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The paper presents a comprehensive study on the titanium and aluminum clads manufactured by explosive
welding. Particularly, the microstructure evolution of the Al/Ti interface at 825 K and various annealing time
was examined. In the state directly after explosive welding, the wavy morphology of the connection was locally
composed of four intermetallic phases: TiAl3, TiAl2, TiAl and Ti3Al, forming small and peninsula-likemorphology
(vortex). The annealing processmainly caused growth of the TiAl3 phase as a continuous layer. The studies of the
growth kinetics showed four stages: incubation period (up to 1.5 h), the growth govern by the chemical reaction
(1.5–5 h), mixed mechanism of chemical reaction and volume diffusion and finally the volume diffusion growth
(36–100 h). The orientation maps revealed significant differences concerning the microstructure and texture of
welded metals. Directly after explosive welding process, aluminum possessed a typical rolled texture, while in
titanium intensive twinning was observed. After annealing, due to the secondary recrystallization, abnormal
grain growth was observed in aluminum, while in titanium annihilation of deformation twins took place. The
hardness profile made across the welded area after annealing showed the highest values between 365–750 HV
in vortex regions at the Al/Ti interface.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

The idea of multilayeredmaterials came from observations of the na-
ture. An example of multiphase complex natural composites could be
found in mollusk shells. These shells are made by calcium carbonate
and a series of organic binders, which create hierarchically organized
structure. Due to this special construction they possess unique mechani-
cal properties. The metallic-intermetallic laminate (MIL) composites are
structural materials and they are supposed to imitate natural structures
[1–3]. Various techniques can be used to obtain such materials under in-
dustrial conditions: diffusion bonding [4], hot rolling with annealing [5]
and cold rollingwith annealing [6]. In recent years, the explosivewelding
(EXW)was also shown to be an efficientmethod of theMIL designing [7].

EXW is becoming increasingly popularmethod of joining, possessing
many advantages, such as high bond strength and ability to join togeth-
er unweldable or difficult to weld by other methods metals. Additional-
ly, EXW gives the opportunity to combine the materials characterized
by large surfaces or materials with different thicknesses saving their
properties after the shot. However, the condition of simple geometry

of the joined elements, for example flat or cylindrical, must be kept. Al-
though the explosive welding is valued for its simplicity, the level of the
noise and the vibrations arising during the shot is high. Another limita-
tion is that the metals which are joined must demonstrate enough high
resistance impact and ductility [8]. In EXW the joining of elements takes
place due to the high pressure, which is coming from the explosion high
speed of collision (from 0.6 to 3 mm/μs). It may cause a significant plas-
tic deformation and mixing of joined elements. Despite the heat pres-
ence generated during the explosion, there is no heat exchange
between clads because of the very short time of the interaction. More-
over, there is no external heat used to assist thewelding process. There-
fore, it is called a cold technique [9,10].

EXW is very useful method to fabricate titanium-aluminum bimetal
clads. The titanium-aluminum layered materials bounded by TiAl3
phase are of great interest for materials used in harsh environments —
not only for automotive or shipping, but also for aerospace industry.
This is due to its unique properties such as specific strength, heat resis-
tance and oxidation resistance. Furthermore, replacement of expensive
titanium by aluminum and fabrication of TiAl3 is economically advanta-
geous [7].

Bataev et al. [7] managed to weld successfully ten plates of titanium
and eleven plates of aluminum. Clads were annealed for various periods
of time (from 1 h to 100 h) under an air atmosphere at 903 K. As a final
product the Al–TiAl3–Ti sandwiches were manufactured and examined
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by X-ray diffraction (XRD), optical, scanning electron (SEM) and trans-
mission electron (TEM) microscopies. Tension and impact strength tests
were carried out, as well. Foadian et al. [11] reported three titanium
clads created a good quality connection with three aluminum clads. The
TiAl3 phase was the only one being formed in the interface region.
These MIL composites were annealed for various time (from 1 h to
70 h) at 903 K. The microstructure was analyzed by optical and (SEM)
equipped with energy dispersive X-ray spectroscopy (EDS). Pavliukova
et al. [12] joined as a result of EXW ten titanium sheets with nine alumi-
numsheets and annealed such assembly for 40h at 913Kwith orwithout
external pressure of 12MPa. Again, solely TiAl3 phase was formed, which
was confirmedbyXRDmeasurements. It is the aimof the present study to
explore the influence of the EXW process on the microstructure, phase
composition and texture of the Al/Ti clads. The study also reveals the
changes in both joined materials and their interface occurred after an-
nealing process at 825 K, as well as to explore the mechanisms that gov-
ern the growth of the intermetallic phase due to the annealing. Finally,
the microstructure changes are related with the hardness values.

