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Distributions of residual stress components in explosively welded three-layer plate composed of titanium
Grade 12, titanium Grade 1 and SA516 Grade 70 steel are investigated in this paper. The study applied the
sectioning and the hole-drilling strain gage methods for residual stress measurement. The results have
shown an inhomogeneous residual stress distribution, approximated by fourth-order polynomial along the
thickness of a three-layer plate. Biaxial compressive residual stress state is observed in titanium Grade 12
and Grade 1 layers which change to tensile type in the vicinity of the interface between titanium Grade 1
and steel. Microstructure observation reveals the presence of the adiabatic shear bands in titanium Grade
12 layer at the interface with titanium Grade 1 interlayer. The observed distribution of residual stress
components is justified by the occurrence of the shock wave phenomena.
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1. Introduction

Materials with designed graded properties are very attractive
for the industry since they are capable of offering a substitute to
homogenous materials—thus providing improved performance
of machines and structures (Ref 1-3). Specific engineering
structures in nuclear and geothermal plants have to cope with
high temperature and operate fault-free even under very
corrosive environmental conditions (Ref 2, 4). In order to
increase the reliability and decrease service cost, it is consid-
ered that some elements made of austenitic steels can be
replaced by multilayer metallic materials with required prop-
erties (Ref 1). For example, titanium alloys offer excellent
corrosive resistance, but have lower elasticity modulus com-
pared to steel. The multilayer plate consisting of titanium alloy
and steel layers could provide an adequate corrosion resistance,
stiffness and endurance. Such plates could be obtained for
example by explosive welding. The explosive welding tech-
nology was developed for industrial applications in the 1960s
and offers multilayer materials with required physical proper-
ties (Ref 5, 6). Higher fabrication costs are acceptable if the
service life of industrial equipment containing multilayer
material is increased. The explosive welding is unique tech-
nology since it applies energy of detonation to cause an impact
of one material to another one during which a bond is created.
The process of joining is difficult to investigate because of the
high velocity of detonation wave (around 2000 m/s). This high
velocity results in a very high rate of all processes taking place

during explosive welding such as plastic strain, phase trans-
formation, heating and cooling.

Mechanisms leading to bond formation are still not fully
understood. For the time being, explosion welding is defined as
a solid-state welding process (Ref 6). However, recent studies
have revealed that a thin diffusion layer (Ref 7-11) or even
larger melted areas (Ref 11, 12) are formed between the
materials that are bonded. Moreover, the melted areas could
include intermetallic phases whose volumes are increased
during post-welded heat treatment leading to a decrease in
fatigue lifetime (Ref 12). The welded area also includes highly
deformed grains and even micro-cracks as results of very rapid
cooling rate (Ref 13, 14). Such welding inhomogeneities
occupy a relatively small volume of materials comparing to the
size of heat-affected zone created during traditional welding. As
a result, the fatigue properties of multilayer materials could not
differ significantly from mechanical properties of the parent
materials (Ref 15). The very important issue from many points
of view is associated with an existence of residual stresses in
explosively welded elements. The residual stresses originate as
a result of high deformation of joined materials locked in by a
bond creation. If bonded materials have different thermal
expansion properties, the performed heat treatment can only
change the state of residual stresses, but cannot release them
(Ref 16). It is well known that the residual stress has an
influence on important properties of the materials. For example,
tensile residual stress can induce corrosion cracking (Ref 17,
18), while the compressive stress can increase endurance and
fatigue properties (Ref 19, 20). Additionally, the knowledge of
residual stress distribution in explosively welded materials
provides important insights regarding the process of explosive
welding. In a recent paper (Ref 16, 21), it was demonstrated
that tensile residual stress exists in the layer of titanium Grade 1
explosively welded to steel and the performed heat treatment
changes the tensile state to the compressive one. Due to its high
cold formability (elongation around 50%), titanium Grade 1 is
often used as a flyer layer (the layer accelerated by explosion).
Features of the joining process such as lower stiffness (due to
elasticity modulus and thickness) of flyer layer than stiffness of
base plate made of steel and high cold formability of flyer layer
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enable one to create a simple model explaining the observed
tensile residual stress in the titanium layer. During an explo-
sion, the titanium layer is considerably compressed in one
direction but elongated along the plane of impact—assuming
no friction due to a thin melted zone. When the high pressure is
released, the bond is already created and the previously induced
elastic elongation is locked. As a result, the tensile residual
stress is created. But in case of more than two welded layers
with different physical properties, the above model could be
invalid.

