while the GNB4, with the most complex 
configuration as well as the highest dislocation density among the four, yield the maximum value 
with the minimum mean decreasing rate, following relatively large temporal fluctuations. The 
GNBs 3 and 7, on the other hand, tend to converge to mutually similar values at the final 
configurations, simply because they basically have the same configuration. Figure 3(b) is the 
same plot as Fig.3(a) but for the incompatibility, from which we notice similar overall varying 
trend to that for the entropy. To further examine the similarity, we plot the entropy with the 
incompatibility in Fig.4(a). As expected, we confirm roughly a linear correlation between the 
two, where the trend seems to hold for both the initial and the final states, i.e., 

𝑆𝑆
config = 𝑘config𝜂𝐾𝐾 (6) 

This strongly implies the incompatibility tensor contains also the features measured by the 
entropy, in particular, those about the configurational details.  

Plotting the average rates of the two quantities, i.e., 〈𝑆𝑆
config〉𝑡∙  with 〈𝜂𝐾𝐾〉𝑡∙  as shown in 

Fig.4(b), we also have a linear relationship between the two. Here, 〈 〉𝑡∙ denotes the temporal 
average over the elapsed time until reaching each final configuration. This, together with the 
linear correlation between 𝑆𝑆

configand 𝜂𝐾𝐾in Fig.4(a), implies, 

〈𝑆𝑆
config〉𝑡∙ = 𝑘config〈𝜂𝐾𝐾〉𝑡∙  (7) 

with 𝑘config representing the same coefficient as in Eq.(6).  
Furthermore, we findsimilar trends also in the order of the mean decreasing rates 〈𝑆𝑆

config〉𝑡∙ in 
Fig.3(b) and that of the magnitude of 𝜂𝐾𝐾in Fig.3(b). In this regard, we additionally examine the 
relationship between the mean entropy rate and the incompatibility. Figure 5displays the plot of 
〈𝑆𝑆

config〉𝑡∙  versus 𝜂𝐾𝐾on the semi-log basis. The mean entropy rate is demonstrated to be well 
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correlated also with the incompatibility both at the initial and final states, which is equated as 
follows, i.e.,  

〈𝑆𝑆
config〉𝑡∙ = 𝑘ln

config ln 𝜂𝐾𝐾 (8) 

The relarionship between Eqs.(7) and (8) deserves further investigations.  
 

 
Fig.3 Variations of (a)entropy and (b) incompatibility for four GNBs. 

 

 
Fig.4 Relationships (a) between entropy and incompatibility and (b) between entropy rate and 

incompatibility rate. 
 

Let us remind here the readers the flow-evolutionary hypothesis given by Eq.(3’), where the 
incompatibility is to be driven by the energy fluctuations. Since the entropy rate governs the rate 
of patterning in general, the linear relationships in Fig.4(b) and Fig.5 means that the dislocation 
patterning into GNBs is controlled by the energy fluctuations of the targeted systems. 

In summary, those demonstrated above can provide a strong leverage that supports 
effectiveness of the duality diagram-based stability criterion proposed in [8], together with the 
critical roles played by the incompatibility tensor as the mediator for substantial understanding of 
the GNBs.  
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Fig.5 Relationships between entropy rate and log of incompatibility. 

Summary 
After briefly describing the FTMP-based evaluation against the four typical GNBs in the light of 
the duality diagram representation scheme, we further examine their configurational aspects 
based on the Shannon entropy.  Extensive comparisons are made with the incompatibility tensor- 
based counterparts. The direct comparison of the two eloquently demonstrates that this simple 
conjecture seems to be effective, although its generality must be further examined. This finding 
also provides a leverage that strongly supports the duality diagram-based stability/instability 
criterion proposed in the previous study. 
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Abstract. Similar or dissimilar metallic sheets were joined at their edges by the original impact 
joining method developed by one of the authors. Surface layers of both sheet edges activated by 
high-speed shear are immediately contacted with sliding motion in the joining process. The whole 
processing time is within a few milliseconds. The materials tested were mild steel and titanium 
sheets. Drop-weight impact testing machine was used. Joining performance of the fabricated sheets 
was evaluated by tensile test, etc. The joining was not available all over the thickness between 
sheets, in which sharp notch was observed near both sheet surfaces. The central portion was 
successfully joined without cavity. The joined specimen of mild steel and titanium was sliced to 
remove surfaces with such notch. Fracture occurs at the part of mild steel whose strength is lower, 
then the joining boundary was not damaged. 

Introduction 
It is well known that time and temperature effects have important role in solid state joining by 
atomic diffusion at elevated temperature. On the other hand, under cold condition, if the surface 
expansion is relatively large, two metal parts can join at the newly created surface, in which the 
brittle oxidized surface layer fractures. Joining strength in solid state welding was found to be 
approximately equal to the normal applied stress during the process in the absence of oxide films 
for the case of aluminum welded together in 1970 [1]. The film theory of such kind of welding or 
bonding was established, in which roll bonding was applied in 1983 [2]. Recently the film theory 
was used to derive a model that quantifies the relevance of these parameters to the weld strength 
[3]. Cold bonding may have a potential for recycling scrap aluminum [4].  

The diffusion bonding is usually achieved by very high compressive stress with large plastic 
deformation. The shape drastically changes from the initial one and the joining strength also 
depends on the initial surface condition. Surface treatment is necessary for removal of the dirty 
surface layer. Experimental results in diffusion bonding were summarized for various metals 
including superplastic alloys [5]. Joining of different metals were tested [6] and experiments were 
carried out using super plastic materials [7, 8]. Hot isostatic pressing was also effective for the 
diffusion bonding of the nickel powder onto alumina tubing [9]. Divergent extrusion was used for 
bonding of aluminum by means of two opposing punches and finite element simulations was 
conducted [10]. However, the method requires very special conditions in temperature, atmosphere, 
surface treatment, etc. and they are very time consuming.  

One of the authors proposed a novel joining method for sheet metal [11]. The edge of the sheet is 
joined to another edge, where the sheet thickness is unchanged, because the plates are not plastically 
compressed. In the present study, the materials are mild steel and pure titanium sheets. Main 
objectives are to observe the motion of the tools and the materials in the device, and to check the 
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deformation performance of the sheet composed of different materials by tensile and bending tests. 
The boundary was also inspected by elemental analysis.  

Experimental device and materials tested 
The impact joining setup is shown in Fig.1. The device is driven by an impact of drop-weight. The 
mass was 22 kg and the impact velocity was 10 m/s. The left half of the lower sheet is supported by 
the counter punch, whose reactive force is given by compressing the circular pipe (A6061, 12 mm 
diameter and 1 mm thick wall). The top edge of punch A is impacted then the simultaneous 
shearing commences. The upper sheared face slides to fit the lower sheared face. The motion stops 
at the prescribed position. The device is mounted on the low-elastic rubber that is pre-compressed to 
avoid the damaging excessive force.  

Test materials are mild steel sheet SPC of 1.0 or 3.2 mm thickness, and pure titanium sheet 
TP340 of 1.0 or 3.0 mm thickness. Their tensile strengths were 303, 317 and 427, 401 MPa, 
respectively. Overlap length in sliding stage was varied. 

 
Fig.1 Experimental setup 

 

Motion of tools and sheets in joining device 
Motion of the tools and the sheets were observed with a high-speed video camera, in which the 
joining of TP340 (Upper specimen) and SPC (Lower one) was carried out. Progressive pictures are 
exhibited in Fig.2. The shear deformation and fracture of SPC are captured at time t: 87.7 and 439 
μs, respectively. The left half of SPC moves downwards, then the TP340 also moves downwards 
after shear fracture. The TP340 appears at 2456 μs thereafter the edges of both materials slide each 
other with the prescribed overlap length at 3018 μs.  

The sliding stage terminates at 3333 μs. The device sags due to the redundant energy of the drop-
weight, where the low-elasticity rubber is compressed. It recovers at 6368 μs. Repulsion and contact 
between the tool and the drop-weight may occur in addition to the deceleration of the drop-weight, 
this causes the differences in moving distance of the tools calculated the impact velocity of 10 m/s.  

Experimental result and discussions 
Examples of joined specimens are exhibited in Fig.3 for the joining of different materials. No 
warping of the joined sheet with 1.0 mm thickness is observed, though the joining is not achieved 
all over the thickness. Sharp gap is observed at both surfaces of 1.0 and 3.0 mm thick sheets. The  
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Lifting hook 
 
Drop-weight 
 
 
Top of punch A 
 
Joining device  
 
 
Low-elasticity  
rubber 

Punch A 
 
 
 
Spacer 
 
Punch B 
 
 
Die A 
 
Die B 

Specimen 
Upper 
Lower 

 
Counter  
punch 
 
Circular pipe 
 
Stopper 

30        30 

(Specimen: 50 mm in depth) 



Explosion Shock Waves and High Strain Rate Phenomena  Materials Research Forum LLC 
Materials Research Proceedings 13 (2019) 91-96  https://doi.org/10.21741/9781644900338-16 

 

 

 93 

joining is completed only for the central region. Protrusion of the SPC is seen at the upper gap. This 
is due to that TP340 scratches the softened surface material of SPC by high-speed shear. The 
sheared profile of thinner titanium sheet is not flat compared with the thicker one. This may be the 
reason of that the 1.0 mm thick titanium does not join. 

Joining performance was evaluated as joining efficiency that is the relative tensile strength to the 
ultimate strength of the material. The specimen width is 10 mm. The performance is summarized in 
Fig.4 for the most appropriate overlap length L. It was set to 0.1, 0.2 or 0.3 mm. The performance is 
better for the thicker sheet in joining SPC together. The performance in joining TP340 together is 
also improved by increasing the sheet thickness or the sliding distance after shear process. Better 
performance in SPC is due to that the sheared face is flatter than that in TP340. However, the 
scattering in strength is remarkable. The reason is not clear at present, however, it may be 
attributable to the tool vibration, because the device is driven by a drop-weight.  

The joining portion was specified by observing the boundary with a magnifying glass. Thickness 
of the specimen is decreased to approximately 0.5 mm by the removal of the both surface layers 
with sharp notch. The performance only for the apparent joined boundary is shown in Fig.4 (f) for 
23 specimens. Over 90 % efficiency is obtained for 43 % of specimens. 100 % efficiency is 
achieved for 26 % of them, although the cases with very low efficiency also exist.  

Figure 5 demonstrates the deformation patterns in tensile test. Initial width of the specimen was 3 
~ 5 mm. The maximum tensile stress can be determined appropriately, because the length is 
adequately long relative to the width. The specimen with 100 % efficiency exhibits diffuse necking 
at SPC part. It also fractures at the boundary in the latter case, where the width of SPC part shrinks. 

 

     

     

Initial, t: 0 μs t: 87.7 μs t: 439 μs t: 754 μs t: 1386 μs 

t: 2456 μs t: 3018 μs t: 3333 μs t: 4667 μs t: 6368 μs 
Fig.2 Progressive photos of joining process of TP340 (Left) and SPC (Right) 

observed by high-speed video (t: Time) 

General view (w: 60, d: 50 mm) Cross-section Cross-section  
(a) SPC (t: 1.0 mm) + TP340 (t: 1.0 mm) (b) SPC (t: 3.2 mm) + TP340 (t: 3.0 mm) 

Fig.3 Examples of joined specimen of SPC + TP340 
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Fig.4 Summary of joining efficiency 
The boundary of SPC and TP340 was analyzed with energy dispersive X-ray spectrometry as 

shown in Fig.6. Thin layer of a certain metallic compound was found to be generated. It may be 
Fe2Ti or FeTi, which was found when titanium coating to the steel 35 by electro-spark deposition 
was carried out in argon [12].  
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The surfaces in the notch are similarly analyzed as shown in Fig.7. The sheared face of the mild 
steel is covered with about 20 μm thick layer of titanium. This phenomenon reveals that the 
materials were once joined and separated during the sliding contact stage. However, the steel layer 
is not found at the surface of titanium. The volumetric heat capacity and the heat conductivity are 
lower in titanium. On the other hand, the yield stress is higher in the material. It implies that the 
surface layer of titanium is more softened than mild steel regardless that the melting temperature of 
titanium is about 200 K higher than steel. 

Three-point bending test was conducted as shown in Fig.8. Width of the specimen is 25 mm. The 
span is 50 mm and the diameter of the anvils is 15 mm. Upper anvil is adhesively bonded to the 
sheet to avoid the relative slippage. The specimen SPC + TP340 of about 0.7 mm thickness is tested 
after removal of the surface layers with apparent notch. Figure 9 shows the 90° bent specimen, 
where the plastic deformation is very limited in the vicinity of the joining boundary. The joining 
was not achieved for the whole thickness. However, it is not separated. This suggests that the 
material holds ductility. For the narrower specimen shown in Fig.10, plastic deformation takes place 

  5 μm   

Fig.5 Deformed shapes of tensile test specimen Fig.6 Boundary of joined specimen 
(SPC + TP340, L: 0.3 mm)                                   (Left: TP340, Right: SPC) 

SEM photo Detection of Ti SEM photo No detection of Fe 
(a) SPC side (b) TP340 side 

Fig.7 Elemental analysis of notch portion (Specimen is enbeded in phenol resin.) 
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Fig.8 Three-point bending test          Fig.9 Bent specimen and enlarged view of the boundary 
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only in the SPC part that is weaker. The boundary is not damaged. The position of the upper anvil 
deviated from the central position at initial. The adhesive was not used in this case.   

 
Fig.10 Bent specimen (t: 0.8 mm, w: 3.8 mm) 

Conclusions 
Impact joining experiment was carried out for mild steel and titanium sheets. Observation of the 
motion of tools and sheets in the joining device by high-speed camera uncovers that the process 
terminates at about 3 ms. The joining performance is better for the thicker sheet attributed to that 
the sliding distance is longer. Tensile test was performed using the specimen after removal of both 
surface layers with sharp notch. The efficiency over 90 % is obtained for 43 % of test specimens, 
and that with 100 % was obtained for more than quarter, in which fracture with diffuse necking was 
observed at SPC part, there was no damage at the joining boundary.  
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Abstract. Tensile strength test of rock at high strain rate was experimentally performed by utilizing 
the nature of the strength difference. A magnitude of the tensile strength of brittle materials such as 
rock is much smaller than that of compressive strength. A compressive wave was produced by 
dynamic loading of explosive charge and made incident on a one end of a rock specimen bar. The 
compressive wave traveled through the specimen bar and it reflected at the free surface of the 
opposite end as a tensile wave with reversal amplitude. The tensile wave will cause the spall failure 
of the specimen at a specific distance from the free surface where the superposition of tensile and 
compressive waves exceeds the tensile failure strength of the specimen, usually referred to as 
Hopkinson effect. The dynamic behavior was observed at the side face of the bar specimen using a 
high-speed video camera, and the captured images were used to analyze the surface displacement 
behavior using a digital image correlation (DIC) technique. Strain and strain rate distributions on 
the specimen bar during impact loading were evaluated. The relationship between strain rate and 
dynamic tensile strength was discussed. 

Introduction 
Dynamic tensile strength is an important factor affecting rock fracturing and fragmentation during 
blasting operation in quarries and mines. For the dynamic strength test, the Split Hopkinson 
Pressure Bar (SHPB) is widely applied because of the wide range of strain rate applicability. 
Regarding the application of the SHPB method to brittle materials, there are many studies [1,2] such 
as concrete and rock materials for compressive strength. The SHPB method can be applied not only 
by the indirect tension [3] but also by the direct tension [4] for tensile strength. However, when the 
sample is rock, the pressure bars sandwiching the sample should be jointed even in the tension state. 
In the case of rock mass test materials, it is specified or recommended that the sample core diameter 
is 50 mm or more in ASTM [5] and 54 mm or more in ISRM [6] in indirect tension (Brazilian) test 
to secure the diameter of the material to some content from the presence of crystals and wrinkles. It 
is necessary to secure the diameter on the side of the incident bar and the transmission bar, and there 
is a concern that the system as the SHPB test device will become extensive. Therefore, we apply the 
dynamic tensile strength test using the Hopkinson effect in this study.  
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Experiments 
The outline of the test equipment is shown in Fig.1. An explosive is placed on one end face of a 
cylindrical rock sample with a diameter of 30 mm. An explosive is detonated by the EBW detonator 
and impact pressure is applied to the sample. Thereby, a compressive stress wave propagates in the 
sample, and when it reaches the free end on the opposite side of the sample, it is reflected as a 
tensile stress wave. The area in which the reflected tensile stress wave propagates is an area that 
mixes with the compression wave that subsequently arrives. The net tensile condition of 
compressive stress minus tensile stress causes fracture at a point where the sample is sufficient to 
cleave and the sample leads to spalling. By evaluating the time change of the tensile stress 
calculated from the position and time of cleavage that occurred at this time and the displacement 
velocity that can be measured at the free end of the sample, the dynamic tensile strength can be 
estimated based on the distance and time from the free surface to the fracture surface. The 
displacement velocity on the free surface is measured by a laser Doppler displacement meter, and 
the specification of the fracture position and time is analyzed from a high-speed camera image. As 
the measuring instrument, a laser vibrometer LV-1610 (He-Ne 663 nm) from Ono Sokki was used 
for vibration measurement at the sample end. The high-speed camera SHIMADZU HPV-X (mono, 
400x240 pixel) was used for the displacement measurement on the side generated by the stress 
wave propagating in the sample by the shock wave. By using two high-speed cameras, three-
dimensional analysis of displacement is possible, but at present, distortion analysis in one axial 
direction was performed with one camera. The shooting was performed at a shooting speed of 
500,000 fps. The stress propagating in the sample is evaluated from the strain information by strain 
gauge sticking, including the SHPB method. Although strain gauges can track only the time history 
of local strain at the attachment point, digital image correlation that performs strain measurement in 
a wide field of view by optical observation with the recent development of digital imaging 
technology and numerical calculation technology [7]. The scope of application of the Digital Image 
Correlation (DIC) method has been expanded, and by using a high-speed camera, it is possible to 
obtain dynamic strain distribution in a high strain range from the full field of view. Although 
observation using a high-speed camera has been performed in tensile fracture research using the 
Hopkinson effect [8,9], it has been used for dynamic distortion analysis in the entire field of vision, 
which is used only for judging the image of a fracture surface There are few examples. The 
behavior of rock material under dynamic tensile condition is analyzed and the relationship with 
tensile failure is clarified by vibration velocity measurement on the free surface of the sample by 
laser vibrometer and DIC strain analysis by high speed camera. 

