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Some of the most interesting materials with superior ballistic resistance are light-alloy laminated composite plates. The
appropriate technology to produce these composites is the explosive-welding method. In this study, Ti6Al4V and AA1050 were
successfully bonded during an explosive-welding process. The microstructure of the obtained bimetal joint was examined with
scanning electron microscopy on the samples prepared using the ion-polishing method. Scanning electron microscopy allowed
us to investigate the grain size in the joint area and the presence of the melted zones in the joint area, formed as a result of local
mixing of both joined materials. In order to investigate the melted zones in terms of the presence of intermetallic compounds,
linescans and transmission-electron-microscopy observations with SAED were performed. The obtained results allowed us to
identify the intermetallic compounds, which occurred in the melted zones. The scanning-electron-microscope observations
indicated a severe plastic deformation of both materials in the joint zone. An analysis of the microstructure of the joint zone
with a particular emphasis on the melted zones was performed together with the tomography carried out with the
focused-ion-beam scanning-electron-microscope method (FIB/SEM). The strain hardening of the joined materials was
established with a microhardness analysis.

Keywords: explosive welding, Ti6Al4V, microstructure, intermetallic compounds

Nekaj najbolj zanimivih materialov z odli¢nimi protibalisti¢cnimi lastnostmi je izdelanih iz laminatnih kompozitnih plos¢ na
osnovi lahkih zlitin. Primerna tehnologija za njihovo izdelavo je metoda eksplozivnega varjenja. V tej Studiji so avtorji s
postopkom eksplozijskega varjenja med seboj uspe$no spojili zlitini Ti6Al4V in AA1050. Mikrostrukturo ionsko poliranih
vzorcev izdelanih bimetalnih spojev so opazovali pod vrsti¢nim elektronskim mikroskopom (SEM). Opazovanje pod SEM je
omogocalo dolocitev velikosti kristalnih zrn na mestu spoja in prisotnost pretaljenih podrocij, ki so nastala kot rezultat
lokalnega meSanja obeh materialov. S pomocjo linijskega skeniranja na presevnem elektronskem mikroskopu (TEM/SAED) so
raziskovali pretaljena podrocja glede na nastanek intermetalnih spojin. Dobljeni rezultati so omogocili identifikacijo
intermetalnih spojin, ki so nastale v pretaljenih podrocjih spoja. SEM posnetki kaZejo, da je med eksplozijskim varjenjem prislo
do mocne plasti¢ne deformacije obeh materialov na mestu spajanja. Analizo mikrostrukture v podrocju spoja s poudarkom na
pretaljena podrocja so izvedli tudi s tomografijo na FIB/SEM. Z meritvami mikrotrdote na bimetalnem spoju so potrdili
deformacijsko utrjevanje eksplozijsko varjenih materialov.

Kljuéne besede: eksplozivno varjenje, Ti6Al4V, mikrostruktura, intermetalne spojine

1 INTRODUCTION can be formed.'*!5-!7 These areas often contain joint
defects such as voids and cracks, and for this reason,
their presence in the joint interface is highly undesirable.
Additionally, in the case of Al-Ti, explosive-welded
laminated intermetallic compounds with a Ti-Al phase

may occur in the melted zones.!*!8-2!

Light-alloy laminated composites are some of the
most promising materials for military applications due to
their combination of low density and ballistic resist
ance.' Some of the most interesting laminates in terms
of the application for ballistic panels are Al-Ti alloy
systems.> The appropriate technology for obtaining

such laminated metal composites (LMC) is the explo-
sive-welding method, a solid-state welding process, in
which the metallic bond between the elements is formed
due to a high velocity collision caused by the detonation
of the explosive material.!>!* As the result of a severe
plastic deformation during bonding, as well as local
mixing of the joined materials, melted zones (vortexes)

*Corresponding author e-mail:
robert.kosturek@wat.edu.pl
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2 EXPERIMENTAL PART