Sedighi and Honarpisheh (Ref 22) determined residual stress
distribution in explosively welded Al-Cu-Al layers by using the
incremental hole drilling method. It was found that the
maximum value of the residual stress exists on the surface of
the three-layer plate and the minimum compressive stress was
identified in the Cu interlayer. The authors proposed a similar
model as the one that was described above to explain such a
distribution. However, the size of investigated samples and
layers thickness is much smaller than studied in (Ref 16, 23).

Yasheng et al. (Ref 24) successively applied a milling
technique to measure residual stresses in an explosively welded
plate made of titanium, tantalum and steel layers. It was found
that the highest tensile and compressive stresses occur at the
interfaces and they are accompanied with the highest stress
gradient. The tensile type of residual stress was found on the
surface of the welded plate. The authors did not provide any
explanation of the measured residual stresses.

Saksl et al. (Ref 25) applied micro-x-ray diffraction using
synchrotron radiation to determine residual stresses in an
explosively welded plate made of austenitic and pressure vessel
steels. The applied technique gave the results of measurements
of the principal residual strains at microscale in the vicinity of
interface (± 200 lm from interface). It was found that the
tensile type of maximum principal residual stress exists in the
austenite phase (the flyer layer—austenitic steel), while min-
imum principal residual stress is compressive. In the base plate
(pressure vessel steel), both principal stresses are compressive
in the analyzed ferrite phase of steel.

Taran et al. (Ref 26) applied the neuron diffraction technique
for residual stress measurement in an explosively welded
cylindrical adaptor made of AISI 316L and titanium Grade 2.
The compressive residual stresses were found in outer surface
(steel), while tensile stresses occur in the inner surface
(titanium).

In the present research, a three-layer plate composed of
titanium Grade 12 and pressure vessel steel ASME SA516
Grade 70 with interlayer made of titanium Grade 1 is
investigated. Titanium Grade 12 offers a better corrosion

resistance and strength than titanium Grade 1 or titanium Grade
2 (Ref 27, 28), but its cold formability is low (i.e., elongation is
no more than 20%) and, as a result, it is necessary to apply an
interlayer with a higher cold formability (Ti Grade 1) for the
successful welding process.

The aim of the research reported in this paper is the
determination of the residual stress distribution in the three-
layer plate (Ti Grade 12/Ti Grade 1/Steel) obtained by the
explosive welding process. Two methods of residual stress
determination were applied: the sectioning method (Ref 29, 30)
and the standard hole-drilling strain gage method (Ref 31).

2. Experiment

2.1 Materials

The multilayer plate consisting of three layers made of
SA516 Grade 70 pressure vessel steel, titanium Grade 1 and
titanium Grade 12 was obtained in an explosive welding
process. Details concerning explosive welding parameters are
confidential since unique combination of welded materials. The
chemical composition and basic mechanical properties of the
applied welded materials are presented in Tables 1, 2 and 3,
where E is the elastic modulus, m is Poisson�s ratio, A is the
elongation, Rp02 is the yield strength, and Rm is the tensile
strength. The joining process was performed in two stages. In
the first stage, a 3-mm-thick layer of titanium Grade 1 was
cladded onto a 70-mm-thick plate of steel. In the second stage,
titanium Grade 12 with a thickness of 9 mm was cladded onto
the previously obtained bimetallic plate. The resulting three-
layer plate and the intermediate bimetallic one were not
subjected to any heat treatment. The dimensions of the final
plate and location of an ignition point are shown in Fig. 1. The
interlayer made of titanium Grade 1 is applied due to the low
cold formability (elongation by around 20%) of titanium Grade
12, which cannot be directly welded to steel.