As a sample for the evaluation test, we used Isahaya sandstone produced in Nagasaki Prefecture. 
Table 1 shows typical mechanical properties. Generally, as in the case of rock materials, the tensile 
strength is much lower than the compressive strength, and it can be seen that the material is weak in 
tension. This test method is a test that utilizes the difference in compressive strength and tensile 
strength characteristic of rock materials. 

 
Table 1 Material properties of Isahaya sandstone 

Properties Isahaya sandstone 
Young’s modulus, E [GPa] 32 
Poisson ratio, ν [-] 0.39 
Density, ρ [g/cm3] 2.44  
Uniaxial compressive strength, fc [MPa] 182 
Splitting tensile strength, fspu [MPa] 9.9 
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Fig.1 Schematic view of the experimental setup  

(current system: one-camera for 2D-DIC and no buffer agent). 
 

 
Fig. 2 Picture of sample speciman sprayed speckle patterns for DIC analysis. 

    

Fig. 3 Picture of sample after the shot.               Fig.4 Displacement velocity at free surface. 



Explosion Shock Waves and High Strain Rate Phenomena  Materials Research Forum LLC 
Materials Research Proceedings 13 (2019) 97-102  https://doi.org/10.21741/9781644900338-17 

 

 

 100 

Results and Discussion 
The picture of the sample after the shot is shown in Fig. 3. Two spall fractures were identified at 33 
mm and 55 mm from the free surface. The displacement velocity on the free surface is shown in 
Fig.4. The wave front reached the free surface after about 85 us, and the maximum displacement 
velocity thereafter reached about 6.35 m/s at about 135 us. The strain distribution in the sample area 
obtained by the DIC analysis of the captured images of the high-speed camera and the time history 
for every 10 us of the strain rate distribution are shown in Fig. 5 and Fig. 6, respectively. As a result 
of DIC analysis, we succeeded in visualizing the expansion and propagation of high strain area 
along with the propagation of compression wave by impact loading. In addition, it was observed 
that the compression wave reflected as a tensile wave at the free end, and this caused the strain 
distribution to be reversed and the fracture to be generated locally at a point where the tensile state 
became maximum. The strain and strain rate at break point reached up to 0.046 and 50 s-1, 
respectively. Time histories of line profiles of strain along with the sample were extracted and were 
shown in Fig.7. It can be confirmed that the tension state starts to be predominant in the region 
between the two breaking points 95 us after the arrival of the reflected wave at the free surface. 
Time history of transmitting compression wave front was shown in Fig.8. The propagating velocity 
of the front was estimated from the slope of the plot and was estimated to be 3315 m/s, which is 
40% lower than the elastic wave velocity calculated from the reference value shown in Table 1. 
Peak displacement velocity dU/dt at fracture point was evaluated as 1.83 m/s by DIC analysis which 
is relatively low compared with the half of the peak displacement velocity at free surface assuming 
free surface reflection as shown Fig. 4. 
 

    

    
 

Fig.5 Sequences of strain distribution 
analyzed by DIC (exx) 

Fig.6 Sequences of strain rate distribution 
analyzed by DIC (dexx/dt) 
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Fig.7 Line profiles of strain extracted from the results of DIC analysis (exx). 

 
 

 
Fig.8 Time history of transmitting compression wave front. 

 

Summary 
In order to clarify the dynamic tensile failure behavior of rock material, dynamic uniaxial tensile 
experiment by the spalling test under impact loading of explosives based on the Hopkinson effect 
was proposed and was examined on a sandstone. The dynamic strain distribution and strain rate 
distribution on the sample were analyzed and visualized by Digital Image Correlation (DIC) 
method. The expansion and propagation of high strain area along with the propagation of 
compression wave were successively visualized. It was observed that the compression wave 
reflected as a tensile wave at the free end, and this caused the strain distribution to be reversed and 
the fracture to be generated locally at a point where the tensile state became maximum. The strain 
distribution and strain rate distribution were analyzed by applying DIC method. However, it is 
necessary to confirm the consistency with values obtained by other measurement methods and 
calculations. We will continue the experiment by changing the diameter, length and material of the 
specimen to clarify the relationship among material shapes, strain/strain rate distribution and tensile 
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strength and to establish the quantitative estimation method for dynamic tensile strength of rock 
materials. 
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Abstract. Reducing spall damage is a major problem when designing blast-resistant concrete 
structures. This study was conducted to evaluate the influence of various material factors on the 
blast resistance of FRCC slabs under contact detonation. The contact detonation tests were carried 
out on polyvinyl alcohol fiber reinforced mortar (PVAFRM) slabs with four different shapes of 
PVA fibers and four different water-binder ratios (W/B) of the mortar matrix. Fly ash (type II) was 
used as admixture and the fluidity of the PVAFRM in its fresh state was varied using a 
superplasticizer and thickener. As a result, it was obtained that longer fiber is more effective to 
suppress spall if the fiber diameter is constant, and if the aspect ratio of fiber (lf/df) is constant, finer 
fibers are more effective to reduce spall. Moreover, the spall-reducing performance is reduced when 
the W/B value is too high or too low, and it is considered that there is an appropriate value of W/B 
that depends on the fiber shape. 

Introduction 
When designing blast-resistant concrete structures, reducing spall damage is a major problem. 
Spalling indicates the failure of reinforced concrete (RC) slabs due to contact detonation which 
caused by the tensile stress waves reflected from the backside of the slab. To preserve human life 
under such circumstances, the launch of concrete fragments accompanies the spalling needs to be 
prevented. The authors have verified the good spall-reducing performance of fiber reinforced 
cementitious composite (FRCC) slabs under contact detonation1). However, a designing method for 
obtaining the required blast-resistant performance of the FRCC members has not been developed 
yet; one of the reasons for this is that it is difficult to obtain dynamic mechanical properties of 
FRCCs corresponding to this problem where the dominant strain rate is of the order of 103–104/s. 
Hence, it may be convenient to consider the spall-reducing performance of FRCC member as a 
material property of the FRCC. It can be obtained directly based on material factors such as fiber 
shape, water-binder ratio, and so on. 

This study was conducted to evaluate the influence of various material factors on the blast 
resistance of FRCC slabs under contact detonation; therefore, contact detonation tests were carried 
out on polyvinyl alcohol fiber reinforced mortar (PVAFRM) slabs with four different shapes of 
PVA fibers and four different water-binder ratios of the mortar matrix. 
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Table 1 Materials used for PVAFRM. 
Cement Ordinary Portland cement; Density: 3.16 g/cm3 
Admixture Fly ash (Type II); Density: 2.27 g/cm3, Specific surface area: 3890 cm2/g 
Fine aggregate Mountain sand; Surface-dried density: 2.56 g/cm3, Water absorption: 2.29%, 

  Maximum size: 2.5 mm, Fineness modulus: 2.58 
Chemical admixture Superplasticizer (Polycarboxylic-acid type); Thickener (Methylcellulose type) 
Short fibers PVA fiber (Type I); Density: 1.30 g/cm3, Dimension: φ0.1 × 12 mm, 

  Tensile strength: 1200 MPa, Tensile elastic modulus: 28 GPa 
PVA fiber (Type II); Density: 1.30 g/cm3, Dimension: φ0.2 × 12 mm, 
  Tensile strength: 975 MPa, Tensile elastic modulus: 27 GPa 
PVA fiber (Type III); Density: 1.30 g/cm3, Dimension: φ0.2 × 18 mm, 
  Tensile strength: 975 MPa, Tensile elastic modulus: 27 GPa 
PVA fiber (Type IV); Density: 1.30 g/cm3, Dimension: φ0.2 × 24 mm, 
  Tensile strength: 975 MPa, Tensile elastic modulus: 27 GPa 

Table 2  Mixture proportions and static mechanical properties of PVAFRM. 
Fiber 
type 

Vf 
[%] 

W/B 
[%] 

FA/B 
[%] 

S/B 
[%] 

Unit weight [kg/m3] Sp/B 
[%] Flow γ 

[kN/m3] 
σB 

[MPa] 
E 

[GPa] 
εco 
[µ] 

σf 
[MPa] 

bσ  
[MPa] C FA W S V 

I 2.0 50 20 100 649 162 406 812 0.5 0 205 18.7 35.2 14.4 4670 5.93 5.02 
2.0 40 20 100 707 177 353 883 0 0 155 20.3 57.5 20.4 5350 6.13 5.09 
2.0 33 20 100 753 188 311 942 0 0.6 177 19.4 57.4 20.7 4380 7.07 5.12 
2.0 25 20 100 815 204 255 1018 0 1.7 197 21.8 89.9 29.1 4480 9.70 7.24 

II 2.0 50 20 100 649 162 406 812 0.5 0 257 19.4 39.2 15.8 4600 3.58 3.17 
2.0 40 20 100 707 177 353 883 0 0 212 20.6 61.0 20.1 5570 8.26 6.51 
2.0 33 20 100 753 188 311 942 0 0.5 217 20.9 73.5 23.6 5000 8.80 6.22 
2.0 25 20 100 815 204 255 1018 0 1.7 290 22.2 93.4 31.0 4150 7.69 6.00 

III 2.0 50 20 100 649 162 406 812 0.5 0 238 19.3 37.3 15.5 4470 6.28 5.22 
2.0 40 20 100 707 177 353 883 0 0 212 20.6 57.6 19.7 4860 7.50 6.19 
2.0 33 20 100 753 188 311 942 0 0.5 215 19.5 57.8 20.8 4150 7.38 5.94 
2.0 25 20 100 815 204 255 1018 0 1.7 249 22.2 96.6 30.3 4620 9.90 8.16 

IV 2.0 50 20 100 649 162 406 812 0.5 0 231 19.2 37.1 15.2 4670 5.78 4.71 
2.0 40 20 100 707 177 353 883 0 0 190 20.6 57.0 18.1 5140 9.15 7.81 
2.0 33 20 100 753 188 311 942 0 0.5 191 21.1 74.5 24.5 4730 10.1 7.05 
2.0 25 20 100 815 204 255 1018 0 1.7 260 22.2 92.8 28.3 5040 11.3 9.52 

Notes; Vf: fiber volume fraction, C: cement, FA: fly ash, B (=C+FA): binder, W: water, S: sand, V: 
thickener, Sp: superplasticizer, γ: air-dried density, σB: compressive strength, E: Young’s modulus, εco: strain 
at compressive strength, σf: flexural strength, and bσ : flexural toughness coefficient. 

Materials 
Table 1 lists the materials used for PVAFRM. The PVA fibers with the following shapes were 
employed: type I was φ0.1 × 12 mm (Aspect ratio (lf/df): 120); type II was φ0.2 × 12 mm (lf/df = 
60); type III was φ0.2 × 18 mm (lf/df = 90) and; type IV was φ0.2 × 24 mm (lf/df = 120). To provide 
high fluidity to PVAFRM in its fresh state, fly ash (type II) was used as admixture. 

Table 2 lists the mixture proportions of the PVAFRM. The water-binder ratio (W/B) varied over 
the values 25, 33, 40, and 50% with the fiber volume fraction, replacement ratio of cement by fly 
ash, and sand-binder ratio fixed at 2.0, 20, and 100%, respectively. The fluidity of the PVAFRM in 
its fresh state was varied using a superplasticizer and thickener. The static mechanical properties of 
various PVAFRMs are shown in Table 2. 

Specimens Configuration 
All the specimens were 500 mm long, 500 mm wide, and 80 mm thick, as shown in Fig. 1. It was 
investigated that the influence of the steel reinforcement on the local failure is negligible [2];  
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Fig. 1 Configuration ad bar-arrangement of speciment.     Fig. 2 Test set-up for contact detonation. 
Table 3  Failure modes of PVAFRM specimens. 

 
Aspect ratio of PVA fiber 

60 
(df = 0.2 mm, 

Type II) 

90 
(df = 0.2 mm,  

Type III) 

120 
(df = 0.2 mm, 

Type IV) 

120 
(df = 0.1 mm,  

Type I) 

W/B 
[%] 

50 Spall Spall Spall Crater 
40 Spall Spall Spall Crater 
33 Spall Crater Crater Crater 
25 Spall Spall Spall Crater 

however, lattice-like rebars with the horizontal and vertical intervals 120 mm in the center of slab 
thickness were employed  to prevent the cracking of the slab.The PVAFRM was placed so that the 
casting surface became the blasted surface. These specimens were cured in water at 20 oC for 28 
days, and then cured in air for 14 days until testing. 

The specimen was supported by two wooden jigs with an inside span of 410 mm, as shown in 
Fig. 2. The SEP explosives were installed in the center of the upper surface of the specimen and 
blasted using an electric detonator No. 6. The amount of explosives is 70 g, which corresponds to 
the breach limit of a normal concrete slab with a thickness of 80 mm2). 

Fracture appearances 
Tables 3 and 4 show the failure modes and the fracture appearances of the PVAFRM specimens, 
respectively. The following results can be obtained from these tables: 
(a) Spall was prevented at W/B = 33% in types III and IV, whereas spall occurred at all W/B value 
in type II. Therefore, although it depends on W/B value, it is more effective to adapt longer fibers to 
suppress spall if the fiber diameter is constant; this may be because long fibers are difficult to be 
pull out. 
(b) Spall was suppressed at all W/B value in type I, but spall occurred at W/B = 50, 40, and 25% in 
type IV. Therefore, it is more effective to adapt finer fibers to suppress spall if the lf/df value is 
constant. By analogy from the previous finding that rebar reinforcement hardly affects the spall 
failure2), the reinforcing level becomes macroscopic by using thick-diameter fibers so that the effect 
of suppressing embrittlement of spall failure spot caused by dense cracks may be reduced. 
(c) For types III and IV, spall was suppressed at W/B = 33%, but occurred at W/B = 50, 40, and 
25%. Therefore, the spall-suppressing performance is reduced when the W/B value is too high or too 
low; it is considered that there is an appropriate value of W/B that depends on the fiber shape. In 
general, the lower the W/B value, the greater the bond strength at the fiber–matrix interface so that 
fiber pull-out is less likely to occur. On the contrary, as the W/B value increases, the pressure rise 
may be alleviated by the plastic compaction, which is a phenomenon in which the pressure rise is 
relieved by crushing the voids in the porous material. It is considered that the value of W/B is 
appropriate when the above two effects are balanced. As shown in Fig. 3, fine spall-fragments tend 
to increase in a low W/B mixture; the fiber-reinforcing effect may be reduced because the matrix 
was broken into small pieces by a strong inflation pressure. 
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Table 4 Fracture appearances of PVAFRM specimens subjected to contact detonation. 

 Type I Type II Type III Type IV 

W/B 
50% 

Left: 
blasted 
side 
 
Right: 
rear side 

        

Section     

W/B 
40% 

Left: 
blasted 
side 
 
Right: 
rear side 

        

Section     

W/B 
33% 

Left: 
blasted 
side 
 
Right: 
rear side 

        

Section     

W/B 
25% 

Left: 
blasted 
side 
 
Right: 
rear side 

        

Section     

Notes; Each specimen was supported on both the left and right sides. The visible cracks that occurred on the 
blasted and rear sides were emphasized.  

Local failure size 
Figures 4 to 7 show the influences of lf/df and W/B values on the local failure sizes. In these figures, 
the calculations by the equations for estimating the local failure sizes in a normal concrete slabs2) 
are also shown. 

