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Abstract In this study physical mechanism of explosive

welding joint was analysed. The mechanism refers to wavy

joint with interpass and without one. Plastic strain, vis-

cosity and acoustic waves were applied to explain the

problem. The own model of the mechanism of oxide

removal for the direct joint and test results confirming the

bonding mechanism were showed.

Introduction

The technology of explosive welding requires the better

recognition. It results from its specific role, which is quite

different from typical welding methods. It is the impulse

material processing by means of high pressure, which lasts

for a very short time. Basic phenomena in this process can

only be modelled. To do that, it is necessary to know very

well the physical mechanism of the wavy joint with

interpass (intermediate joint) and without one (direct joint).

That is why the necessary knowledge about this mecha-

nism must be supplemented and systematized accordingly.

The new model of the mechanism of oxide removal for the

direct joint and experimental tests results confirming the

known bonding mechanisms should be useful for that aim.

Thus, the plastic strain, viscosity and the acoustic unload-

ing wave were properly used.

Plastic strain

The technology of explosive welding and material prop-

erties connected with it were included in Refs. [1–6]. Skew

collision of plates (Fig. 1) causes the specific strain con-

dition in the collision area.

The basic condition of obtaining the welded joint is

forming the plastic zone in the collision area of joined

materials [4]. In such a situation the effective wavy joints can

occur, if two conditions can be met [7]. In the first condition

thus p [ smax % G/2p where the collision pressure p, the-

oretical yield point smax and the modulus of rigidity G were

considered.

The critical slip stress in fine metals is 102 MPa. In spite

of that the pressure value p should exceed the maximum

theoretical stress smax % 104 MPa. The second condition

Vf \ VC \ c0 is connected with the slowest velocity of

forming waves Vf and the sound velocity c0 in the material.

The distribution of maximal relative strain results from

the plate loading stage caused by collision. The maximal

plastic flow of the metal occurs in a thick layer 0.5 mm

since the joint boundary. This flow can be seen in the shape

of elongated grains and the inclined wavy tops in the

direction of detonation (Fig. 2). At the unloading stage the

elastic acoustic waves allow the specified joint mechanism

to occur [8].

The new model of the mechanism of oxide removal

for the direct joint

Hitherto existing researches do not quite explain the self-

acting superficial cleaning of the joint plates, and that is

why the own model of the mechanism of oxide removal has

been suggested.
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In the collision area, active layers appear. They include

new oxides and basic materials of both welded plates, which

are subject to plastic flow (Fig. 2). The old oxides, greases

and impurities are usually removed before the welding pro-

cess. In the direct joint without any interpass, fine metals are

in the physical contact at the distance smaller than 10-9 m. It

is equal to the crystal lattice parameter a. For welded

materials a–Fe, c–Fe and Cu parameter a = 2.86–

3.60 9 10-10 m. Such distance determines specified bonds,

for instance, metallic bonds preceded by van der Waals’

forces.

Total thickness of real oxides in active layers greatly

exceeds the value 10-9 m. Not all the oxides must be

removed from the surface with mass jet, which precedes

the collision point C (Fig. 1). If some oxides are left in the

spot, they participate in forming the joint. Let us explain

what directly helps to destroy and separate oxides from

materials of both plates.

In the maximum pressure zone p of the collision area,

active layers of welded plates are in the inviscid state [3].

This inviscid state results from the action of two forces:

axial N = N(x) and tangent T = T(x) (Fig. 1). Let us sep-

arate the oxide 1 above of the division surface AB and

material element 2 (below) from the active layer of the

parent plate (Fig. 3). Let us consider distribution of

velocity and non-dilatational strain in those elements. Let

us assume convergence of velocity gradient dVt1/dy,

dVt2/dy and strain gradient dgmax/dy. On the division sur-

face AB of elements coming from Newton’s fluids there is

no slip and only tangent stress s occurs

s ¼ g1

dVt1

dy
¼ g2

dVt2

dy
ð1Þ

Thus, when g1 \ g2 and dVt1/dy [ dVt2/dy, then the

velocity gradient in the active layer causes cracking, dis-

rupting, moving and making thinner of the oxide layers.

The phenomenon facilitates a bonding of welded materials

in the direct joint.

Cooperation of welded materials and acoustic waves

In the welding process there are appropriate conditions for

chemical cooperation of metals in the solid phase and

quasi-liquid one. The welding of metals occurs in three

stages [9]. These are in sequence: the physical contact,

activation and volumetric interaction.