2.2 Residual Stress Measurement

The residual stresses were determined using two methods:
The first one was based on the sectioning method (Ref 29, 30,
32), and the second one was the hole-drilling strain gage
method (Ref 16, 31). For the application of the sectioning
method, three samples (A, B, C) were cut off from the three-
layer plate. Detailed locations of four drilling spots P1, P2, P3,
P4 and orientations of the cutout A, B, C samples are shown in
Fig. 2. The location of the spots (P1, P2, P3, P4) was limited
since only a small part (Fig. 2) of the welded plate was

Table 1 Chemical composition of SA516 Grade 70 steel (wt.%)

C Mn Si P S Cr Ni Cu Al Nb Ti Fe

0.17 1.43 0.37 0.015 0.003 0.03 0.03 0.04 0.035 0.019 0.006 Balance

Table 2 Chemical composition of titanium Grade 1 and Grade 12 (wt.%)

Titanium N C H Fe O Ni Mo Residuals Ti

Grade 1 0.005 0.006 0.003 0.044 0.045 … … <0.25 Balance
Grade 12 0.006 0.012 0.0012 0.06 0.160 0.600 0.270 <0.40 Balance
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allocated to mechanical tests. Thus, the selected spots were
located in the available space between the areas reserved for
test samples. Both methods are based on the calculation of
residual stresses expressed by means of strain relieved due to
the drilled hole or cutting out selected parts of the material.
Different orientation of the A and B samples allows calculating
two components of the residual stress state. Unlike samples A
and B, sample C was subjected to the heat treatment in order to
investigate its influence on the distribution of the relieved
strain. The heat treatment consists of heating the C sample for
90 min at 610 �C and then cooling in a furnace to 300 �C at
velocity 100�C/h. The final cooling stage was carried out

outside the furnace. Each of the A, B, C samples contains three
layers with full thickness (70 + 3 + 9 mm).

2.3 The Sectioning Method

The procedure of applied sectioning method for residual
stress determination involved several steps: (1) measurement of
relieved deformation due to slicing of thin sheets of materials
from the A, B, C samples; (2) calculation of relieved strain
components; (3) calculation of the residual stress components.

Step (i). Seven thin sheets were sliced from the A, B, C
samples (Fig. 3 and 4) using a water jet to reduce the generated
heat. The sheets were sliced starting from the surface of
titanium Grade 12. Due to the relaxation of residual stresses,
the slices are deformed. Deformation of cut out slices was
determined by measurement of change in length DL and
deflection f (Fig. 3). Initially, a caliper rule was used to measure
the deflection f and then the slice was straightened to determine
the length change DL. The results of measurements are
presented in Table 4.

Step (ii). The distribution of relieved axial strain is not
uniform across the slice section, but it can be decomposed into
uniform and non-uniform parts. The uniform part is represented
by the measured length change DL as follows:

euni ¼ DL
L

: ðEq 1Þ

The non-uniform part is represented by the measured
deflection f. Since only deflection f was measured, some
assumptions need to be made during the calculation of the non-
uniform strain distribution. It is assumed that the non-uniform
distribution along z-direction of relieved axial strain does not
change along x and y dimensions. This assumption along with
the linear elastic beam theory and the small strain regime lead
to the following expression for maximum value of non-uniform
part of the axial strain:

enon ¼ 2 � f � h
L2

: ðEq 2Þ

Finally, the total extremes values of axial strain on the outer
surfaces of the slices are expressed as follows:

e ¼ DL
L

� 2 � f � h
L2

: ðEq 3Þ

Three values of the relieved axial strain were obtained for
each of the slices: one in the middle of the sheet, i.e., e ¼ DL=L
and two on the outer surfaces, based on Eq 3. The obtained
discrete values of relieved axial strain were approximated by a
fourth-order polynomial in order to obtain a continuous
function of strain distribution along z-direction. The continuous
function of strain distribution is necessary for the calculation of
residual stress. The discrete and continuous distributions of the
relieved axial strain are presented in Fig. 5 for the A, B, C
samples. Additionally, the confidential intervals containing
50% of the predictions of future observations are also