As shown in Fig. 4, the crater diameter is almost constant regardless of the fiber shape, but the 
crater diameter tends to decrease with the decrease in W/B value. In the problem of contact 
detonation, it is expected that part of mortar at the crater portion will be extruded toward its outer 
peripheral part. According to this experimental results, because the bond at the fiber–matrix is 
strengthened as the W/B value decreases, the embrittlement of the outer periphery of the crater may 

 

40 ≤ 
30-40 

(a) PVAFRM with type III fiber (W/B=40%) 

25-30 20-25 15-20 10-15 

5-10 2.5-5 1.2-2.5 0.6-1.2 0.3-0.6 0.15-
 

< 0.15 
(b) PVAFRM with type III fiber (W/B=25%) 

40 ≤ 30-40 25-30 20-25 15-20 10-15 

5-10 2.5-5 1.2-2.5 0.6-1.2 0.3-0.6 0.15-
 

< 0.15 

Fig. 3  Examples of appearances of spall-fragments. [Unit: mm] 
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be suppressed. However, the relationship between the crater diameter and the W/B value is not 
linear; the reducing effect tends to be moderate as the W/B value decreases. 

 

On the other hand, it can be seen from Fig. 5 that the relationship between the crater depth and 
the W/B value is different from the above: the crater depth reaches a minimum value at W/B = 40%. 
This may be because the crater bottom tends to be crushed due to the above-mentioned plastic 
compaction when W/B = 50%; conversely, in the range where W/B value is 33% or less, because the 
plastic compaction effect is weakened with a decrease in W/B value, the crater bottom tends to be 
broken brittlely. Therefore, when the W/B value is higher or lower than its appropriate value, the 
spall occurs and the crater depth also increases, suggesting a risk that the breach easily occurs. 

From Fig. 6, although the spall diameter is somewhat dispersed, it tends to be generally reduced 
as the fiber length increases, and no definite correlation with W/B value is observed. In addition, as 
shown in Fig. 7, the spall depth was within the range of 30 ± 4 mm in nine mixtures among ten 
mixtures in which spall occurred. 

Influences of fiber 
In general, it is known that fibers in FRCC tend to be two-dimensionally oriented in a plane parallel 
to the casting surface, except for the parts that are forcibly oriented by a formwork and so on. 
Therefore, it is predicted that the volume of fibers bridging the side part of the spall failure surface 
is high, and the volume of fibers bridging the top part is relatively less, as shown in Fig. 8 (a). As a 
result, the fibers bridging the side of the spall failure surface and the flexural cracking surface inside 
the spall-fragments mainly contribute to the prevention of spall (Fig. 8 (b)), and spall occurs when 
the bridging force is lost (Fig. 8 (c)). 

 Fig. 4  Influence of lf/df and W/B on crater diameter. Fig. 5  Influence of lf/df and W/B on crater depth. 

0

5

10

15

20

25

30

35

40

50 60 70 80 90 100110120130

C
ra

te
r d

ep
th

 [m
m

]

Aspect ratio

W/B=50%
W/B=40%
W/B=33%
W/B=25%

df=0.2 mm 
df=0.1 mm 

20 25 30 35 40 45 50 55
Water-binder ratio [%]

Type I
Type II
Type III
Type IV

Normal 
 

0

40

80

120

160

200

50 60 70 80 90 100110120130

C
ra

te
r d

ia
m

et
er

 [m
m

]

Aspect ratio

W/B=50%
W/B=40%
W/B=33%
W/B=25%

df=0.2 mm 
df=0.1 mm 

20 25 30 35 40 45 50 55
Water-binder ratio [%]

Type I
Type II
Type III
Type IV

Normal 
 

 

0

50

100

150

200

250

300

350

400

50 60 70 80 90 100110120130

Sp
al

l d
ia

m
et

er
 [m

m
]

Aspect ratio

W/B=50%
W/B=40%
W/B=33%
W/B=25%

df=0.2 mm df=0.1 mm 

20 25 30 35 40 45 50 55
Water-binder ratio [%]

Type I
Type II
Type III
Type IV

Normal 
 

0

10

20

30

40

50

60

50 60 70 80 90 100110120130

Sp
al

l d
ep

th
 [m

m
]

Aspect ratio

W/B=50%
W/B=40%
W/B=33%
W/B=25%

df=0.2 mm df=0.1 mm 

20 25 30 35 40 45 50 55
Water-binder ratio [%]

Type I
Type II
Type III
Type IV

Normal 
 

Fig. 7  Influence of lf/df and W/B on spall depth. Fig. 6  Influence of lf/df and W/B on spall diameter. 
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By analogy from the previous finding that concrete strength hardly affects the spall dimensions2), 

it is expected that the position of the spall failure surface is almost invariable regardless of the 
matrix strength; therefore, it is considered that the spall depth of the specimen in which the spall 
occurred became almost constant irrespective of the difference in the W/B value. 

Conclusion 
The following conclusions were reached: 
1) It is more effective to adapt longer fibers to suppress spall if the fiber diameter is constant. 

Further, if the lf/df value is constant, it is more effective to adapt finer fibers to suppress spall. 
2) The spall-suppressing performance is reduced when the W/B value is too high or too low, and it 

is considered that there is an appropriate value of W/B that depends on the fiber shape. 
3) Although the crater diameter is reduced with the decrease in the W/B value, the optimum W/B 

value is attained when the crater depth reaches its minimum value. 
4) In the specimens in which the spall occurred, the spall depth became almost constant even when 

the lf/df and W/B values differed; this is possibility owing to the influence of the fiber orientation. 
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(a) Fiber orientation inside the PVAFRM. 
High volume of bridging fibers 

Fibers bridging at the side part of the 
spall failure surface and the flexural 
cracks inside the spall-fragments may 
contribute to the prevention of spall. 

When the bridging force of fibers 
referred in (b) is lost, the spall may occur. 

(b) Spall is suppressed. (c) Spall occurs. 
Fig. 8  Schematic image for influence of fiber 

 

Less volume of bridging fibers 
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Abstract. In this paper the deformation and response of the Al square plate with pre-notch under 
free blasting loading were investigated. The blast loading process is a complex phenomenon, and 
accurate modeling, the prediction of deformation during this condition of loading is difficult, 
numerous investigations have carried out on the permanent deformation and the failure of various 
materials subjected to the blast; however, the transient deformation of plate subjected to the such 
intensely loaded has been difficult to measure due to the experimental difficulties. Recently, High 
speed imaging and 3D digital image correlation (3D DIC) have enabled the reliable none-contact 
measurement of the deformation and strain in various applications. In this research, 3D DIC method 
is used to study the effects of pre-notches on the dynamic deformation and rupture of thin Al square 
plates. The displacement and strain fields during the deformation were analyzed by this method. 
The Al square plate with the thickness of 3 mm and with different notch geometries were tested 
under the free blast loading by 20 gr of TNT. Two synchronized high-speed cameras were used to 
capture the response of the plate with an inter frame rate of 35000 frame/s. The result of test shows 
that the 3D DIC is a precise method to measure the full-field dynamic deformation of plate. The 
pre-notch possesses a direct effect on the maximum and final deformation of plate. Based on the 
result, the deformation occurs in the two stages; in the first one, the plate is deformed due to the 
shock impulse and all particles are forced to move out-of-plane and provided with initial velocities, 
and in the second one, pressure wave is vanished and deformation is occurred due to the imparted 
momentum. 

Introduction 
Explosion is a major threat for civil structure and vehicle in the combat zone. In recent years, many 
researches have carried out to improve the protection of the structure and vehicle against the blast. 
Measuring the deformation of plate subjected to the blast loading is one important task of solid 
mechanics. These studies can help for better understanding the dynamic response of the plate as 
well as identification and optimization of the influence design parameters under this harsh loading. 
However, most researches are only focused on the flat plate. Traditionally, the flat plate used in the 
structure as blast mitigation. The plate absorbs the explosion energy by either deformation or 
failure. Chen et al[1] studied the deformation of the circular aluminium plate under the confined 
blast loading through the 3D DIC technique. Markose and Rao[2] investigated the mechanical 
response of the V shape plate under the blast loading. They found that the geometry of plate has a 
direct effect on the mechanical response of plate. Kumar et al.[3] studied the effect of curvature on 
the response of plate subjected to the blast loading. Blast produces the shock wave that travelled 
through the target plate, and when it meets the other surface of the shock wave, gets reflected. The 
reflected shock wave on the flat surface is higher than incident shock considering the dissociation 
and ionization of real gases. This reveals that the resistance of plate against the blast is dependent 
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on its thickness[2]. However, effect of defect and crack on the response of the plate structure has 
not been investigated. In the combat situation defects and cracks could be occurred due to the 
fragmentation and combined blast. Rakvag et al.[4] studied the effect of various geometries of the 
preformed hole on the response of the steel plate subjected to the pressure pulse loading. However, 
in these tests, plates experience a large deformation and no localised deformation observed. Aune et 
al.[5] investigated the response of the steel plate with pre-formed hole subjected to the blast load. 
Liu et al.[6]carried out the blast experiments on the copper plate with pre-notch.  

In this paper effect of pre-notch on the response of metal plate is investigated through 3D-
DICmethod. The pre-notch with different size and geometry was prepared and tested under the free 
blast test. 

Methodology  
The layout of the experimental setup is shown in the fig.1 this facility is located in the explosion 
chamber located in the Xishian campus of the Beijing institute of technology. The plate is a flat 
square shape with size of 400*400 mm, targets assembled to the structure by the steel window 
frame.  After assembly of the plate only 300*300mm of the plate is under the direct contact of blast 
shock wave. The pre-notch was made in the centre of plate by thickness 1mm and depth of 2mm. 
The details of experiments are shown in the table 1. 

Before testing, surface of the plate was ground by sandpaper and washed by alcohol to remove 
all of the oil and dust. After cleaning the surface more than half of the surface of the targets was 
painted with white color and then speckled with black dots. This surface is used to perform high- 
speed digital image correlation (DIC) photography during the blast. 

The shock wave is generated by the cylindrical shape TNT, the mass of explosive material and 
distance from the plate for each test is listed in the table 1. The explosion is ignited by the electrical 
detonator. The detonator ignite plus is also used to trigger the cameras. 

 

 
Fig 1. Experimental setup a) front view of the plate b) explosive material at back of the plate c) high 

speed cameras set up 
  



Explosion Shock Waves and High Strain Rate Phenomena  Materials Research Forum LLC 
Materials Research Proceedings 13 (2019) 109-114  https://doi.org/10.21741/9781644900338-19 

 

 

 111 

Table 1. Dimension of tested samples 
Sample name material Size of 

plate 
Size of plate 

under the 
explosion 
loading 

Explosion 
mass 

Explosion 
distance 

notch 

Al-0 al 40*40cm 30*30 20 gr 22 cm no 

Al-30-0 al 40*40cm 30*30 20 gr 22 cm Length =30mm- 
angle= 0  depth=2mm 

Al-30-45 al 40*40cm 30*30 20 gr 22 cm Length =30mm- 
angle= 45 

depth=2mm 

Al-40-0 al 40*40cm 30*30 20 gr 22 cm Length =40mm- 
angle= 0 

depth=2mm 

 
 

3D-DIC 
Digital image correlation is a non-contact optical method to study the motion, displacement and 
strain field. This method consists on capture consecutive images during applying the load to 
measure and evaluate the deformation and strain field. In this method the surface of the sample 
should paint by the random speckle pattern[7]. Details on principals and application of the 3D DIC 
can be obtained in the literature [8–11]. 

To analyse the 3D deformation of the plates subjected to the blast, two high speed cameras were 
used. These cameras were set outside of the explosion chamber to protect them from the shock 
wave of blast. They observe the same area of plate from the bullet proof windows. Cameras were 
linked and synchronized to each other by means of the synchronising cable that connected the 
cameras.  The 35000 fps was set for both cameras with pixel of (320◊568). TTL trigger circuit was 
used to trigger the cameras and send pulse to start detonation. Three flash lamps were used to 
provide the enough illumination and avoiding the shading during the test. Before each test the 
position of the cameras was calibrated with calibration board (9*9 distance of 12). VIC-3D software 
was used to analyse the images and to calculate the deformation and strain of the plate. Based on the 
parameters of cameras and calibration coordination, by matching the reference images of the two 
cameras, the 3D surface contour of plate before blast can be reconstructed. And displacement and 
deformation of the plate can be calculated by the correlation, matching the deform images and 
reference image. 

 

Result 
As shown in the Fig. 2, a part of aluminium plate is selected as an area of interest (AOI) used to 
measure the displacement of the plate. Due to the limitation in the image resolution, the AOI is 
smaller than the whole plate size. Fig. 3(a) shows the evolution of aluminium plate without pre-
notch (al-0) deformation along the vertical line in the centre of plate. After the detonation, the 
pressure wave travels through the air and arrives at the aluminium plate, creating a transient 
distributed load. Initially, this pressure is highly localized at the centre of plate. However, for the al-
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0 plate, the maximum deformation in early stage does not occur in the centre of the plate, it could be 
due to the positioning of the charge, which may have had a small offset from the centre of plate. 
However, after0.25ms the maximum deformation is shifted to centre. Aune et al. [12] found that the 
geometry of the plate and boundary conditions had a greater influence than the positioning of the 
charge on the deformed shape. Fig. 3 (b) shows the out of plate displacement history of the several 
points on this line. Close to the border of the plate, particles are constrained due to the fixed 
boundary conditions and only have a limited initial displacement. During the blast loading, all 
particles of plate are forced to move out-of-plane (z- axis), when the load from the blast have 
vanished, the plate continues to deform. Spranghers et al.[13]found that the deformation history of 
plate consists of two parts. In the beginning, deformation of the plate is highly plastic and reaches a 
maximum value. After the plastic deformation, an elastic rebound occurs followed by elastic 
vibrations combined with damping[14]. Al-30-45 plate shows the maximum plastic deformation 
among the all plates. It is observed thatal-40-0 and al-0 plate experienced reversed snap buckling 
during the elastic rebound. 
 

Fig.2 Area of interest (AOI) 
 

 
Based on the DIC analysis, it can be seen that the maximum strain first occurs in the centre for 

the al-0 plate, and spreads rapidly outwards to the boundary. For the other plates the maximum 
strain was occurred at the pre-notch tip in early stage. 

After the tests, all samples were collected for further analysis. There were no visible signs of 
tearing at the boundaries for all plates. For the al-30-45 and al-40-0 plates, it was observed that the 
cracks wereinitiated from the tips of the pre-notch and propagated. And also, for the al-40-0 plated, 
it was observed that rupture occurs at the location of pre-notch during the blast loading. 
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Fig.3 evaluation of the displacement line profile along the vertical section line on the surfaces of 

a)al-0, b)al-0,c)al-30-0, d)al-30-0, e)al-30-45, f)al-30-45, g)al-40-0 and h) al-40-0  
 

Summary 
3D Digital Image Correlation (DIC) technique was applied to analyzing the response of pre-notched 
plate subjected to the free air blast. The pre-notched plate experienced the larger plastic 
deformations compare to the plate without notch. Failure was observed in al-30-45 and al-40-0 
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plate. The al-30-45 plate shows the greatest deformation among the all plates. This result shows the 
pre-notch has great influence on the response of plate to the blast loading. 
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Abstract. With increasing popularity of Carbon Fiber Reinforced Polymer (CFRP) over time, the 
need for research in the field has increased dramatically. Many industries, i.e. aeronautical, 
automotive, and marine are opting to install carbon fiber in their structures to account for harsh 
environments like cold temperatures applications, but the research on the temperature exposure 
behavior of the materials are limited. This study aims to investigate the impact resistance of CFRP 
samples using the air gun tests. Two different shaped pellets (Diabolo and Storm pellets) were used 
in this work. The pellets speeds were calculated using a high-speed camera. The tests were 
performed in the room temperature (22°C) as well as in the cold room where the test pieces were 
exposed to about -28°C for seven days. The experimental studies were performed and compared 
against finite element simulations using ANSYS®. The studies also included layering of the CFRP 
samples to find the limiting thickness of pellets penetration. It was concluded that the thickness of 
0.79mm and below of CFRP, cannot resist the impact of pellets. The visual inspection of failure 
revealed that the CFRP has gone through a brittle failure. However, temperature was found to have 
no significant impact on the results as similar behavior of CFRP was observed in both room 
conditions (22°C) and cold temperatures (-28°C). 

Introduction 
In the last decades, a growing interest has been dedicated in the use of composite materials for 
structural applications. CFRP composites are gaining a special attention to replace traditional 
materials in several fields although it is well known that these systems are highly susceptible to 
internal damage caused by transverse loads even under low-velocity ones [1,2]. In general, CFRP 
composites can be damaged on the surface and also beneath the surface by relatively light impacts 
causing invisible impact damage [3]. Therefore, this study has been carried out both to highlight 
effects of variables linked to geometrical parameters of composite sheets, impactor, and operative 
conditions. Therefore, this study has been carried out both to highlight effects of variables linked to 
geometrical parameters of composite sheets, impactor, and operative conditions. Operative 
conditions affect the material properties as reported in [4-6]. 