2. Experimental procedure

The examined Ti/Al interconnections were manufactured in the fol-
lowing way: two cold rolled plates of titanium Ti Gr.2 (140 × 460 ×
0.8 mm3) – the flyer plate and aluminum A1050 (140 × 460 × 4 mm3)
– the base plate were welded in air (Fig. 1). The distance between the
plates before the explosion and the detonation velocity was 1.5 mm and
1900–1950 m/s, respectively. The jetting direction was parallel to the
rolling direction (RD). In the state directly after welding, the samples of
dimensions 6 mm × 12 mm × 4.8 mm were cut from the central part of
the clad. Selected samples were sealed in quartz ampoules and annealed
at 825 K for various time and cooled with furnace. Their morphology and
chemical composition changes at the Al/Ti interfacewere investigated for
0.5, 1, 1.5, 2, 4, 5, 11, 36, 61, 86 and 100 h with cooling breaks performed
after each interval in order to investigate themicrostructure and chemical
composition changes across the interface.

In order to perform the microstructure observation and chemical
analysis in SEM the cross-sections of the samples were polished using
abrasive papers (1000, 2000 and 4000) and diamond polishing pastes
(6 μm, 3 μm, 1 μm and 0.25 μm) mixed with alumina.

The surface observations were carried out using scanning electron
microscopes: FEI Quanta 3D FEG equipped with Trident energy-
dispersive X-ray spectrometer produced by EDAX and PHILIPS XL30
equipped with LINK ISIS EDS system (Oxford Instrument). The standard
and standardless analyses were done at accelerating voltages of 12 kV
and working distance of 10.0 mm. ‘Casino’ Monte Carlo Simulation pro-
gram revealed that the accelerating voltages of 12 kV induced a material
volume of about 1 μm3.

Additionally, the microstructures of clads directly after the explosion
and after annealing for 100 h were analyzed using FEI Quanta 3D FEG
equipped with the TSL EBSD system. To obtain a proper surface quality,

specified parameters of the electrolytic etching were used. A slight mod-
ification of the procedure described in [13] was applied to shorten the
process of electropolishing with the following materials and parameters:
electrolyte Struers A3, voltage of 33 V, electrolyte temperature of 283 K,
specimen temperature of 77 K, polishing time 4 × 5 s. The EBSDmeasure-
ment parameterswere set to: the tilt angle of 70°, the voltage of 20 kV, the
working distance of 10.0 mm andmappings step size of 0.27 μm. Themi-
crostructures of the samples were examined in a direction perpendicular
to the plane of observation. The inverse pole figure (IPF) color codding
with respect to transverse direction (TD) allowed for determination of
orientation of the individual grains. The TSL program was used to gener-
ate the pole figures.

To obtain information from the bulk, diffraction of high-energy syn-
chrotron radiation (87.1 keV, λ=0.014235 nm) using beam line P07 at
DESY in Hamburg, Germany, was used. The high penetration depth of
synchrotron radiation allows investigations in transmission geometry,
resulting in a representative large sample volumes. The diffraction in-
formation was collected using an area detector, located at a distance
of 1050 mm from the sample and the beam size 0.8 × 0.8 mm2. In
order to perform the synchrotron analysis the sample of dimensions
5 × 4.8 × 4.8 mm3 was cut from the central part of the clad. All faces
were polished using abrasive papers up to P4000. To enclose the largest
volume fraction of the intermetallic phases the sample was irradiated
along the Al/Ti interface. Moreover, to ensure that the whole volume
of Al/Ti interface is in the beam the sample was continuously rotated
around theω axis by−90° b x b 90° (perpendicular to the Al/Ti interface)
[14]. In such a way all orientations enclose in a 0.8 × 0.8 × 5mm3 sample
volume were recorded in one single image.

For x-ray diffraction and EBSD measurements the following crystal
structures were used: TiAl3 — tetragonal crystal structure with space
group I4/mmm and lattice parameters: a = b = 3.8537 Å, c =
8.5839 Å, α = β = γ = 90° [15]; TiAl2 — tetragonal crystal structure
with space group I41/amd and lattice parameters: a = b = 3.9700 Å,
c = 24.3090 Å, α = β = γ = 90° [16]; TiAl — tetragonal crystal struc-
ture with space group P4/mmm and lattice parameters: a = b =
2.832 Å, c = 4.07 Å, α = β = γ = 90° [17]; Ti3Al — hexagonal crystal
structure with space group P63/mmc and lattice parameters: a = b =
5.780 Å, c = 4.647 Å, α = β = 90°, γ = 120° [18].

The hardness measurements were carried out on polished samples
without annealing and after 100 h of annealing using microhardness
tester CSM Instruments at the room temperature. The measurements
were made with a Vickers indenter and a maximum applied load of
0.09807Nwith a dwell time of 15 s. The obtained results were the aver-
age of 3 to 5 indentations.

To improve the statistics of intermetallic thickness determination a
specialized computer program was used for measuring the width of the
intermetallic layers. The program examines the width in 600 points
over a particular area and implements the average width and standard
deviation. All measurements were carried out in representative areas of
the sample.

Fig. 1. Experimental setup of explosive welding process.
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