Fig. 1 Plate dimensions, locations of ignition point and investi-
gated area (detail I)

Fig. 2 Detail I (rotated clockwise by 135� from the position pre-
sented in Fig. 1) with marked locations of the A, B, C samples and
spots P1, P2, P3, P4 with drilled holes

Table 3 Basic mechanical properties of parent materials

Material E, GPa m, 2 A, % Rp02, MPa Rm, MPa

SA516 Grade 70 200 0.30 26.8 361 529
Titanium Grade 1 100-105 0.28-0.39 41-52 176-226 289-330
Titanium Grade 12 100-105 0.28-0.39 18-20 405-530 600-650
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calculated and presented in Fig. 5. Discrete values are pre-
sented with error bars calculated using a total differential of
function (3), assuming that error throughout all measurements
is equal to 0.05 mm.

Step (iii). Distribution of residual stress components rrx zð Þ
and rry zð Þ is calculated on the basis of the formerly determined

distribution of the relieved axial strains. It is assumed that the
relieved axial strain in the A and B samples represents erx and ery
components of the relieved strain state. Applying the linear
elastic material model and assuming the plane stress state
rrz zð Þ ¼ 0, the following expressions for the residual stress
components are derived:

rrx zð Þ ¼ �
E zð Þ erx zð Þ þ m zð Þery zð Þ

h i

1� m zð Þ2
; ðEq 4aÞ

rry zð Þ ¼ �
E zð Þ ery zð Þ þ m zð Þerx zð Þ

h i

1� m zð Þ2
; ðEq 4bÞ

where

E zð Þ ¼
105GPa for 0 � z � 15mm

200GPa for z > 15mm

�
;

m zð Þ ¼
0:34 for 0 � z � 15mm

0:30 for z > 15mm

�
:

ðEq 5Þ

The calculated distributions of the residual stress compo-
nents along with confidential intervals are presented in Fig. 6.

2.3.1 The Hole-Drilling Strain Gage Method. The hole-
drilling strain gage method is a standard method described in
Ref 31. It involves an incremental hole drilling in the center of
special strain gage rosette. In each step of drilling, the strain
change around the drilled hole is measured and it is considered
as an indicator of the relaxed stress. In the present research,
four spots for drilling were selected (Fig. 2). The applied three-
element strain gage rosette (produced by TML Tokyo Sokki
Kenkyujo Co., Ltd.) belongs to type A according to ASTM
(Ref 31) with the following features: gage length 1.5 mm,
width 1.3 mm, outer diameter 9.5 mm, centerline diameter
5.14 mm, nominal resistance 120± 0.5 X and gage factor 2.0.
The depth of each drilling step was equal to 0.2 mm up to the
final depth equal to 2 mm. After each step, the strains in three
directions were measured after signals have stabilized. The
holes were drilled with Proxxon BFW 40/E driller using a
rotational speed equal to 6000 rpm using a face milling cutter
with a diameter equal to 2 mm. Using the calculation procedure
described in Ref 31, the residual principal stresses r1, r2 and
angle b (clockwise) between directions of the maximum
principal stress r1 and detonation velocity were calculated.
The results are presented in Table 5.