Experimental Setup 
a. Test Samples 
Test samples used in this study were from the DragonPlate®, manufactured by Allred and 
Associates Inc., Elbridge, New York [7]. The CFRP samples used were EconomyPlate™ Solid  
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Carbon Fiber Sheet ~ 1/32" x 12" x 12" (0.79375mm x 304.8mm x 304.8mm) [8]. EconomyPlate™ 
sheets comprised of orthotropic (non-quasi-isotropic) at 0°/90° orientation laminates [9] (Figure 1.) 
utilizing a twill weave [10] (Figure 2.), while maintaining a symmetrical and balanced laminate. 
EconomyPlate™ composed entirely of a tough and rigid carbon reinforced epoxy matrix, with 
textured finish on both sides. Samples were cut into smaller pieces for test purposes (Figure 3.).  
 

 

 

Figure 1-0°/90° orientation laminate Figure 2-Carbon fiber twill weave 
                                       

 
Figure 3-CFRP test samples 

 
b. Impact Tests 
To perform the impact tests, a shooting box was built, as shown in Figure 4a. The shooting box was 
designed such that it collects the pallets once they pass through the samples. The box consists of an 
opening-closing system with locking screws and wingnuts, so test pieces could be fastened for 
testing (Figure 4b), and removed and replaced with new test pieces effectively. Diabolo and storm 
pellets (Figures 5 and 6.) were shot on to the CFRP test samples. The material of both pellets was 
lead and they were of 4.5mm caliber, weighing about 0.5g each. The test was performed in room 
temperature, on tempered test pieces at about 22°C and in the cold room on test pieces exposed to 
about -28˚C for 7 days.  
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(a) Shooting box (b) Fastened test piece  

Figure 4 – The opening-closing system of the shooting box 
 

  
Figure 5-Diabolo pellets Figure 6-Storm pellets 

 
A speed tests were carried out using a high-speed camera (Figure 7.). The test showed the pellets 
speed of about 160m/s.   

  

  

  
Figure 7-Speed test of Diabolo pellet (pellet speed ~ 160m/s) 
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Experimental Results 
Impact tests revealed that diabolo and storm pellets at 160m/s pass through the single layer (~0.79 
mm) of CFRP (Figure 8). Visual inspection showed that the CFRP test samples were ruptured 
(brittle failure) and the failure was in the close vicinity of the impact. Ruptured holes were more 
visible when Storm pellets were used, nonetheless, the failure areas were the same.  
 

  
(a) Diabolo pellets (b) Storm pellets 

Figure 8-Visual inspection of the impact 
 
Tests were repeated by tightly joining the layers of CFRP tests samples (0.79mm, 1.59mm, and 
2.38mm). Pellets passed through 0.79mm and 1.59mm thick CFRP test samples, however, deflected 
for 2.38mm layer. Same results were observed when tests were conducted at room temperature 
conditions (22°C) and cold conditions (-28°C). 
 

Simulations Setup 
The simulations were performed in ANSYS® Explicit Dynamic [11]. Mesh sensitivity analysis was 
performed to ensure the accuracy of results. The model parameters are given in Table 1.  
 

Table 1: Simulation model parameters (ANSYS® Explicit Dynamic) 

Physics preference Explicit 
Relevance 70 
Relevance Center Fine 
Span Angle Center Fine 
Nodes (optimized) 9193 
Elements (optimized) 13786 

 

Simulations Results  
ANSYS® Explicit Dynamic simulations revealed similar behavior as seen in experiments. For 
example, 0.79mm CFRP went through rupture failure as shown in Figure 9. Tsai-Wu failure model 
was used in the simulations [12].  
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Side view Sample front view Sample back view 

Figure 9- ANSYS® Explicit Dynamic simulations 
 

Comparison of Experiments and Simulations 
 

Table 2 summarizes the results from experiments and simulations. As shown,  

 Experiments Simulations 
CFRP thickness = 0.79mm @ 25°C to -28°C Failed Failed 
CFRP thickness = 1.59mm @ 25°C to -28°C Failed Failed 
CFRP thickness = 1.63mm @ 25°C to -28°C (not tested) Safe 
CFRP thickness = 2.38mm @ 25°C to -28°C Safe Safe 

 

Conclusions and Limitations 
Following conclusion can be drawn from the study: 

1. It can be concluded that pellet and storm pellets at 160 m/s can damage/pass through the 
1.59mm and below thickness of CFRP. 

2. Good agreement was found between the experiments and simulations. It confirms that 
Multiphysics methodology such as Explicit Dynamic simulations may be used for the design 
of CFRP structures undergoing impact loading. 

3. It was found that CFRP material properties did not change noticeably in cold temperatures. 

Following limitations apply to the given study: 
1. Commercially available CFRP samples (DragonPlate®) were used in this study. 
2. Commercially available Multiphysics software ANSYS® was used for the simulations. 
3. Samples were visually inspected and not for micro-fractures/micro-delamination. 
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Abstract. Physical properties such as particle size, surface area and shape of explosive control the 
rapidity and reliability of initiation, and detonation and thus determine the performance of an 
explosive device such as slapper detonators. In this paper, Nozzle assisted solvent/antisolvent 
(NASAS) process for recrystallisation of CL-20 explosive is established. Many process parameters 
are involved which affect the particle size of the explosive. Therefore an accurate prediction of 
particle size is required to tailor the particle size. In the present work, an intelligent algorithm is 
applied to build a simplified relationship between recrystallization process parameters and particle 
size. This can be used to predict explosive particle size with a wide range of process parameters 
through an adaptive neuro-fuzzy inference system (ANFIS). The model is trained using 
experimental data obtained from design of experiment techniques utilizing a MATLAB software. 
Six process parameters such as Solution pressure, Antisolvent pressure, Antisolvent temperature, 
Stirrer speed, Solution concentration and Nozzle diameter are used as input variables of the model 
and the particle size is used as the output variable. The predicted results are in close agreement with 
experimental values and the accuracy of the model has been tested by comparing the simulated data 
with actual data from the explosive recrystallization experiments and found to be inacceptable range 
with maximum absolute percentage error of 11.52 %. The ultrafine CL-20 prepared by NASAS 
process is used in Slapper detonator application. The threshold initiation voltages for CL-20 based 
slapper detonator is found to be in the range of 0.9 kV with standard deviation of ±0.1 kV. 

Introduction 
The physical properties such as crystal particle size, shape, morphology, crystalline imperfections, 
purity and microstructure of the inter-crystalline voids of an existing explosive can be altered. There 
are wide variety of processes available for tailoring particle size and morphology of energetic 
materials such as solvent/non-solvent recrystallization[1],continuous crystallization of 
submicrometer energetic materials [2], spray flash evaporation [3]Yang et al. [4] obtained nano-
TATB by using solvent/anti-solvent method with a particle size of 60 nm approximately through 
atomization of solution by a nozzle to small droplets and colliding rapidly with non-solvent flow. 
There is a need of mathematical model to predict particle characteristics as a function of process 
parameters to provide a basis for a computer based process control system. Shallu Gupta et al.[5,6], 
used micro nozzle assisted spraying process (MNASP) for recrystallization of Submicrometer 
Hexanitrostilbene (sm-HNS) Explosive. The process attributes were optimized using weighted 
average techniques of Analytical Network Process (ANP). The advantages of neural network based 
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techniques include extreme computation, powerful memory and rapid learning from experimental 
data. Furthermore, it can predict an output parameter with accuracy even if the input parameter 
interactions are not completely understood[7, 8]. Artificial neural network (ANN) and multilayer 
perceptron (MLP) is widely established inartificial intelligence (AI) research where a nonlinear 
mapping between input and output parameters is required for a function approximation[9, 10]. 
Pannier et. al, have explained the application and general features of Fuzzy logic (FL)modeling, 
fuzzy sets, membership functions, and fuzzy clustering[11]. theoretical details of the neuro-fuzzy 
modeling can be found in [12, 13]. Moreover, however, relevant features and context that refer to 
the adopted means of neuro-fuzzy modeling, i.e., ANFIS [14] 

It is seen from literature that in spite of being powerful modeling tool, ANFIS has not been 
used in the study of explosive recrystallization process. A neuro-fuzzy technique called adaptive 
network based fuzzy inference system (ANFIS) combines fuzzy systems with neural networks, 
utilizing the learning characteristics of neural network and decision making capability of fuzzy 
systems. In this research work, application of ANFIS model is adopted for predicting the particle 
size of CL-20 explosive in solvent-antisolvent recrystallization process.  

Experimental Work 
The explosive material used in this research work was raw ε-CL-20 with a particle size in the range 
of 50 to 60 µm. In this research work, for making UF-CL20, a Nozzle Assisted Solvent-Antisolvent 
(NASAS) process has been designed, developed, fabricated and installed, as per schematic diagram 
shown in Fig. 2. The NASAS process was used to carry out 49 experiments for making UF-CL20 
explosive. Based on design of experiments, six input parameters were considered which affect the 
output of the re-crystallized explosive i.e. particle size. The input parameters are - solution pressure, 
anti-solvent pressure, anti-solvent temperature, stirrer speed, solution concentration and nozzle 
diameter. The output parameter i.e. particle size was used as the response variable. The UF-CL20 
obtained by NASAS process was characterized as explained in the following section. 
 

 

Figure 1. Schematic of NASAS process 
Characterization  
The distribution of particle size for some of the samples under similar condition is shown in Fig. 3 
with mean particle size of UF-CL20 as 2.61 µm with standard deviation of 0.242 µm. Total 42 Nos. 
of experiments were carried out to record the 42 data of input-output pairs of variables shown in 
Table 1 for ANFIS model. Recrystallised ultrafine CL-20 was characterized using XRD analysisto 
ensure crystalline nature XRD pattern showed the peaks at similar difraction angle as those of CL-
20 which exhibits a unique non-overlapping diffraction peak at 19.98 2θ, as shown in Fig.4. FTIR 
analysis was carried out to ensure there is no change in molecular structure after processing as 
shown in Fig.5. SEM photography showed the reduction of particle size and the morphology was 
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also affected by the process parameters as shown in Fig. 6. The shape is a mix of polyhedral and 
nearly spherical geometry. The surface seems to be smooth with negligible defects/ cracks. 

              
        Figure 2. Particle size distribution                         Figure 3. XRD pattern of processed CL20 

                            
            

               Figure 4. FTIR Analysis                                          Figure 5. SEM microphotograph  

 
 

Table 1. Experimental data of particle size 
 

Run 
Order 

Experime
nt 

Solutio
n 

Pressur
e (bar) 

Antisolve
nt 

Pressure  
(bar) 

Antisolvent 
Temperature  

(°C) 

Stirrer 
Speed  
(RPM) 

Solution 
Concentrati

on  
(%) 

Nozzle 
Diameter  

(mm) 

Particl
e Size  
(µm) 

1 N-19 6 6 -9 800 5 0.7 5.63 
2 N-20 7 7 -9 800 5 0.7 5.77 
3 N-26A 5 1 30 1010 10 0.7 4.19 
4 N-45 5 1 0 1010 10 0.7 2.38 
6 N-33 6 1 30 500 5 1.0 10.34 
7 N-77 7 1 20 1020 10 0.5 8.67 
8 N-94 6 1 20 1020 10 0.4 6.48 
10 N-26 2 3.5 30 600 10 0.7 50.3 
11 N-29 4 1 45 500 10 0.7 7.62 
12 N-50 2 1 0 1080 10 0.7 14.2 
13 N-51 2 1 13 1080 10 0.7 5.89 
14 N-24 4 1 -2 800 5 1.0 3.76 
16 N-23 6 1 -2 800 5 1.0 4.35 
17 N-25 6 1 30 800 5 1.0 8.93 
18 N-32 1 1 35 500 10 1.0 22.5 
19 N-34 2 1 9 500 10 1.0 9.31 
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20 N-35 4 1 9 500 10 1.0 8.1 
22 N-31 2 1 35 500 10 1.0 4.74 
23 N-36 1 1 11 500 10 0.55 5.72 
25 N-28 1 1 45 1120 10 0.55 19.8 
26 N-55 1 1 10 1120 10 0.55 6.92 
27 N-62 6.2 1 20 1040 10 0.5 7.05 
28 N-68 6.5 1 20 1700 10 0.5 8.52 
29 N-66 7 1 20 1700 10 0.5 5.34 
30 N-79 6 1 15 1800 10 0.5 5.15 
31 N-80 6.2 1 15 1500 10 0.5 6.03 
33 N-53 2 1 10 1120 10 0.7 24.0 
34 N-82 6 1 15 1500 10 1.5 21.3 
35 N-83 6 1 10 1100 10 0.5 4.51 
36 N-87 6 1 0 1100 10 0.5 3.40 
37 N-88 6 1 0 1100 10 0.5 4.67 
39 N-93 6 1 19 1020 10 0.5 8.0 
40 N-95 6 1 20 1080 10 0.4 5.77 
41 N-97 6 1 15 1020 10 0.4 11.1 
42 N-98 6 1 5 1040 10 0.4 16.9 

 
 

Table 2. Experimental testing data 
 

Run 
Order 

Exper
iment 

Solutio
n 

Pressur
e (bar) 

Antisolve
nt 

Pressure 
(bar) 

Antisolvent 
Temperature 

(°C) 

Stirrer 
Speed 
(RPM

) 

Solution 
Concentration 

(%) 

Nozzle 
Diamete
r (mm) 

Particle 
Size 
(µm) 

5 N-30 1 1 14 500 10 0.55 5.31 
9 N-44 5 1 0 1010 10 0.70 2.69 
15 N-56 1 1 06 1120 10 0.55 2.74 
21 N-60 6 1 25 1040 10 0.50 2.57 
24 N-76 7 1 22 1020 10 0.50 4.18 
32 N-52 3 1 28 1120 05 0.70 2.92 
38 N-81 6 1 13 1200 10 0.50 1.82 
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ANFIS Model Development 
ANFIS architecture based on the first-order Sugeno model is shown in Fig.7.ANFIS was 
implemented using Matlab (Version 8.1, 2013a, The Mathworks, Inc., USA). In particular, the 
Matlab Fuzzy Toolbox was adopted as the means for building ANFIS. The data matrix was 
structured in the form of seven columns, with the first six corresponding to the input variables and 
the seventh one to the output variable (response). Out of 49 data sets, 42 sets of data (Table 1) were 
used for training the ANFIS model and 07 dataset were used for testing the model (Table 2). After 
testing the testing data the experimental value and the ANFIS predicted value, Average Testing 
Error is 0.2431. After the model is trained and tested, the rule viewer is used for finding the ANFIS 
output for any instance of input by just entering them at the bottom of the window as shown in 
Figure 8. For an instance when the six inputs 1, 1, 6, 1120, 10, 0.55 and output particle size 
predicted by the ANFIS is 2.54 µm.  

 
 

                 

Figure 6. Schematic of ANFIS architecture based and ANFIS rule viewer 
 
 

Comparison of ANFIS Predicted Value and Experimental Value of Particle Size 
After training and testing the experimental data, the value of particle size, which is inbetween 1 to 6 
μm, is compared with the experimental value and ANFIS prediction value is shown in Table 4. 
Actual error is the subtraction of experimental value and ANFIS prediction value. And Absolute 
Percentage Error is ratio of actual error to the experimental value as shown in Table 4. 
 

Table 4. Comparison of Predicted and Experimental Particle Size Results 
Run 
Order 

Experim
ent 

Nozzle 
Diameter 
(mm) 

Particle Size (µm) Error 
Exp. 
Value 

ANFIS 
Prediction 

Actual  
Error (µm) 

Absolute Percentage  
Error (%) 

5 N-30 0.55 4.86 5.31 -0.45 09.25 
9 N-44 0.70 2.69 2.38 0.31 11.52 
15 N-56 0.55 2.74 2.54 0.20 07.29 
21 N-60 0.50 2.57 2.81 -0.24 09.33 
24 N-76 0.50 4.18 4.06 0.12 02.87 
32 N-52 0.70 2.92 2.96 -0.04 01.36 
38 N-81 0.50 1.82 1.77 0.05 02.74 
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Surface View of Particle Size 
Apart from its prediction efficiency, ANFIS revealsinformation about the system being modeled. 
This is evidenced by the three-dimensional diagrams of the response variable as a function of the 
causal factors (in pairs of two), as presented in Figure 12. From this figure, it is apparent that 
nonlinear relationships between the input process variables and the response variable were well 
represented with response surface predicted by ANFIS. It appears that ANFIS captures such 
relationships and could be used as a tool where approximations of such relationships are required. 