The first stage of metal bonding requires exceeding smax

in time t1

t1 ¼ fexp½cð1� 1=eÞ�gne=�� ð2Þ
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Steel 0.02 mm

2

1 

Direction of detonation

3

Fig. 2 The plastic flow of steel and brass layers in the steel–brass

wavy joint: 1 and 2 are sections of the interpass from the front and

back vortex; 3 is the big steel infused inclusion from the back vortex
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Fig. 3 Distribution of velocity (a) and non-dilatational strain of the

elements made of active layer (b): Vn and Vt are velocity components

Vp; dVt1/dy, dVt2/dy are velocity gradients; g1, g2 are dynamic

viscosity coefficients for the oxide 1 and the material of the parent

plate 2; dT is the tangent force and AB is the division surface of

elements

Fig. 1 The skew collision of plate thicknesses g1, g2 (a) and the

distribution of pressure p = p(x), axial forces N = N(x) and tangent

forces T = T(x) on the parent plate surface (b): Vp is the flyer plate

velocity, C is the collision point, VC is the collision point velocity, Vd

is the detonation velocity, b is the collision angle and h is the initial

distance between two plates
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where c, n are constants; e;�� are the relative strain and

strain velocity of welded materials, respectively.

The second stage is connected with overcoming the

energy barrier and meeting atoms in a distance shorter than

10-9 m. The velocity gradient in the active layer supports

breaking bonds Me–O. The pressure and temperature gra-

dients generate contact centres of both surfaces and then

occurs the chemical bonding in time t2

t2 ¼ 1=2m�1exp E=kTð Þexpð�asÞ ð3Þ

where m is a frequency multiplier, E is the activation energy

in the more resistant material, k is the Boltzmann’s con-

stant, T is the absolute temperature, and a is a coefficient.

The contact and activation allow to generate the adhe-

sion joint. The local temperature increase magnifies the

adhesion coefficient.

The third stage of metal welding runs in time t3

t3 ¼
r2exp E=kTð Þ

d2Do 1� cos pv=2rð Þ
ð4Þ

where r is the distance of volume activation; d, Do are the

regular and diffusion coefficients, respectively; and v is the

radius of a dislocation nucleus.

The equivalent of r is the vibration oscillator in the

collision area with a radius R [4].

R ¼ 2

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� V2
c =c2

0

q

2g1g2

g1 þ g2

sin2b
2

ð5Þ

Time t3 considers the sonic acoustic wave by means of the

expression V2
c =c2

0.

The diffusive mass transfer with velocity qM/qt is better

with the concentration gradient qc/qx, the temperature

gradient qT/qx and the stress gradient qr/qx [10].

oM

ot
¼ �Dc

oc

ox
� DT

oT

ox
þ Dr

or
ox

ð6Þ

where Dc, DT, Dr are diffusion coefficients.

If on the grain boundary or on the surface of grains

occur tensile stresses, then the excessive concentration of

vacancies d is achieved [11]

d ¼ d0rb3=kT ð7Þ

where d0 is the balance concentration of vacancies, r is the

applied stress and b is the distance between the nearest

atoms.

At that time at the compressive stress side there is a

deficit of vacancies. As the result of that, the vacancy jet

moves from the tensioned surface to the compressed one.

Simultaneously atoms move in the opposite direction with

velocity u

u ¼ 2rb3LD=kT ð8Þ

where D is the self-diffusion and L is the size of grains.

In accordance with the diffusion dislocation mechanism

the compressive shock wave forms dislocation nucleuses

and the complex sub-structure. Under the influence of the

tension unloading wave occurs the directional diffusion

through dislocation channels and boundaries of grains. The

occurring diffusion is the result of action of the elastic

acoustic wave.

At this stage of a welding process there are appropriate

conditions for recrystallization, i.e. forming new crystals

and common crystals for welded surfaces [12]. Such pos-

sibilities exist, especially during welding the same mate-

rials [7, 9]. The relationship between recrystallization

temperature and sizes of grains and the degree of strain for

brass (70% Cu, 30% Zn) was studied in Wyatt and

Dew-Hughes [13]. It results that after big plastic strain

and material recrystallization only small grains can be

obtained.

The explosive strain and internal friction of inviscid

materials allow local heating. The alloy Fe–Ni strength-

ened by the shock wave with pressure 30 GPa and heated

up to 773 K was completely crystallized. New grains were

formed through integration of sub-grain wide-angle

boundaries as different grains from nucleation and growing

nucleuses. However, liquidating the cold work after tradi-

tional strain started in temperature as high as 873 K.

The kinetics of recrystallization for iron after various

strains is very interesting [11]. The full recrystallization

occurred at 15.5 GPa within 11–12 min. The pressure

increase did not change its kinetics. The longer time of

annealing refers mainly to strains by rolling.

Forming the wavy joint with interpass accompanies

formation of the interpass. At the boundary of welded

material and the interpass occurs diffusion preceded by

friction and heat emission.

It is said that there is an analogy between explosive

welding and friction welding [14]. However, there are

some differences between these two techniques. In the

explosive welding technique it is pressure which decides

about the joint, but in the friction welding is decisive

temperature. Collision is the impulse measured in micro-

seconds and friction is measured in the full seconds. The

different conditions of welding create different structures

and the joint strength.