2.4 Microstructure

Selected micrographs of subsequent slices (B1, B3, B4 and
B6) are presented in Fig. 7. The observed plane of micro-
graphs coincides with the yz plane presented in Fig. 3. The
microstructure of titanium Grade 12 (B1 and B3 slices) does
not change significantly along the plate thickness up to the
vicinity of the interface with titanium Grade 1. The percep-
tible anisotropy of titanium Grade 12 microstructure results
from the cold rolling process. The micrograph of slice B4
represents equiaxed (along the whole thickness) grains of a
phase in titanium Grade 1. Slice B6 made of SA516 Grade 70
steel has typical ferrite–pearlite microstructure. A comparison
of microstructures between slices cut out from the B sample
without the heat treatment and the C sample after the heat

Fig. 3 Scheme of the sample and cut out slices with xyz coordinate system assigned to the B sample (g1 = 9 mm, g2 = 3 mm, H = 82 mm)

Fig. 4 Photograph of seven sheets sliced from the B sample
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treatment reveals that there are no significant differences.
Apparently, the typical heat treatment with temperature
610 �C designated to recrystallize the strongly deformed

titanium grains in the vicinity of the interface is too low to
significantly change the microstructure of titanium Grade 12
and equiaxed grains of titanium Grade 1. The micrographs

Fig. 5 Relieved axial strain distributions in the A, B, C samples along z-direction through all welded layers

Fig. 6 Distribution of the residual stress components

Table 5 Residual stresses in titanium Grade 12 determined according to the hole-drilling strain gage method

P1 P2 P3 P4

r1, MPa r2, MPa b, o r1, MPa r2, MPa b, o r1, MPa r2, MPa b, o r1, MPa r2, MPa b, o

�252 �326 �56 �281 �334 �58 �269 �392 �148 �309 �366 �111

Table 4 Initial lengths L of the A, B, C samples, thickness h, elongation DL, deflection f and elasticity modulus E of the
cut out slices

L = 187.00 mm
A

h, mm 3.24 1.87 1.62 1.51 2.13 2.26 2.23
f, mm 0.39 0.79 0.61 2.22 0.17 0.07 0.19
DL, mm 0.15 0.25 0.15 0.05 �0.1 �0.15 �0.15
E, GPa 105 105 105 105 200 200 200

L = 187.40 mm
B

h, mm 1.64 2.16 1.72 1.44 1.25 1.82 1.91
f, mm 0.66 0.72 0.80 �1.87 2.84 0.00 0.01
DL, mm 0.15 0.25 0.30 0.15 0.15 �0.05 �0.1
E, GPa 105 105 105 105 105 200 200

L = 187.14 mm
C

h, mm 1.91 1.92 1.84 1.18 1.55 1.96 1.77
f, mm 0.46 0.84 0.84 �0.84 0.64 0.01 0.10
DL, mm 0.26 0.36 0.31 0.11 0.06 �0.24 �0.19
E, GPa 105 105 105 105 105 200 200
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presented in Fig. 8 do not reveal evident boundaries of grains
in titanium Grade 12.

The microstructure (on the yz plane, Fig. 3) at the interfaces
between Ti Grade 12/Ti Grade 1 and Ti Grade 1/SA516 Grade
70 steel is presented in Fig. 9. The observed interface Ti Grade
12/Ti Grade 1 has an irregular character in contrary to the

characteristic wavy form of the titanium–steel interface. The
microstructure of titanium Grade 12 in the zone up to around
200 lm from the interface is largely deformed. Characteristic
anisotropic microstructure being the result of the cold rolling
process is rotated by around 21o (Fig. 10) at the distance
around 100 lm from the interface, and the rotation angle

Fig. 7 Micrographs (9200) of the following slices: B1 (Ti Grade 12), B3 (Ti Grade 12), B4 (Ti Grade 1) and B6 (SA516 Grade 70 steel)

Fig. 8 Micrographs (9500) of the following slices: B1 (Ti Grade 12), C1 (Ti Grade 12), B5 (Ti Grade 1) and C5 (Ti Grade 1)
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increases almost to 90� at the interface. Such a considerable
deformation is partly possible due to forming of the adiabatic
shear bands (ASB, Fig. 10). The adiabatic shear bands are
characteristic for largely deformed microstructures at high rates
in which heat transfer is limited. They are often observed in
titanium alloys subjected to explosive welding (Ref 12, 33-36)
or other dynamic processes (Ref 37, 38).