 

    
(a)                                                        (b) 

 

Figure 7. Surface response: (a) Solution pressure & Antisolvent temp (b) solution pressure & 
stirrer speed  

 

Application of UF-CL20 Explosive in Slapper Detonator 
In slapper detonator, prompt detonation of high density (1.5 g/cc) pellet of ultrafine CL-20 occurs 
when a thin polyimide flyer is impacted. The flyer is launched to a velocity of 2-3 km/s by 
electrically exploding foil when high electrical energy applied in short duration. It impacts the CL-
20 explosive leading to initiation by shock-to-detonation phenomenon.Experimental prototypes of 
slapper detonators were fabricated and threshold trials were carried out using Bruceton test. The 
threshold initiation voltage for CL-20 is the range of 0.9 kV with standard deviation of ±0.1 kV. 
The threshold initiation energy for CL-20 based slapper detonator is much lower than HNS-IV 
based slapper detonator. 

Conclusions 
The main advantage of NASAS process is recrystallization of ultrafine CL-20 explosive using 
solvent-antisolvent method. There exists nonlinear relationship between the input process variables 
and the output variable 'particle size'. Neuro-fuzzy technique 'ANFIS'was developed for capturing 
such relationships and predicting the particle size for a given set of input variables. The ANFIS 
model was trained and tested using experimental data. Maximum absolute percentage error between 
the predicted value and experimental value is 11.52% which is in acceptable range. The model will 
further become accurate when large amout of training data is used. Artifical Neural based 
techniques enable learning and improving process characteristics for obtaining desired and 
repeatable output. It is experimentally found that the ultrafine CL-20 explosive based Slapper 
detonator has  a threshold of 0.9 kV ± 0.1 kV. It is a type of low energy exploding foil initiator 
which has a great potential for futuristic applications in miniaturized systems such as Fuzes for 
various munitions and warheads.  
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Abstract: Explosive welding is a solid state welding process in which two similar or different 
materials are claded with the help of explosive energy. The high pressure generated during the 
process helps to achieve the interatomic metallurgical bonding in the two materials. In this research 
work, 5 mm aluminum plate was cladded with 20 mm mild steel for plate length of 300 mm x100 
mm. Here parallel plate explosive welding set-up configuration using low VoD explosive consisting 
of mixture of Trimonite-1 and common salt was used. The interface joints were analyzed using 
optical inverted metallurgical microscope, SEM and Vickers Micro-hardness. It was observed that 
the value of micro-hardness at the interface was high as compared to the parent materials and 
decreased as we move away from the interface on both the sides. The optical and the SEM analysis 
showed straight morphology at most of the welded area. Al-MS plates were successfully welded 
using this low VoD explosive. 

Introduction 
Composite material with good corrosion resistant as well as bond strength is one of the prime needs 
of any industry for their respective work application. Explosive welding is a well known defined 
solid state weld process, where two plates are claded with the help of explosive energy in which 
flyer plate is accelerated towards the base plate and at the interface a very high pressure order of 
magnitude 102 Mbar is generated followed by jet phenomenon[1]. Jet phenomenon is one of the 
important conditions for welding which occurs at the collision point in which it removes the oxide 
layer and provide clean mating surface free of contamination. This is attained by high pressure and 
kinetic energy deposited during the welding process[2]. Jet process helps atoms of two materials to 
meet at interatomic distance and form a strong metallurgical bond, where high temperature is 
obtained followed by rapid cooling in order of 105k/s[3]. Beside this, for weld to occur the pressure 
should be sufficient high and for sufficient length of time to achieve the bond formation. In 
explosive welding, pressure generated exceeds the yield strength of both the materials and which act 
as fluid at the collision point. It is a critical joining process where different parameters such as 
collision velocity, flyer plate velocity, VoD of explosive plays a very important role in formation of 
good bond[2] [4]. Many researchers have worked on this process using different material 
combination with variable explosive properties [5] [6] [7]. Aluminum is a light and corrosion 
resistant material having vast application in the naval and oil industries. The challenge of joining 
comes due to difference in chemical, physical properties as well as low solubility of iron in 
aluminum. Different means have been used to join this combination such as magnetic pressure 
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steam welding[8], diffusion bonding[9] ultrasonic welding[10] but all have some limitations and to 
circumvent this, explosive welding was adopted due to the advancement of joining any material 
combination with all size in a very few micro seconds. In this research work, aluminum is claded 
with mild steel and their behavior at interface is studied through micro-hardness & micro-structural 
analysis by preparing specimen with standard dimensions.   
 
Material and methods   
In this present experiment, aluminum was claded with mild steel having dimensions of 
300x100x5mm & 300x100x20mm to produce single bimetallic materials. The systematic view of 
the explosive welding is shown in Fig. 1. Where the two plates kept parallel and separated by 
distance called stand-off. Low VoD explosive consisting of mixture of Trimonite-1 and common 
salt having VoD in the range of 1650-1800m/s was used. Aluminum as flyer plate was selected 
because of its light weight and superior corrosion resistant properties and mild steel as base plate 
due to its good tensile strength. The mechanical properties of the cladded material are shown in 
Table.1 and the experimental parameters used are shown in Table.2. In this experiment, low VoD 
explosive was used to provide necessary energy for metallurgical bonding using parallel set-up 
arrangement[11]. The practical set-up for explosive welding is shown in Fig.2 (A), where the 
impact on the ground and on the plate after the explosion is shown in Fig.2 (B), which shows how 
much energy is generated during the welding process. The bimetallic plate formed after the process 
is shown in Fig.2 (C), where bonded plates were then subjected to micro-hardness & micro 
structural examination, where in micro-hardness, the samples were prepared in the standard size and 
then examined the variation of hardness near the interface with the help of Vickers micro-hardness 
machine.  

 
Fig.1. Systematic process diagram of explosive welding process  
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Fig.2. Overall set-up of explosive Welding A) Explosive box placed over plate B) Impact of  

explosion C) Bimetallic welded plates   
 

Further for micro structural examination the samples were manually polished to 1µm finish. To 
study the internal structure, specimens were etched with 2% natal. This etched sample was analyzed 
in metallurgical optical microscope and to see the structural behavior near interface SEM was used. 
To check the transfer of elements during explosive welding dot mapping was performed. The 
successfully claded material was then subjected for further application. 
 

Table.1 Mechanical Properties of Materials 

Parameter 
 

Aluminum (Al) 
Pure 

Mild steel (MS) 
1020 

Hardness Value in (measured 
Vickers's) 41  160 

Melting Point (Kelvin)                                               928 1789 

Density (Kg/cm3) 0.0027 0.00786 

UTS (MPa) 90 340 

Thermal conductivity (W/mK)  235 51.1 

Specific Heat (J/Kg K) 904 486 
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Tabel.2 Experimental parameters 

Parameter Value 
Flyer Plate with Dimension (mm) Pure Aluminum (300x100x5) 
Base Plate with Dimension (mm) Mild Steel 1020(300x100x19) 

Explosive Trimonite with Salt Mixture  

Loading Ratio 1.2 

Stand-off Distance (mm) 6 

Velocity of Detonation (m/s) 1550-1650 

 
Results and Discussion 
The bonded joints were examined by different equipment such as Vickers hardness, optical 
microscope, SEM. The morphology of the interface was straight with slight wavy at some interval 
as observed in both optical (Fig.3) and SEM images (Fig.4). Further to analyze the transfer of 
elements at the interface dot mapping (Fig.5) was done. Where, a sharp and clear image of elements 
at the interface confirmed good bonding. Micro-hardness indentations of first two points from either 
side along with interface point were plotted against hardness Vs distances are shown in Fig.6. The 
average hardness value of the mild steel was 157HV and that of aluminum was 41HV initially. It 
was observed that the hardness value at the interface had increased to 210HV as compared to 
adjacent material. The hardness value was increasing towards interface and stable after some 
distance away from interface. This similar increase in hardness was also reported by Mudali et al. 
[12] for titanium & stainless steel and by Abhishek et al. [6] for SS304 & AA6061.The increase in 
hardness is mainly due to grain dislocation pileup from shock hardening during explosive welding 
process &  can also be observed in optical image as shown in Fig.3.Further the grain boundaries 
containing ferrite & pearlite were observed by adding etchant of Nital (2%).  

 

  
Fig.3. Optical structure of welded Al-MS plates   Fig.4. SEM image for bonded Al-MS interface   
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Fig.5. Dot mapping of the bonded Al-MS interface  

 

 
Fig.6. Micro-Hardness profile across interface of aluminum & mild steel 

Conclusion 
Pure aluminum and mild steel 1020 bimetallic plate were claded successfully. For joining these two 
incompatible materials, low velocity of detonation (VoD) explosive having VoD in range of 1650-
1650 m/s was applied. Microhardness examination showed an increase in hardness value towards 
the interface as noticed from both the materials end. This increase in hardness can also be correlated 
with the grain deformation as observed in optical microscope images at the interface. In 
microstructural examination we observed straight morphology at the weld interface of the welded 
bimetallic plates. 
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Abstract. Shaped charge warheads are being utilized in defence applications against a wide variety 
of targets provided by armour, RCC and soil cover. Shaped charge warhead focus the explosive 
energy by the use of a cavity lined with metal normally called a liner. The concentration of energy 
along the axis of the warhead acts as force multiplier and hence lighter warheads are possible for 
deeper penetration. Performance of the shaped charge warhead is function of jet tip velocity, jet 
length and break up time (BUT). These performance parameters are greatly influenced by liner 
geometry, liner thickness and liner cone angle and selection of explosive. In this paper, simulations 
using AUTODYN numerical hydrocode were carried out to study the effect of liner geometry 
(Tulip vs conical), liner cone angle (500,600,700,800) and liner thickness(4mm,6mm,8mm,10mm 
and 12mm) on large caliber shaped charge warheads. Numerical simulations were also done to 
study the effect of wave shaper in shaped charge warhead. A shaped charge warhead of dia.340mm 
has been designed by using AUTODYN numerical hydrocode. OFE Copper (ASTM B152 C10100) 
is used as liner material. A wave shaper of dia.210mm and nylon material was used in shaped 
charge warhead. An Eulerian approach was used for the liner, casing, wave shaper and explosive 
parts. A single point initiation in the centre of the rear end of warhead was chosen. The numerical 
simulation results showed that the jet- tip velocity decreases in between 15-20% of liner position 
with increasing the cone angle when the other parameters are the same. For the cone angle 600, jet 
tip-velocity decreases as liner thickness is increased from 4mm (Vj-tip : 8.14 km/s) to 12mm (Vj-tip : 
6.7 km/s). It was also realized that in case of wave shaper warhead there is more than 15% increase 
in jet tip velocity and 10% increase in jet length in comparison to without wave shaper warhead due 
to increase in  collapse velocity of liner elements. The slug velocity is 1.22km/s in case of with 
wave shaper warhead whereas it was 1.05 km/s in without wave shaper. It means that a decision for 
the selection of liner geometry and dimensions of a shaped charge penetrator should be done 
according to target, required desired effect on target, permissible weight and available space for the 
warhead.  

1. Introduction 
The high-speed jet resulting from the detonation of shaped charge is used to penetrate and demolish 
hardened targets in military and commercial area. Particularly, the shaped charge is mainly used to 
penerate armoured vehicles such as tanks, to demolish bunkers, fuel tanks and bridges 
constructions. In addition , warheads designed by using the shaped charge principle are also used 
against submarines targets. In the industry, shaped charge are generally used in geophysical areas 
e.g. petroleum research, mining, steel industry and well bore penetration, underwater trenching and 
demolition. Two- and Three-dimensional numerical simulation of shaped charges play an important 
role in testing and designing of shaped charges. In recent studies,computer programs based on 
Eulerian and Lagrangian calcultions such as “Hydrocode”are utilized to design shaped charges 
warheads. Generally, the programs provide a good tool facility to analyze problems under very 
large material deformations. 
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 In this paper, a shaped charge warhead of dia.340mm has been designed using AUTODYN 
numerical hydrocode simulation using 2D-axisymmetric model. The effect of liner geometry, liner 
cone angle, explosive and liner thickness were studied on large caliber shaped charge warhead.  Jet 
characteristics such as jet tip velocity, slug velocity, BUT and jet length of shaped charge warheads 
with wave shaper and without wave shaper were also calculated.  OFE Copper (ASTM B152 
C10100) is used as liner whereas Comp B is used as explosive. A wave shaper of dia.210mm with 
nylon material is used in shaped charge warhead. 

2. Description of shaped charges 
The shaped charge principles were first used in developing weapons by Germans during World 
War-I. At present, the geometry of the modern shaped charges consists of a cylinder of explosive 
with a hollow cavity in one end and a detonator at the other end. The hollow cavity is usually lined 
with a thin layer of metal, glass and ceramics. The cross section of a typical shaped charge is given 
in Fig.1. 

 

Fig.1- Cross-section of a typical shaped charge 
The ignition of detonator causes a shock wave, which detonates the high explosive. The 

detonation waves which propagate spherically into the explosive moves at a very large velocity, 
around 5-10km/s.When the detonation wave reaches the conical liner surface, a conical liner is 
accelearted from apex to the base on the cylinder axis under the high detonation pressure,collapisng 
the liner . As the conical liner material is loaded with high energy, it collapses on the axis, which 
generates a hypervelocity jet. It is commonly known that the inner liner material on the cavity side 
forms the jet-tip which has an extremely high velocity, while the outer of the liner material which is 
in the contact with high explosive forms a jet tail called “slug” which is massive but has slow 
velocity.The front of the jet (jet-tip) has a velocity range 5-10km/s , while the back of the jet (jet-
tail) has a velocity range of 0.5-1.0km/s. The conical liner collapse and jet formation process in a 
shaped charge after initiation of detonation is shown in Fig.2  

.  

Fig.2 – Liner collapse and jet formation process 
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3. Numerical simulation 
3.1 Finite element analaysis:  
In this section, the finite–element model will be described. The following section contains the 
analysis of the jet formation.  
3.2 Simulation tools used:  
ANSYS AUTODYN 2D/3D non-linear hydrocode was used. It is an explicit numerical analysis 
code, where the equations of mass, momentum and energy conservation coupled with materials 
descriptions are solved. Alternative numerical processors are available and can be selectively used 
to model different regions of a problem. The currently available processors include Lagrange, Euler, 
Euler FCT, ALE (Arbitrary Lagrange Euler) and SPH (Smooth particle Hydrodynamics), shell 
which make them suited to a wide range of non-linear dynamics problem. The codes are particularly 
suited to the modeling of impact, penetration, blast and explosive events. 
3.3 Structure of shaped charge :  
On the basis of theoretical analyis,a shaped charge of dia.340mm and warhead length 450mm has 
been designed having length/diameter ratio 1.3 by AUTODYN2D software. Liner is having a 
thickness of 4mm with a cone angle of 600.OFE Copper (ASTM B152 C10100) is used as liner 
whereas Comp B is used as explosive. Comp-B which is a secondary high explosive type is selected 
as high explosive material in the simulations. It is a mixture of 60% RDX and 40% TNT by weight.  

(A) Effect of Wave shaper in large caliber shaped charge warhead:  
Numerical simulations were carried out to study the effect of wave shaper in shaped charge 

warhead. Jet characterisctics such as jet tip velocity,slug velocity and jet length of shaped charge 
warheads with wave shaper and without wave shaper were calculated at time t=350µs. 

(i) Numerical simulation results without wave shaper shaped charge warhead: 
Jet-tip velocity and slug velocity with and without wave shaper in large caliber shaped charge 
warhead are shown in Table: 1. 
 

Table 1: Jet- tip velocity with and without wave shaper 
 

S.No. Liner Thickness Without wave shaper  
Jet- tip velocity(km/s) 

With wave shaper  
Jet tip velocity(km/s) 

1. 4mm 6.08 8.14 

2. 6mm 5.88 7.60 

3. 8mm 5.59 7.20 

4. 10mm 5.02 6.95 
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Fig. 5 Formation of jet without wave shaper at different time steps  
    (ii).    Numerical simulation results with wave shaper shaped charge warhead: 
 

                           
 
         
 

     
 
 
 

Fig. 6 Formation of jet with wave shaper at different time steps 
 
Fig.5 and Fig.6 shows jet formation at different time steps without and with wave shaper shaped 
charge warheads.  
 
Table- 2 Comparison of different parameters between without and with wave shaper SC warheads 

Parameters  Without wave shaper SC 
warhead 

With wave shaper SC 
warhead 

Length of Jet(L)(in mm) 1490 1644 

Jet-tip velocity (Vj-
tip)(in km/s) 

6.08 8.14 

Slug Velocity( in km/s) 1.05 1.22 

 

T=0µs T=29µs T=84µs T=57µs 

T=350µs T=289µs T=160µs 

T=0µs 

T=161µs 

T=27µs T=89µs T=65µs 

T=350µs T=293µs 
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(B)  Effect of liner Geometry  in large caliber shaped charge warhead: 
Large caliber shaped charge warheads have been designed with conical as well as tulip shaped 

liner. Numerical simulations were carried out using AUTODYN software.Fig.7 and Fig.8 shows the 
formation of jet from conical and tulip lined shaped charge warheads at different times. Jet tip 
velocity was found to be 8.5 km/s in conical shaped charge liner. The jet formed from shaped 
charge with tulip liner configuration has jet tip velocity of 6.0 km/s. 