Metallurgy of the interpass

The vortex zones (front and back vortex) from the mass jet

form the interpass by mixing and melting of comminuted

particles of both plates [7]. The larger particles undergo

only the contact partial melting. The interpass mass is

closed in the small space by pressure of materials of both

plates. The existing heat comes from intermolecular
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friction and friction between particles and the plate sur-

faces. The final forming of the interpass is convergent with

explosive pressing and sintering of metallic powder. The

analogy is generally accepted.

During pressing crystals approach each other on the

atomic distance and their contact surfaces get larger. Sin-

tering causes the stable diffusive combinations of particles.

The particles in the interpass are different as for their size,

density and melting temperature. Not all the particles are

melted in the interpass. The larger steel particles (Fig. 2)

with the higher melting temperature are only melted a little

and connected with the rest of the particles. Differences of

sizes and properties of particles of both materials are

responsible for segregation of components in the interpass.

The melted small particles can form fragile intermetallics.

Different graininess and participation of the liquid phase

increase the compression ratio of the interpass up to 100%.

Joint properties and a bonding mechanism

The existing bonding mechanisms were confirmed with

own test results. It refers to diffusion and recrystallization.

Microanalysis of element distribution was tested in

carbon steel–brass joints along the line I (steel–brass) and

II (brass–interpass, steel–interpass) (Fig. 4). The direct

joint (line I) shows a small decrease of iron contents and

increase of copper and zinc in the distance of about 60 lm

from the joint boundary. The gradual change of element

concentration also occurs in the intermediate joint (line II).

The interpass consists of iron, copper and zinc. Segregation

of components results from different size of particles. The

interpass formed with the back vortex includes great

amount of iron but the opposite interpass includes more

copper and zinc. The microanalysis results confirm

occurring of the diffusion process in both welded joints

and are in accordance with earlier results [15]. The

confirmation of this phenomenon is a diffusive increase of

carbides sizes in steel Cr–Ni–Mo after dynamic strain [16].

At the brass–interpass joint along the joint surface there

are sections of direct joints and with fragments of oxides

(Fig. 5). Oxides which were not removed completely dur-

ing the welding process lie along the joint surface. The

interpass consists of particles of different sizes.

After recrystallization one should expect non-deformed

grains at the joint boundary and close to this one. Neither

the microstructure (Fig. 2) nor the microhardness confirms

this situation in welded joints of different materials

(Fig. 6). The maximum microhardness occurs at the joint

boundary of both welded materials (carbon steel–stainless

steel). The different distribution of microhardness with the

possibility of recrystallization is clearly visible at the joint

area of the same welded materials (titanium–titanium).
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Fig. 4 Linear microanalysis of elemental distribution for the carbon

steel–brass wavy joint
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Fig. 5 The joint area brass–interpass in the carbon steel–brass joint

Fig. 6 Distribution of the microhardness HV in the joint area of

different materials: carbon steel–stainless steel and titanium–titanium
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Welding materials with the same or similar crystalline

lattices create much better conditions for recrystallization

process.

The value of the peel strain r for annealing joints is the

increasing function of the plate thickness g2 (Fig. 7).

Increase of thickness g2 increases also strain at the collision

zone and activates different joint mechanisms. That is why

in spite of liquidation of strain hardening, joints with big-

ger thickness g2 are more resistant.

Conclusions

Analysis of test results facilitated presentation of these

conclusions.

• The basic condition of obtaining the joint is forming the

plastic zone in the collision area of welded materials.

This plastic zone is formed by action of an axial force

and a tangent one.

• There are some differences between two welding

techniques. Characteristic strain of materials in the

joint area, wavy joint surface and the interpass elim-

inate mechanism of the friction welding.

• The velocity gradient in the active layer of the collision

area causes cracking, disrupting, moving and making

thinner of the oxide layers. Oxides which were not

removed completely during the welding process lie

along the joint surface of the formed joint. It is

explained by the model of the mechanism of oxide

removal and the results of metallographic examination.

• The plastic strain leads to the physical contact,

activation and volumetric interaction of welded mate-

rials. Due to this process the obtained joint is the result

of adhesion, diffusion and recrystallization.

• In the direct and intermediate wavy joints and in the

interpass itself occur diffusive processes in accordance

with the vacancy and dislocation mechanism. The

occurring diffusion is the result of co-operation of the

compressive shock wave with compressive and tensile

stresses in sonic acoustic wave. This is testified by

microanalysis and test results of joint peel strength.

• The explosive strain and internal friction of inviscid

materials allow local heating and recrystallization. This

joint mechanism occurs within some pressure ranges

and lasts shorter than after rolling. Kinetics of recrys-

tallization is easier during welding materials of the

same or similar crystalline lattices. This is proved by

hardness distributions in the joint area.

• The vortex zones result from the mass jet form the

interpass by means of mixing and melting the commi-

nuted particles of both plates. The interpass consists of

elements of both welded materials. This is proved by

the microanalysis of element distribution. The final

forming of the interpass is convergent with explosive

pressing and sintering of metallic powder.
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