Transmission electron microscopy (TEM) observation
reveals the presence of equiaxed and acicular grains (Fig. 11)
in a sample of titanium Grade 12 taken from the vicinity of the
plate surface. The observed equiaxed grains are around 2 lm in
size, and the acicular grains have a width of around 0.2 lm.
The TEM observation of titanium Grade 12 in the vicinity of
interface (Fig. 12) exhibits an irregular and elongated
microstructure with refined grains around 0.4 lm in size.

Microstructure observations of titanium Grade 12 sample
(the vicinity of plate surface) using the high-angle annular dark-
field (HAADF) scanning/transmission detector combined with
an energy-dispersive x-ray (EDX) microanalyzer reveal
(Fig. 13) concentrations of Ni and Mo elements at the grain
boundaries. The results are supported by a point EDX analysis.
The chemical composition can be referred to the presence of
Ti2Ni and Ti2Mo phases at the grain boundaries (Ref 39).

3. Analysis of Results

The distribution of the relieved axial strain obtained by the
sectioning method reveals a similar tendency in all A, B, C
samples (Fig. 5). The highest positive strain values are
recorded in the middle of the titanium Grade 12 layer. From
this location, the strains decrease along thickness-crossing
zero value in the titanium Grade 1 layer and reaching a
minimum negative value at around 16-17 mm from the plate
surface. Samples A and B with perpendicular symmetry axes
and not subjected to the heat treatment demonstrate an almost
identical relieved strain distribution, erx � ery. The relieved

strain distribution in the C sample subjected to the heat
treatment is characterized by more extreme values. The strain
range in the C sample is equal to 0.0031, while in the A and
B samples is equal to 0.002.

The relieved strain distributions approximated to fourth-
order polynomial functions in the A and B samples offer the
calculation of the distribution of residual stress components
rrx zð Þ and rry zð Þ. We can observe that residual stress relaxed by

deflection f of the sheet is several times lower than residual
stress relaxed by extension DL. The negative values of rrx zð Þ

Fig. 9 Micrographs of the interface zone between Ti Grade 12/Ti Grade 1 and SA516 Grade 70 steel

Fig. 10 Micrographs of the interface zone between titanium Grade 12 and Grade 1 with visible adiabatic shear bands (ASB) at different magni-
fications
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and rry zð Þ occur on the plate surface and achieve minimum in

the middle layer of titanium Grade 12. Approaching the
interface with titanium Grade 1, the values of rrx zð Þ and rry zð Þ

grow, but still remain negative in the middle of titanium Grade
1 layer. Zero values are obtained very close to the second
interface at the depth around 11-13 mm from the plate surface.

Fig. 11 Bright-field TEM images showing the representative microstructures of titanium Grade 12 taken from the area in the vicinity of plate
surface

Fig. 12 Bright-field TEM images showing the representative microstructures of titanium Grade 12 taken from the area in the vicinity of an
interface with titanium Grade 1

Fig. 13 HAADF image of titanium Grade 12 in the vicinity of free surface with EDX analysis
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In general, the positive values of rrx zð Þ and rry zð Þ occur in the

steel layer.
The principal residual stresses determined by the hole-

drilling strain gage method in all four points give negative
values in the range [�392, �252] MPa. These values represent
averaged residual stresses along the depth of the hole (2 mm)
drilled in titanium Grade 12. The resulting values correspond to
negative values obtained by the sectioning method. However,
they are lower by around 100-200 MPa from the ones that are
provided using the sectioning method. This difference could be
explained by a fact that residual stresses relaxed by extension
DL (the sectioning method) represent averaged values over the
length L. Values rrx zð Þ and rry zð Þ are equal to zero at the ends of

slices; thus, in the middle of slices the residual stress could
approach the values obtained by the hole drilling method. We
also have to note that the relatively low rotational speed applied
for titanium alloys, i.e., 6000 rpm, could lead to the overes-
timation of residual stresses by around 19% (Ref 40, 41).