   
                                 T=14µs                               T=27µs                    T=190µs 

Fig. 7 Conical  shaped lined shaped charge warhead 

               
Fig. 8 Formation of Jet-tip velocity from Tulip shaped charge warhead 

(C) Effect of Liner Thickness in large caliber shaped charge warhead: 
Numerical simulations were carried out using AUTODYN software to study the effect of 

liner thickness for large caliber shaped charge warhead. Table- 3 shows the values of jet –tip 
velocity and slug velocity for different thicknesses with a constant liner cone angle of 600 . A 
nylon wave shaped was also used during simulations. 

Table -3 Different Liner Thickness vs. Jet-tip velocity for constant cone angle 600 

S.No. Liner Thickness Jet -Tip velocity (km/s) Slug Velocity (km/s) 
1. 4mm 8.14 1.06 
2. 6mm 7.60 0.785 
3. 8mm 7.19 0.671 
4. 10mm 6.95 0.522 
5. 12mm 6.70 0.517 

(D) Effect of liner cone angle: 
2D simulations were carried out to study the effect of liner cone angle for constant liner 

thickness 4mm. Table- 4 shows the values of jet –tip velocity and slug velocity at different liner 
cone angles. 

Table -4 Different Liner cone angle vs. Jet-tip velocity for constant liner thickness 4mm 

S.No. Liner cone angle Jet -Tip velocity (km/s) Slug Velocity (km/s) 
1. 500 8.55 1.80 
2. 600 8.14 1.06 
3. 700 7.63 1.34 
4. 800 7.58 1.53 

Jet tip-velocity: 8.5 km/s 

Jet tip-velocity: 6.0 km/s 
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4. Results and discussions 
Table-1, 2, 3 and 4 show the results obtained from AUTODYN-2D numerical software. From 
simulations, it has been observed that jet-tip velocity is 6.08km/s without wave shaper based shaped 
charge warhead whereas it was 8.14km/s in case of with wave shaper warhead. Jet length is also 
1490mm in case of without wave shaper warhead whereas it was 1644mm in case of with wave 
shaper based shaped charge warhead. It has been observed that in case of wave shaper warhead 
there is more than 15% increase in jet tip velocity and 10% increase in jet length  in comparison to 
without wave shaper warhead due to increase in  collapse velocity of liner elements. Jet tip-velocity 
is more in case of conical shaped charge liner in comparison to tulip shaped charge liner geometry 
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Fig. 9 Jet tip velocity vs. liner thickness for cone angle 500 

Fig. 11 Jet tip velocity vs. liner thickness for cone angle 700 

Fig. 10 Jet tip velocity vs. liner thickness for cone angle 600 

    Fig. 12 Jet tip velocity vs. liner thickness for cone angle 800 

Fig.13 Effect of Explosive Fig.14 Jet tip velocity vs. liner thickness for cone angle 600 
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Comp B 

With wave shaper  
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but jet diameter is more in tulip liner geometry. The numerical simulation results showed that the jet 
tip velocity decreases in between 15-20% of liner position with increasing the cone angle when the 
other parameters are the same. In the simulations performed for different cone angles 
500,600,700,800 it is observed that as an increase of cone angles, the jet-tip velocity decreases and 
slug velocity increases. In addition, as an increase of cone angle, the forward jet-tip diameter 
increases. For the constant cone angle 600, jet tip-velocity decreases as liner thickness is increased 
from 4mm (Vjtip: 8.14 km/s) to 12mm (Vjtip : 6.70 km/s).It was also observed from simulations that 
jet-tip velocity was increased in between 8-10% when Octol was chosen in place of CompB as 
explosive.   

Conclusion 
The purpose of this study is to perform an optimum modelling on order to benefit the shaped charge 
in an effective manner. Validations of these codes have been done only by matching the 
experimental results of the shaped charge warheads. There is an appreciable increase in jet-tip 
velocity and jet length in case of wave shaper shaped charge warhead thus there is an increase in 
penetration in the target. It can also be concluded that large caliber shaped charge performance are 
greatly influenced by the line geometry, liner thickness, liner cone angle, explosive and wave shaper 
and a decision for the selection of liner geometry and dimensions of shaped charge penetrator 
should be done according to target, required desired effect on target, permissible weight and 
available space for the warhead.  
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Abstract. Shaped charge has been designed by replacing conventional monolithic liner with 
bimetallic liner to possibly enhance its penetration capability. A shaped charge with bimetallic liner 
formulated using aluminum as the outer cone and copper as the inner cone with cone angle of 
520,liner thickness of 2.4mm and calibre of 60mm. Theoretically predicted performance parameters 
have been compared with that of experimentally determined such as penetration depth and jet tip / 
slug velocity. The experimental results are reasonably in good agreement with theoretically 
predicted values. Penetration depth and tip velocity exhibit 22.5% and 10.67% increase respectively 
in comparison with shaped charge using copper as monolithic liner.  

Introduction 
Metallic lined shaped charge is frequently used in anti-armour projectiles for their higher 
penetration capabilities due to high velocity homogenous and unbroken jet formed after collapse of 
metallic liner by explosive action on the conical cavity of the projectile.  The jet velocity is 
dependent upon several factors such as explosive used in the projectile, liner material, its density 
and liner thickness, cone angle, base of conical cavity, L/D ratio of the projectile, etc. [1]. 

Penetrative performance depends on cone angle as well. Smaller the cone angle (~400), narrower 
will be the jet and deeper will be the penetration. However, for higher lethality cone angle can be 
increased up to 1200. Most of the High Explosive Anti-tank (HEAT) weapons presently being used 
are based on monolithic liner [2,3].  

Attempts have been made by various researchers to improve the penetrative performance of 
shaped charge weapon by modifying the existing configuration. Replacement of monolithic liner 
with bimetallic liner is one of the preferred options for enhancement of performance of such 
weapon. Number of workers have reported bimetallic liner based shaped charge weapons using high 
density and high valued metals such as Au, Pt, Rh, Ta etc.[4]. Skolnick and Goodman [5] have 
elaborately discussed specific advantages for using multi-layered liners in combination with 
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different explosives in regards to enhancement of performance and also offered possible 
mechanism. 

Chanteret et al [6] reported combination of two different liner materials, one with high sound 
velocity and other with high ductility, in designing the shaped charge. According to these authors, 
high tip velocity is controlled by the material having higher sonic velocity and supported by the 
material having high ductility.   

In the present study, attempts have been made to improve penetrative performance by replacing 
monolithic liner with bimetallic liner consisting of aluminum (outer cone) and copper (inner cone). 
Theoretical prediction of the performance parameters for configured shaped charge has been carried 
out by computer simulation using hydrocode (AutoDYN) [7]. The theoretically predicted 
parameters have been experimentally validated and results are compared.  

Experimental Section  
Materials and methods  
Materials and configuration of bimetallic liner shaped charge  
The configuration details of bimetallic liner shaped charge (BMLSC) are summarized in Table 1: 
 

Table 1: Configuration of BMLSC. 

Nomenclature Particulars Remarks 
Calibre 60mm  
Length 115mm L/D~2 

Main Charge HMX-Wax ρ= 1.758 g/cm3, 380g 

Booster RDX-Wax ρ=1.685 g/cm3,10g 
Liner Material (L1) Copper 1.2 mm flow formed 520, 54mm  

 
Liner Material (L2) Aluminum 1.2 mm flow formed 520 , 54mm  

long  
Case Material for shaped charge Aluminum alloy Material as per HE-30 standard 

 
General configuration of typical BMLSC is given in figure 1. 

 
Figure 1. General configuration of BMLSC. 

Methods  
(A) Theoretical prediction of performance parameters by computer simulation. 
BMLSC was modelled using nonlinear hydrocode-AutoDYN [8] assuming axial symmetry as it 
reduces computational time. The Aluminum and copper were used in different weight proportions 
(Al:Cu::45:55; 50:50; 55-45; 85:15) keeping the effective liner thickness as 2.4mm. Similar studies 
were also carried out for monolithic liner shaped charge (MLSC) consisting of copper as liner 
material for comparison. The penetration depth was predicted with mild steel target plates to 
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understand the penetration behaviour of BMLSC. The simulation results include the penetration 
depth and tip velocity for MLSC and BMLSC.  
 

(B) Experimental evaluation 
MLSC (Cu) and BMLSC (Al:Cu::50:50) have been fabricated as per the details included under 
methods. They were subjected to penetration and soft recovery trials. Jet parameters were 
determined by flash radiographic technique. Details of each experimental technique are included in 
the following sub-sections. 
 

Penetration trial 
Penetration depth of shaped charge was measured at standoff distance of 5 calibre in mild steel 
target plates stacked in vertical orientation to ascertain the penetration behaviour of BMLSC.. The 
test setup for penetration trial is given in Figure 2. Prediction of penetration depth was made under 
identical condition as in computer simulation. 
 

Soft recovery trial 
Recovery of shaped charge jet and slug particles were done in the experimental setup as described 
by Lassila et al [9]. Figure 3 includes the test setup used in the trial. 

Various materials with increasing density such as air, aqueous film forming foam (AFFF), 
polystyrene (PS or Thermocole), polyethylene foam (PEF);  polyurethane foam  (PUF); high 
density polyurethane (HDPUF) and  water were used in the test setup to capture jet/slug particles. 
The recovered jet and slug particles were subjected to metallographic investigations. 

 
Figure 2. Test setup for penetration trials 

Flash radiography(FXR) 
FXR technique was used to record liner collapse of cone, jet formation, jet penetration, and slug 
formation. Synchronization pattern / schematic setup is depicted in figure 4. The velocity, 
dimension and breakup time of jet were calculated from FXR records. The FXR records 
experimentally obtained and predicted by computer simulation are included in figure 5. 

Results and Discussion  
Mechanism of jet formation in BMLSC 
Figure 6 shows the collapse mechanism of liner and jet formation at different time intervals 
assuming the complete collapse and formation of fully emerged jet after several microseconds. 
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Figure 3. (a) Experimental set up and   (b) Plan for soft recovery trial. 

 
Figure4. (a) Synchronisation plan; (b) Schematic setup for  flash radiography. 

 
Figure 5. (a) FXR of jets; (b) comparative jet from computer simulation. 

From figure 6, it is clear that for 50:50 BMLSC configuration, maximum portion of liner of inner 
cone constitutes the jet whereas maximum portion of liner of outer cone constitutes the slug. It is 
evident that depth of penetration is directly proportional to length of unbroken jet and under root of 
density of jet material and inversely proportional to under root density of target material. Thus, for 
better penetrative performance high density jet material is preferred. This is applicable to MLSC 
with copper as the liner material. In BMLSC, the low-density material like aluminum remains in 
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slug and subsequently vaporizes out. Copper has higher density (8.9 g/cm3) and melting point 
(10830C) than aluminum (density:2.71g/cm3 and melting point: 6570C) is preferred material for 
shaped charge application [10]. The sonic velocity of aluminum (6.4 km/s) is, however, higher than 
copper (4.7 km/s). In 50:50 configuration of BMLSC, the high-density material like copper 
constitutes only 50% of mass, but still exhibits improved penetrative performance mostly because 
aluminum accelerates the jet formation process. Jet contains more quantity of copper than 
aluminum and helps to get improved performance as per conservation of energy and momentum 
principles. The inner part of the bimetallic cone (which is not in contact with explosive) forms jet, 
which is squeezed out from the apex of inner cone while outer cone (in contact with explosive)  
moves slower with respect to the inner cone and forms residue in the form of slug. Thus, the metal 
in the conical liner divides in two parts of velocity gradient with reference to the location. 
Simulation results from the extant work confirm this hypothesis and justifies the use of bimetallic 
liner for improvement in penetrative performance. 

Penetration trial 
Table 2 includes the results of penetration trials. 

Table 2. Depth of penetration determined from experiments 

Charge Configuration Penetration(mm) Remarks 

A-5 Monolithic  (Cu) 190 BMLSC exhibits improved  
penetration depth over 
MLSC A-1 BiMetallic (Al:Cu::50:50) 220 

Soft recovery trials 
Jet and slug particles recovered during the trials were subjected to metallographic investigation. 
Figure 7 shows the jet and slug material recovered during the experimental trial along with that 
obtained from computer simulation. From this figure; cut section of the slug, it is clear that outer 
cone encases the inner one. It is in line with the prediction made in computer simulation studies. 
Further, slug recovered from bimetallic liner has mass 19.25g against total liner mass of 94.10g 
which implies that the slug is only 20.45% of total liner mass and Al has been vaporized out with 
visible thin layer of Al-Cu alloy (duralumin) at certain places. Metallography of recovered slug 
reveals recrystallized grain structure, due to melting and realigning in the direction of flow of jet. 
Cut section of slug from BMLSC do not show any trace of Al or alloy of Al-Cu formed inside the 
core, thus indicating the vaporization of aluminum due to its lower melting point. However, outer 
portion of the slug exhibits formation of Al-Cu alloy on the surface due to interaction of both the 
metals at high temperature. Hardness of both the recovered slugs of BMLSC and MLSC remains in 
the same range viz.,48-65 BHN in monolithic and 54-58 BHN in bimetallic. 

Flash radiography (FXR)  
Results from FXR records are presented in Table 3. Exposed jet is shown in figure 5 with 
comparative picture from computer simulation. 
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Figure 6. Liner collapse at various time intervals for different configurations. 

Table 3: Results from flash radiography. 

Charge Configuration Parameters Observations 

A-2 Monolithic(Cu) Triggering delay T1- 
130µs & T2-300µs 

 Jet length recorded is 674mm and jet tip 
velocity at trigger delay of 130µs is 7832m/s 

A-7 Monolithic(Cu) Triggering delay T1- 
70µs & T2-630µs 

Jet length recorded is 177mm and jet tip 
velocity at trigger delay of 70µs is 6528m/s 

A-3 BiMetallic 
(Al:Cu::50:50) 

Triggering delay T1- 
60µs & T2-430µs 

Jet length recorded is 155mm and jet tip 
velocity at trigger delay of  60µs is 7250m/s 

 

The results of penetrative performance based on computer simulation studies and experimental 
evaluation on are presented in Table 4. The error in computer simulation owes due to material 
characteristics. However, all the results are comparable from BMLSC and MLSC tested against 
standard conditions. 
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Figure 7. (a) MLSC jet/slug particle ; (b) BMLSC slug; (c) slug for MLSC from computer 

simulation and (d) slug for BMLSC from computer simulation 
Table 4:Penetrative performance results based on computer simulation studies  and experimental 

evaluation. 

Configuration Result Comparison 
Performance 
Parameter 

Computer 
simulation 

Experimental 
evaluation 

Remarks 
(error) 

MLSC (Cu) Penetration depth 310mm 190mm 64% 
Tip velocity at 70 µs 6652m/s 6528m/s 2% 
Slug mass to original 
mass % 

- 58.85% - 

BMLSC 
(Al:Cu::50:50) 

Penetration depth 380mm 220mm 72% 
Tip velocity at 60 µs 7362m/s 7250m/s 1.5% 
Slug mass to original 
mass % 

- 20.45% - 

MLSC vs 
BMLSC 

Penetration depth Increaed by 
22.58% 

Increaed by 
15.79% 

Difference is 
comparable 

Tip velocity at 70 µs Increased by 
10.67% 

Increased by 
11.06% 

Slug mass to original 
mass % 

- Decreased by 
65.25% 

Substantial 
difference 

Conclusion  
Based on the results obtained from the computer simulation studies and limited experimental trials, 
it can be concluded that bimetallic liner shaped charge exhibits better penetrative performance than 
monolithic liner shaped charge. 

It was also realized from the studies, that the liner of the outer cone (aluminium) in BMLSC 
configuration mostly goes in the slug, a large portion of it vaporizes out, whereas, liner of the inner 
cone (copper) mostly constitutes the jet.  

The study can be further extended to design shaped charges for more effective anti-tank 
ammunitions and oil-well perforation with increased performance. 

Symbols and Abbreviations  
BMLSC : Bimetallic liner shaped charge 
MLSC  : Monolithic liner shaped charge 
HEAT  : High explosive anti-tank 
ρ  : density 
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Abstract. In the present study, underwater explosive welding of commercial pure Sn and Al plates 
was attempted. Distance between the explosive and the center of the sample was varied to change 
the pressure applied to the plates to be welded. Evolution of interfacial microstructures at the 
welded Sn/Al joints was assessed. An increase in the distance between explosive and the sample 
exhibited decrease in the formation of wavy morphology at the interface. Cross−sectional interfacial 
microstructures clearly indicated that, Sn and Al plates can be joined successfully using underwater 
explosive welding technique. 