The existence of compressive residual stresses in titanium
Grade 12 layer cannot be explained by the simple model
proposed in Ref 16, 22. In the present case, the layer of titanium
Grade 12 is explosively welded to steel through interlayer made
of titanium Grade 1. It is a very unusual combination of welded
materials in which one titanium alloy hard deformable (elon-
gation A = 20%—Ti Grade 12) must compose solid interface
with another titanium alloy. The residual stresses could be a
result of the phase transformation. For example, the martensite
phase transformation from b to a� (hexagonal martensite) leads
to increase in volume and, as a result, compressive residual
stresses could be induced. However, titanium Grade 12 (Ti-
0.3Mo-0.8Ni) is classified to a or near-a alloy with a little
amount of b phase (Ref 42). The more the volume changes
from a body-centered cubic crystal structure (b) to hexagonal
type (a�) is not significant (Ref 43, 44) with the small
production of residual stresses.

The previous model (Ref 16, 22) does not consider the
effects taking place at high strain rates. According to Weertman
(Ref 45), the total strain in a direction parallel to a shock wave
front must be equal to zero. It results from the summation of
tensile plastic strain and elastic hydrostatic compression strain.
In the present case, the source of the shock wave is an impact of
two titanium layers and the front of the wave is parallel to the
created interface. Thus, the propagating shock wave creates
hydrostatic compressive stresses in both titanium layers which
are locked by the formed solid bond. The interior force
equilibrium requires the generation of tensile residual stress in
steel layer. In accordance with the presented model, the tensile
residual stress could not be locked during shock wave, but this
phenomenon is observed in some explosively welded materials
(Ref 16, 22). We must note that Weertman (Ref 45) did not
consider many effects associated with the source of shock wave
such as local and rapid temperature rising/cooling, and different
thermal and mechanical properties of welded materials. It is
concluded that the process of residual stress formation during
explosive welding depends on many factors such as mechanical
and thermal properties of joined materials, dimensions of
bonded layers and welding parameters. Thus, we can also
forecast that the values of residual stress components are not
equally distributed along the welded plate due to some variation
in detonation velocity.

The observed adiabatic shear bands (ASB in Fig. 10) result
from the very high compressive stresses generated during the

impact of titanium Grade 12 layer with titanium Grade 1.
During the impact of two titanium layers, compressive stress is
induced and, consequently, the material from two layers is
ejected in the parallel direction to the interface (from left to
right in Fig. 9 and 10). The ejection of titanium Grade 1 creates
some irregular bulges, and the ejection of titanium Grade 12
initiates adiabatic shear bands in the shape of a curve. When the
adiabatic shear band is initiated, the compressive stress is
partially relaxed, but due to the propagation of detonation wave
the processes of material ejection and stress increasing start
again until formation of another adiabatic shear band.

4. Conclusions

Based on the performed studies, the following conclusions
are drawn:

• Biaxial compressive residual stress state is observed in
titanium Grade 12 flyer layer and in titanium Grade 1
interlayer.

• Tensile residual stress occupies a band with a thickness of
around 5 mm in steel layer in the vicinity of the interface.

• The tensile-compressive residual stress distribution along
the depth of explosively welded plate is explained by the
shock wave effect.

• Adiabatic shear bands are observed in titanium Grade 12
layer in the vicinity of interface with titanium Grade 1
interlayer. Such bands are initiated as a result of high
compression and material ejection in the parallel direction
to the created interface.

• The formation process of residual stresses during explo-
sive welding is hard to predict without a prior detailed fi-
nite element analysis which must take into account many
factors, such as welding parameters, physical properties of
welded materials in function of strain rate and tempera-
ture, and dimensions of welded layers.
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