Introduction 
The Explosive welding (EXW) is a solid state process used for the joining (metallurgical) of similar 
or dissimilar a metal which is regarded as one of the most widely employed materials processing 
technique [1]. The EXW is generally performed in an open atmosphere. However, it is reported that 
conventional explosive welding always poses a problem for welding of materials, particularly for 
thin metal plate (below 1mm thickness) as well as brittle materials such as amorphous 
ribbon/ceramics and fusing of tungsten (W)/Cu [2,3]. Literature suggested that by using underwater 
explosive welding a significant decrease in kinetic energy (K.E) loss at the interface of flyer plate 
and base plate can be achieved [4−6]. In this method, water acts as a pressure transmitting medium. 
The underwater shock waves prevent the distortion of the welded joint and ensure the integrity of 
the joints. Hence, underwater explosive welding is regarded as one of the best and novel welding 
techniques [7, 8]. It reported that, Al/Steel, Al/Cu, Sn/Cu and Cu/Stainless Steel combinations of 
materials are the most essential in the electrical engineering and among these Al/Cu joints are 
widely used as electrical connectors in many industries because of their good corrosion resistance 
and electrical conductivity [9]. Although numerous investigations on explosive welding of various 
metal combinations were conducted by the researchers [9−12] welding and cladding of Sn and Al 
using this technique have not been paid attention. Sn based solder alloys are electrically connected 
with metallic components (most notably the Cu conductors) in the electronic device. However there 
is no solder alloy in electronic applications which operates with Al in the same way that ordinary 
solders operate with copper. Because Al does not alloy readily with solders, moreover the Al 
surface is covered with a thin invisible coating of aluminium oxide. Thin oxide film makes it 
difficult to join dissimilar materials [13]. 

Thus, the aim of current study is to make an attempt to fusing of Sn and Al plates using 
underwater explosive welding method. Further, evolution of interfacial microstructures between 
welded Sn/Al joint is investigated. 
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Experimental 
The commercial high purity Sn (0.5 mm × 100 mm × 100 mm) and Al (5mm × 100 mm × 100 mm) 
plates procured from Nilaco corporation, Japan were used in the present study. The procured Sn 
plate was sectioned into small plates having a dimension of 0.5 mm thick × 50 mm length × 50 mm 
width and Al plate of 5mm × 50 mm × 50 mm. Underwater explosion welding experiments with an 
inclined setup were performed to weld Sn and Al plates. A stand−off distance (SOD) between the 
flyer plate Sn and base plate Al was set to 0.2 mm by placing 0.2 mm thick aluminium plate as 
spacer between the plates. The inclination angle (∝) between the plates was set to 20°to control the 
collision angle and the velocity. A stainless steel (SUS 304, 0.1 mm ×50 mm× 50 mm) was used as 
cover plate above the flyer plate to eliminate cracks between the joints. An inclined layer of SEP 
explosive (detonation velocity of 7 km/s, density 1300 kg/m3) was bonded to Polymethyl 
Methacrylate (PMMA) plate and positioned above the flyer plate. The SEP explosive was procured 
from Kayaku Japan Co, Ltd, Japan. The distance between explosive and the center of the sample (d) 
were set at 30 and 60 mm. A mild steel anvil was positioned below the sample to ensure the sample 
flatness and to adjust its height. Entire setup was kept inside PMMA container which contained 
water. Fig. 1 shows the schematic diagram of underwater shockwave explosion welding technique 
with weldable conditions. 

 

 
 

Fig. 1: Schematic outline of explosive welding using underwater shock wave technique. 
 

Welded Sn/Al plates were sectioned along the direction of wave propagation using shear cutting 
machine (Aizawa, AST−612). Sectioned samples were polished using SiC papers of different grit 
sizes (400–2000 mesh number) using emery paper disc polishing machine (Velnus, Asahikase 
make). The final polishing was carried out on a disc polisher (Struers labpol – 1) using silica liquid 
lubricant. Interfacial region of Sn/Al joint cut at the center parallel to the detonation direction was 
micro−examined using an optical microscope (Nikon LM 2) and scanning electron microscope 
(JEOL JSM 6510A). 
 
Results and discussion 
Underwater explosive bonded Sn/Al plates at varied distance of the explosive from the center of the 
sample are shown in Fig. 2. As the detonation initiated, chemical reaction of explosive at high rate 
generated the shockwaves in the surrounding water. These shockwaves propagated through the 
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water and accelerated the Sn plate (flyer) to impact the Al plate (base). Due to the collision (at 
higher rate), a strong metallurgical bond between Sn and Al was occurred.  
 

    

                              
 

Fig. 2: Explosive welded (underwater) Sn/Alu samples at (a) d=30mm front view (c) d=30mm back 
view (b) d=60mm front view (d) d=60mm back view 

 
If the distance between explosive and the center of the sample is kept low, collision takes place 
before the flyer Sn plate could reach the maximum velocity. Further, at higher distance of explosive 
from the sample, the velocity drops to a lower value at the time of collision [8,14]. The optical 
microstructures of cross section along welding direction (horizontal positions) for the samples 
welded at d = 30 mm and 60 mm are shown in Fig. 3 and 4. 

 
 

 
 

Fig 3: Microstructures of cross section along the welding direction (horizontal positions) of welded 
Sn/Al  plates at d = 30 mm. 
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Fig 4 : Microstructures of cross section along the welding direction (horizontal positions) of welded 

Sn/ Al plates at d = 60 mm. 
 
Interfacial microstructures (at higher magnification) of welded Sn/Al joints at varied water distance 
are shown in Fig. 5 and 6. Results indicated that pure Sn and Al can be successfully welded/joined 
using underwater explosive welding method. During explosive welding process, kinetic energy 
(K.E) of the flyer plate Sn was transformed to potential by colliding with the base plate Al. This 
resulted in plastic deformation at the interface of Sn and Al plates. Due to higher intensive plastic 
deformation at d=30mm, a wavy morphology (Fig. 5) was formed at the interface, which swept the 
surface layers of Sn over Al base plate. However, the kinetic energy of flying plate, energy 
shockwave and plastic flow was found to be minimum at d = 60 mm due to which small waves in 
smaller wavelength (Fig. 6) were observed at the Sn/Al interface.  

 
 

Fig. 5: Optical microstructures of explosive welded Sn/Al  joints (d=30mm) at different locations 
 

 
 

Fig. 6: Optical microstructures of explosive welded Sn/ Al  joints (d=60mm) at different locations 
At the interface of Sn/Al plates welded at d = 30 mm other than large waves, cracks and voids were 
formed because, the energy shockwave was more, and loss of kinetic energy of flyer plate was high 
compared to d = 60 mm. Microstructures indicated that the welding was not successful at interface 
of Sn/Al joints welded at d = 30 mm. However, a good bonding was observed at interface of Sn/Al 
joints welded at d = 60 mm. 

 

Conclusion 
Based on the results and discussion the following conclusions are drawn. 

Sn and Al plates can be successfully bonded using underwater explosive welding method. 
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The size and morphology of wavy interface decreased with increase in the distance between the 
explosive and the center of the sample  

The interface of samples welded at d = 30 mm associated with the cracks and voids, whereas 
samples welded at d=60 mm was found to be free defects. 
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Abstract. This study addresses the development of biaxial and triaxial weldability window- an 
analytical estimation-for determining the nature of interface in aluminum 5052-stainless steel 304 
dissimilar explosive cladding. The lower and upper boundaries of the biaxial weldability window 
are formulated using empirical relations proposed by earlier researchers. The process parameters - 
dynamic bend angle and collision velocity are chosen as ordinates and abscissa respectively. In 
addition, a triaxial weldability window, comprising of three process parameters viz., flyer plate 
velocity, collision velocity and dynamic bend angle  is also developed. Explosive cladding 
experiments were conducted by varying the process parameters and the interface microstructure is 
correlated with the developed weldability windows.  

1. Introduction 
Development of bimetallic components drew the attention IN aerospace, ship building and 
automotive sectors, owing to their lightweight and good mechanical, thermal and corrosion 
resistance properties [1]. Aluminum clad steel is one such bimetallic component, used, as transition 
joint, in cryogenic pressure vessels and in power station cooling system. Numerous techniques are 
currently employed for cladding aluminum with steel such as hot rolling, hot pressing and diffusion 
bonding. However due to wide difference in density, melting point and coefficient of thermal 
expansion, bonding of aluminum to steel by conventional welding methods, is still a challenging 
one [2]. In this context, explosive cladding shows good potential to manufacture larger bimetallic 
clads and composite laminates without complications. 
 In explosive cladding, the quality of the clad depends on the judicial selection of process 
parameters viz., surface preparation, standoff distance, loading ratio, thickness of flyer plate and the 
properties of the chemical explosive [3]. Various researchers employed numerical simulation and 
weldability window-an analytical estimation for obtaining the optimum conditions-for an acceptable 
clad exhibiting microstructure free from defects and good strength [4-6]. In this study, an attempt is 
made to develop a triaxial weldability window in addition to the conventional biaxial one,for 
attaining optimum process parameters for a sucessful Al 5052-SS 304 explosive clad. The results 
show that the experimental conditions prevailing inside the boundaries of the window results in a 
successful clad with a wavy topography.   

2. Experimental 
Parallel and inclined explosive cladding configuration, shown in Fig.1 [7], with aluminum 5052 
alloy (size: 90 mm × 50 mm × 2 mm) and SS 304 (size:90 mm × 50 mm × 6 mm) as flyer and base 
plates respectively was attempted.  
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 Fig.1 (a) Parallel configuration               (b) Inclined configuration 
 
The mating surfaces of the plates were mechanically polished and thoroughly cleaned prior to 
experiments. The explosive (detonation velocity of 4000 m/s), was positioned above the flyer plate 
and the preset angle between the flyer and base plate has varied from 0 to 5 degree. The loading 
ratio (mass of the explosive/mass of flyer plate) was varied from 0.8 to 1.0 and the detailed 
experimental conditions are tabulated in Table 1. Subsequent to cladding, samples were cut parallel 
to the detonation direction for microstructural examination. Microstructural features of the clad 
were observed under VERSAMET optical microscope and the results are reported. 

Table 1 Experimental conditions 

S. No Loading 
ratio, R 

Standoff 
distance, S 

[mm] 

Preset 
angle, A 
[degree] 

Dynamic bend 
angle, β [degree] 

Collision 
velocity, Vc, 

[m/s] 

Flyer plate 
velocity, Vp 

[m/s] 
1 0.8 5 0 10.03 4000 699.4 
2 0.9 5 0 10.89 4000 759.7 
3 1.0 5 0 11.7 4000 816 
4 0.8 5 3 13.03 3071.7 699.4 
5 0.9 5 5 15.89 2728.8 759.7 

 

3. Weldability window 
The determination of precise boundaries in the construction of weldability window involves various 
assumptions and constants which are influential  during the formulation.. The experimental 
conditions prevailing within the upper and lower boundaries of the window, results in a successful 
clad [8].. In explosive cladding, as the number of process parameters are more, weldability window 
is drawn between any two chosen influential process parameters. In this study, the biaxial 
weldability window is generated with welding velocity and dynamic bend angle as ordinate and 
abscissa respectively. In parallel configured explosive cladding, the welding velocity, Vc, is equal to 
detonation velocity (Vd) of the explosive [8]. The second chosen parameter dynamic bend angle, β, 
is analytically determined by  

d

p

V
V1sin2 −=β  

Where Vp is the flyer plate velocity determined by 
2

2 βSinVV dp =  

The lower boundary of the weldability window is determined by [4] 
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2
C

V

V
H

K
ρ

β =
.
 

Where, K is equal to 1.14, 'Hv' is the Vickers hardness and 'ρ' is the density of the flyer plate. The 
experimental conditions, superimposed on the biaxial weldability window, are falling closer to the 
lower boundary, as shown in Fig.2. The upper boundary of the weldability window is estimated by 

( )25.125.0
3

.2
sin

CVt
K

=
β

.         
(4) 

Where k3 =Cf/2, Cf = ρ/K , K= E/3(1-2γ), Where Cf is compressive wave velocity, t is the 
thickness of flyer plate, Vc is the collision point velocity, k is the bulk modulus and E is the young’s 
modulus. 

4. Results and discussion  
4.1 Biaxial weldability window  
The biaxial weldability window for aluminium-steel, comprising of upper, lower boundaries and the 
experimental conditions (Table 1), is shown in Fig. 2. Researchers opined that the experimental 
conditions inside the upper and lower boundaries results in successful clad. However, the 
significance of regions near to lower boundary, and that too in close proximity to left corner in 
achieving a defect free clad is insisted by many earlier researchers [4,6,9]. Experimental conditions 
closer to the lower boundary indicate lower dynamic bend angle, collision velocity and plate 
velocity and which results in a defect free dissimilar clad (detailed in the section 4.3). 

 
Fig.2 Biaxial weldability window (Al-SS 304) 

 
4.2 Triaxial Weldability window 
The lower boundary of the weldability window is generated in a three dimensional view, 
considering three parameters viz., bend angle, collision velocity and flyer plate velocity (Fig.3). A 
three dimensional lower boundary in a weldability window provides better understanding of the 
collision condition as the additional third parameter is considered as well.   
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Fig.3 Triaxial weldability window (Al-Steel) 

4.3 Microstructure  
The interface highlights the difference in microstructure, from straight and sinusoidal topographies, 
and indicates the effect of explosive mass on the quantum of deformation work performed. 
Transformation of straight interface to an undulating interface, for an increase in loading ratio, is 
consistent with earlier researchers [10-12]. None the less, interfacial melting is witnessed at few 
regions of the crest of the wave for all attempted conditions, due to enhanced temperature at specific 
locations. Further, grains across the periphery are finer and oriented towards the detonation 
direction.  
 

Fig. 4  
Microstructure of the explosive clad (Al 5052-SS 304) 

The interface microstructure of Al-SS 316 explosive clad, for a loading ratio, R of 0.8, show a 
straight interface with a continuous strip of molten diffusion layer (Fig.4.b). The molten layer, 
probable weaker locations in the clads, are formed due to the dissipation of the available kinetic 
energy at the interface. The microstructure of the aluminum 5052-stainless steel explosive clad at a 
loading ratio, R=1.0 (Fig.4.a) reveals the characteristic wavy interface with few intermetallic 
compounds on the vortices of the participant metals. The experimental conditions prevailing inside 
the weldability window results in a wavy interface.  

Conclusion 
1. Weldability window is a effective tool for selecting explosive cladding parameters. 
2. The experimental conditions falling within the window produce a wavy interface. 



Explosion Shock Waves and High Strain Rate Phenomena  Materials Research Forum LLC 
Materials Research Proceedings 13 (2019) 154-158  https://doi.org/10.21741/9781644900338-26 

 

 

 158 

3. Points closer to the lower limits of welding window are preferable. 
4. Triaxial weldability window provides the influence of three process parameters, and hence 
advantageous.  
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Abstract. In this study, explosive cladding of aluminum 5052-aluminum 1100 plates with silicon 
carbide particles spread between them is attempted. The percentage of silicon carbide particles is 
varied from 6% to 12% by wt., keeping other parameters viz., standoff distance, loading ratio, flyer 
and base plate thickness and preset angle as constant. The influence of silicon carbide (SiCp) on the 
interface microstructure and strength are discussed and correlated with the conventional explosive 
clad. The interface microstructure reveals a smooth interface free from defects and an increase in 
silicon carbide particles enhances the strength of the dissimilar aluminum explosive clad. 

Introduction 
Hybrid aluminium composites, having one or more reinforcements, are extensively employed in 
aerospace, marine, automotive and defence applications. Hybrid composites exhibit superior 
mechanical properties viz., higher hardness, fracture toughness, fatigue resistance and creep 
resistance [1]. In addition, these composites show higher corrosion and wear resistance and thereby, 
are excellent replacement for conventional metals and alloys [2]. The choice of processing 
condition, fabrication process and the choice of reinforcement significantly improve the mechanical 
and metallurgical properties of hybrid composites. 
 Various researchers prepared and analysed the metallurgical and mechanical properties of 
hybrid composites through powder metallurgy techniques. Few of the salient contributions are 
summarized here. Rana et al. prepared silicon carbide reinforced aluminium alloy composites by 
melt-stir casting assisted with ultrasonic vibrations [3]. They concluded that the ultrasonic vibration 
improves the grain refinement and promote uniform distribution of the reinforcements. Afkham et 
al. employed aluminium nano particles as reinforcement in the preparation of aluminium matrix 
composites and reported better mechanical properties [4]. In this context, Ma et al. recommended 
the usage of smaller grain sized reinforcements for attaining high wear and mechanical properties 
[5]. In another study, Dasari et al. examined the mechanical properties of liquid infiltrated 
aluminium alloys reinforced with graphene oxide and reduced graphene oxides [6]. 
Shirvanimoghaddam et al. studied the improvement in hardness and tensile strength of boron 
carbide, titanium diboride and zirconium silicate reinforced aluminium alloy composites [7]. 
Though significant research on hybrid aluminium composites was performed in powder metallurgy 
technique, studies on the preparation of silicon carbide reinforced dissimilar aluminium composites 
by explosive cladding is scarce. In this study, Al 5052 and Al 1100 aluminium plates are 
explosively cladded with varied percentage of silicon carbide particles spread on the base plate.  
The influence of silicon carbide on microstructure and mechanical strength of the dissimilar 
aluminium clad is reported. 
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Experimental  
A parallel explosive cladding configuration with silicon carbide particles placed at the base plate 
was attempted (Fig. 1). Silicon carbide particles of varied proportion (6-12 %, by wt. of flyer plate) 
are dispersed in the mid region of the base plate (Al 1100), having dimension 80 mm X 60 mm X 5 
mm. Al 5052 plate (80 mm X 60 mm X 2 mm) is positioned 5 mm above the base plate (standoff 
distance).The chemical composition of parent metals are given in Table 1. Commercial chemical 
explosive (detonation velocity-4000 m/s, density-1.2 g/cm3) was packed above the flyer plate at a 
constant loading ratio, R of 0.8, and the detonator was positioned on one corner of the explosive 
pack. The experimental conditions were fixed based on the trial experiments. 

 
Fig.1 Explosive cladding with silicon carbide particles 

Table 1 Chemical composition of participant metals 

  
Post cladding, the specimens for metallographic observations were sectioned parallel to the 
detonation direction, following standard metallurgical procedures viz., grinding, polishing and 
etching (Kellers reagent-5 ml HF, 10 ml H2SO4, 85 ml H2O for 20 s). The post cladding 
metallographic analysis was performed in a VERSAMAT–3 optical microscope equipped with 
Clemex image analyzing system. Vickers micro-hardness measurement across the explosive clads 
were conducted on a ZWICK micro-hardness tester applying 100 g load (ASTM E 384 standard) 
and the results are presented.  

Results and discussion 
Microstructure. The interface microstructure of the SiCp dispersed hybrid aluminum explosive clad 
are shown in Fig. 2(a-d). The interface exhibit a smooth interface free from jet trapping or 
formation of any reaction compounds. The interfaces reveal the dispersion of silicon carbide 
particles (SiCp), visible as a continuous black patch. The thickness of black region increases with 
the percentage of silicon carbide employed at the middle of the dissimilar aluminum clad interface. 
The silicon carbide particles, with reduced size, are distributed uniformly across the interface. The 
grains closer to the interface are smaller and oriented towards the direction of detonation. 

Material  Composition (wt. %)   

 Cu  Mn  Si  Mg  Zn  Fe  Cr  Ti  Al  

Al  1100  0.0292  0.0177  0.101  0.0169  0.0158  0.479  -  -  Bal  
Al  5052  0.1  0.4  0.4  4.2  0.25  0.4  0.15  0.15  Bal  
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Fig. 2 Microstructure of the Al5052-Al 1100 explosive clad 

(a) 6 % SiCp (b) 8 % SiCp (c) 10 % SiCp (d) 12 % SiCp 
The interface microstructure of dissimilar aluminium (Al 5052-Al 1100) explosive clad with 6% 

of SiCp is shown in Fig. 2.a. It is observed that the silicon carbide particles are uniformly 
distributed across the interface. The interface exhibit a straight interface, free from trapping of 
escaping jet or formation of continuous molten interlayer. The thickness of silicon carbide particles 
at the interface is measured as 1.39 mm. However, it increases to 1.48 mm, when the quantity of 
silicon carbide is enhanced to 8 % (Fig. 2.b). Formations of cluster or agglomerations of SiCp 
particles are not observed at the interface (Fig.2.b). The SiCp layer’s thickness at the dissimilar 
aluminium clad interface further increases to 1.54 mm, when the concentration reaches 10 % 
(Fig.2.c). On the contrary, for a 12 % SiCp concentration, the micrographs (Fig. 2.d) reveal 
agglomeration and particle clusters of Al2SiC, identified by EDS analysis. Formation of 
agglomeration or clusters is consistent with the reports of Dhas et al [8]. The concentration of 
silicon carbide particles at the interface holds a significant effect on the micro-hardness of the 
interface as well (detailed in the next section). 
 
Hardness.The average of three Vickers micro-hardness measurements at equal intervals from the 
cross sections of silicon carbide reinforced dissimilar aluminum explosive clad is shown in Fig.3. 
Post clad hardness of both aluminum grades are higher than the pre clad conditions (Al 1100- 47 
Hv, Al 5052-74Hv) following high pressure and the cold deformation experienced during the high 
impact collision. This is consistent with the earlier reports of Saravanan et al [9-11]. There is no 
significant variation in the hardness at the hardness of silicon carbide particles. 

Conclusions 
The present study reports the influence of varied percentage of silicon carbide on the microstructure 
and micro-hardness of Al 5052-SiCp-Al 1100 explosive clads. The following salient conclusions 
are drawn from this experimental study: 
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1. The introduction of silicon carbide as reinforcement in aluminium composites significantly 
improves the strength characteristics.  

2. The Al 5052-SiCp-Al 1100 explosive clad with 10 % silicon carbide exhibit better strength.  
3. As the concentration of silicon carbide particles enhances its thickness on the interface 

increases as well.  
4.  The enhancement in the mechanical properties of silicon carbide reinforced dissimilar 

aluminium explosive clads promises to be a potential candidate for marine and offshore 
structural applications 
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Abstract. This study focuses on the effect different interlayer viz., copper, aluminium and stainless 
steel interlayer on the explosive cladding of aluminum alloy (Al 5052) - stainless steel (SS 316) 
plates subjected to varied process parameters viz., standoff distance, loading ratio (mass of 
explosive/mass of flyer plate) and inclination angle. The interface transforms from straight to wavy, 
while increasing the standoff distance and loading ratio. Moreover, increase in loading ratio 
enhances the wave length and the amplitude of interfacial wave. Mechanical testing viz., Vickers 
micro-hardness, Ram tensile and side shear test were conducted on Al 5052-SS 316 explosive clads 
and the results are reported. The maximum hardness is obtained for Al-SS 304-SS 316 explosive 
clads, while the tensile and shear strength of aluminum-SS 316 explosive clads with copper 
interlayer exhibit an acceptable joint strength. 

1. Introduction 
Aluminium - steel bimetals are employed in ship building and as high speed transition joints owing 
to light weight and good corrosion resistance [1].  Aluminium - steel clad plates replace solid 
aluminium or steel in structural, thermal expansion management and corrosion resistant 
applications. The reason for using aluminium - steel composite part instead of single metal is to 
lower cost with better corrosion resistance and improved strength. Welding of aluminium-steel 
plates by conventional methods is not viable due to the formation of undesirable intermetallic 
compounds, which weakens the clad strength and results in a poor metallurgical bond. Whereas, 
explosive cladding offer a feasible alternative to clad aluminium-steel plates devoid of intermetallic 
compounds at minimum cost. The quality of explosive clad is dictated by the proper selection of 
process parameter viz., standoff distance, loading ratio and inclination angle [2-4].  

Acarer et al.  investigated the effects of process parameters (explosive rate, anvil, stand -off 
distance) on microhardness and shear strength of the dissimilar explosive clad [5]. In another study, 
Raghukandan [6] adopted Response Surface Methodology to evaluate the effect of process 
parameters viz., flyer thickness, explosive loading ratio (R), angle of inclination and standoff 
distance on the tensile and shear properties of Cu-low carbon steel explosive clads. The effect of 
heat treatment on the aluminium-steel clad strength was reported by Mousavi et al [7].  Recently, 
Saravanan et al. employed different layer in Al-Cu explosive cladding and reported the significance 
of kinetic energy utilization on the nature of interface and strength [8].  Similarly, Tamilchelvan et 
al. cladded titanium-steel at varied loading ratios and standoff distances and who reported the 
significance of kinetic energy dissipation [9]. Though numerous attempts were made by earlier 
researchers to explosively clad dissimilar metals, the studies on the effect of different interlayer on 
Al-steel explosive cladding is limited, and attempted herein. In addition, the mechanical strength of 
Al-SS 316 explosive clads with different interlayer is determined experimentally, as per the relevant 
standards, and the results are reported. 
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2. Experimental Procedure 
Inclined explosive cladding configuration  reported elsewhere [10] was attempted with 

aluminum 5052 (50 mm × 100 mm × 2 mm and SS 316  (50 mm × 100 mm × 6 mm) as flyer and 
base plate respectively. The interlayers viz. Copper (chemical composition in wt%: Mn-0.0002, Si-
0.0004, Mg-0.0001, Zn-0.00042, Fe-0.032, Al-0.001, Cu-Bal.), aluminium (chemical composition 
in wt%: Cu-0.0292, Mn-0.017, Si-0.101, Mg-0.0169, Zn-0.0158, Fe-0.479, Al-Bal) and SS 304 
(chemical composition in wt%: Cr-18, Ni-8, Cu-0.05, C-.08, Si-0.34, Mo-0.05, Mn-2, P-0.04,S-
0.03, Fe-Bal.) are positioned as interlayer between flyer and base plates. The flyer-interlayer and 
interlayer-base plates are separated by 10 mm, which allow the flyer plate to reach its terminal 
velocity. A constant loading ratio and inclination angle (R-1.0 &A-10°) are maintained and the 
detailed experimental conditions are given in Table 1.  The chemical explosive (detonation velocity 
4,000 m/s, density 1.2 g/cm3) was packed above the flyer plate, and the detonator was positioned on 
one corner. The mating surfaces were mechanically polished and thoroughly cleaned by acetone, 
prior to experiments.  

Post cladding, the clads were sectioned parallel to the detonation direction for examining the 
nature of interface, and the samples were prepared through standard metallographic practice.  
Vickers micro-hardness was measured based on ASTM E 384 standard [11] on a ZWICK micro-
hardness tester with a load of 4.9 N and a dwelling period of 0.5 mm/min. The averages of three 
hardness values are values are presented. Ram tensile test specimens for each experimental 
conditions were prepared in the direction of detonation (MIL-J-24445A standard) and  shear test 
specimens  were fabricated as per ASTM B898-99 standard. Both the tests were performed in a 
servo controlled universal testing machine (UNITEK-94100) by applying uni-axial compressive 
force on the explosive clads and the results are reported.  

 
Table 1 – Experimental conditions  

 
No 

 
Inter 
layer 

Standoff 
distance, 
SD, mm 

Loading 
ratio, R 

Inclination 
angle, A 
degree 

Kinetic 
energy 
loss,∆KE, 
MJm-2 

1 Cu 10 1.0 10 0.76 
2 Al 10 1.0 10 0.82 
3 SS 304 10 1.0 10 0.82 

 
 

3. Results and Discussion 
3.1 Microstructural Characterization 
The interface microstructure of Al 5052-SS 316 explosive clad with copper, aluminium and 
stainless steel (SS 304) interlayers (Fig. 1a-c) show wavy morphologies as reported by earlier 
researchers [12, 13].   Formation of straight interface is observed on the similar metal sides, 
whereas, they transform into a wavy interface on the dissimilar side. The undulating interfaces, a 
noticeable characteristic of explosive cladding process, provide a better interlocking mechanism as 
the interfacial morphologies are designed and regulated by the system parameters viz., collision 
angle, collision velocity, preset angle, nature of explosive, standoff distance and properties of 
participant metals. 

The Al 5052-Cu-SS 316 (Fig. 1a) microstructure display a wavy interface devoid of defects, 
viz., cracks, trapped jet and molten layered zone. When copper is introduced as interlayer between 
Al-5052 and SS 316 clad, the interfacial waves (amplitude-27µm) are more pronounced on the first 
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interface (flyer-interlayer), whereas the amplitude of interfacial waves (20 µm) declines on the 
second interface (interlayer-base). 

The Al5052-SS316 clad with aluminium interlayer display a straight interface with devoid 
of crakes, trapped jet and molten layer. When aluminium interlayer is introduced, the  

 
Fig. 1 (a-c) Microstructure of the Al-Steel explosive clad  
 (a) Cu interlayer (b) Al interlayer (c) SS 304 interlayer 

available kinetic energy (0.82MJm-2)  increases, thereby metal flow around the collision point 
becomes unstable and oscillates, creating a wavy interface with a higher amplitude (Fig. 1b: 32 µm) 
consistent with the report of Somasundaram et al[14]. The kinetic energy spent during collision in 
explosive cladding with interlayer is given by an empirical relation [8]  

∆KE = 
𝑚𝑓 𝑚𝑏 Vp2

2�𝑚𝑓+𝑚𝑖�
 + 

𝑀 𝑚𝑏 𝑉𝑝1
2  

2�𝑀+ 𝑚𝑏�
                   (1) 

Where 'mf ' is the mass of flyer plate per unit area, 'mi' is the mass of interlayer per unit area, 'mb' is 
the mass of base plate per unit area,' Vp1' is the flyer plate velocity and M is the combined mass of 
flyer plate and interlayer. The flyer plate velocity (Vp1) after the first impact is calculated by 
Vp1=2Vd sin (β/2)                                                                (2) 
where 'β' is the dynamic bend angle, calculated by 

𝛽 = ��𝑘+1
𝑘−1

− 1� . 𝜋
2

. 𝑅
(𝑟+2.71+0.184𝑡𝑒 𝑆𝑆⁄ )

                                   (3) 

Where R is the loading ratio, 'te' is the thickness of explosive and 'SD' is the standoff distance. K is a 
constant varies from 1.96 to 2.8 depends on the thickness of the explosive. 
            The Al 5052-SS304-SS316 (Fig.1c) shows a straight interface devoid of intermetallic 
compounds and amplitude of explosive clad reduces to resemble a straight interface, when a lower 
thermal diffusivity stainless steel 304 (4.03 x 10-6 m2/s) is used as interlayer. Though wavy 
interfaces are preferred, straight interface provides better strength as reported by Kahraman et al. 
[15]. Hence, it is consistent in this study. The nature of interface viz., wavy, straight or formation of 
intremetallic compounds is also established by the thermal diffusivity (α) of the interlayer and 
defined by 
   α =  𝑘

   𝜌 𝑐
                                                              (4) 

Where, k, ρ and c denote thermal conductivity, density and specific heat capacity of metals 
respectively [4]. 
3.2 Mechanical Strength    
3.2.1 Microhardness test 
The Vicker microhardness of the explosively cladded Al5052-SS316 plates with different interlayer 
are measured at uniform interval. The Vickers hardness closer to the interface of interlayered clad is 
twice higher and (20%) more than the base metals. This is because of interface hardening owing to 
sudden deformation. The increase of hardness in the base plate closer to the interface is expressed 
and frequently discussed by earlier researchers [5,9, 10&16]. The hardness profile for Al5052-
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SS316 explosive clads with different interlayer emphasizes the significance of higher density 
interlayer. The highest hardness is achieved in stainless steel (SS 304) interlayer following the 
higher collision velocity. This causes strong plastic deformation due to higher kinetic energy 
utilization. This enhancement in hardness is not significant at region away from interface following 
the reduction in plastic deformation.  

3.2.2 Ram tensile test 
Ram tensile strength of clads are higher than the weaker parent metal (Al5052-180MPa).  The 
lowest tensile strength is obtained (263MPa) when aluminium is employed as interlayer however it 
is 20%  higher than weaker parent metal. The introduction of higher density metals enhances the 
kinetic energy utilization and influences the mechanical strength of explosive clads. The highest 
tensile strength value is obtained for experimental condition involving stainless steel (SS 304) 
interlayer (278MPa) shown in Table 2.  Mastanaiah et al. opined that ram tensile strength of 
explosive clads are invariably higher than the weaker of the participating metals, which is consistent 
with this study [17]. 

 
Table 2 – Tensile strength of explosive clads 

 

 
No 

Standoff  
Distance 

(mm) 

Loading 
Ratio 
(R) 

Inclination 
Angle (A0) 

Interlayer Tensile 
strength 
(MPa) 

Shear 
Strength 
(MPa) 

1 10 1.0 10 Al 263 180 
2 10 1.0 10 Cu 273 184 
3 10 1.0 10 SS 304 278 186 

3.2.3 ASTM side shear strength 
The compressive force is applied on the explosive clad by measuring load with respect to 
displacement, until the sample fails on universal testing machine at 0.5 mm/min and the results are 
shown in Table 2. The shear fracture took place in the weaker metal (Al 5052) indicating the 
interface has higher strength than the weaker metal.  This is in agreement with the results on 
Mousavi et al.  who joined Ti-steel. [18]. The maximum shear strength is obtained at Al5052-
SS304-SS316 explosive clad due to higher kinetic energy utilization at the interface.  The shear 
strength of the clads are 60% - 67% higher than the aluminum and prevailing between the shear 
strengths of parent metals, which is consistent with the reports of  Rao et al [19]. 

Conclusions 
1. Introduction of interlayer significantly increases the kinetic energy utilization, and thereby, the 
formation of intermetallic compounds at the interface is inhibited. 
2. Microhardness closer to the interface is higher owing to the sudden deformation experienced. 
3. Al5052-SS316 explosive clad with stainless steel interlayer exhibit better mechanical strength. 
4. Ram tensile strength and shear strengths  is higher than that of  Al 5052 indicating the bond is 
stronger than the parent metals 
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