The aim of this research was to study the microstruc-
ture of explosive-welded sheets of titanium alloy
Ti6Al4V and aluminum alloy AA1050 with a particular
emphasis on the melted zones. The chemical composi-
tion of the welded plates is presented in Table 1. As the
explosive material, a mixture of ammonium-nitrate fuel
oil (ANFO) was used. The scheme of the explosive-
welding system is presented in Figure 1. Metallographic
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Explosive (ANFO)

AA1050 plate

Basis (sand) i6Al4V plate
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Figure 1: Scheme of the explosive-welding system

observations were carried out using samples cut from the
welded sheet in the direction perpendicular to the
welding direction. The microstructure of the specimens
was investigated with a ZEISS scanning electron
microscope equipped with energy-dispersive x-ray spec-
troscopy (EDS) and a back-scattered electron (BSE)
detector. EDS was used to perform the mapping
measurements of the chemical-composition distribution
throughout the cross-sections of the samples. Obser-
vations were carried out along the cross-sections of the
samples using acceleration voltages in a range of
10-16 kV. Linescans were performed at an acceleration
voltage of 15 kV. Before the structural examinations, all
the samples were subjected to a metallographic pre-
paration involving ion polishing. In order to present the
distribution of intermetallic precipitates in the melted
zone, tomography was performed using the focused-ion-
beam scanning-electron-microscope method (FIB/SEM).
Additionally, the obtained joint was subjected to a
microhardness analysis with a load of 100 g and the
established microhardness distribution allowed us to
estimate the strain hardening of the materials joined in
the explosive-welding process.

3 RESULTS

The scanning electron microscopy performed on the
Ti6Al4V-AA1050 explosive-welded joints revealed a
flat-shaped geometry of the obtained bond. No imperfec-
tions such as cracks or voids were noticed, which
indicates a defect-free structure of the joint interface.
Between the joined materials, a continuous melted zone
occurs with a width of about 5-10 um. The photos of the
joint are presented in Figure 2a.

The average grain size in the joint zone is 2.3+0.8 um
for AA1050 and 3.2+0.3 pm for Ti6Al4V (Figure 2b).

Table 1: Chemical composition of the welded plates

Ti6AI4V

AA1050

TiGAV e R
b

AA1050

Figure 2: Scanning-electron-microscopy images of the joint interface

Directly on the joint line, there is a 4.5-um wide region
of Ti6Al4V fragmented grains with a size of 1.4+0.3 ym
(Figure 3).

The analysis of the distribution of the main alloying
elements in the joint area — titanium (Figure 4a) and
aluminum (Figure 4b) — indicates that the melted zone
contains a mixture of both joined materials with a
predominance of aluminum. Titanium is concentrated in
the precipitates occurring in the melted zone, which were
subjected to further investigations.

Figure 3: Scanning-electron-microscopy image of the Ti6Al4V
microstructure of the joint zone

Fe (%) Si (%) Zn (%) Mg (%) Ti (%) Mn (%) Cu (%) Al (%)

AA1050 0.4 0.25< 0.07< 0.18 0.05< 0.05< 0.05< balance

0O (%) V (%) Al (%) Fe (%) H (%) C (%) N (%) Ti (%)

Ti6Al4V <0.20 3.5 5.5 <0.30 <0.0015 <0.08 0.05< balance
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AA1050 TicAl4V

AA1050

Figure 5: Scanning-electron-microscopy image of the precipitates in
the melted zone

The precipitates are localized in the melted zone as
an almost uniform dispersion with the average size of

- 4: Distribution of allovine elements on the surface of | 0.18 um. It was noticed that a fine dispersion of the
igure 4: Distribution of alloying elements on the surface ol a sample .. .
from the joint area: a) titanium and b) aluminum precipitates occurs near the Ti6Al4V alloy layer. On the
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Figure 7: Transmission electron microscopy of the melted zone and the SAED analysis results for the marked area compared to the Ti-Al
intermetallic patterns
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Figure 8: FIB-SEM tomography together with a 3D visualization of
the precipitates

other hand, larger precipitates were found in the middle
of the melted zone (Figure 5).

The results of the linescan analysis confirmed the
fluctuations in the concentrion of the alloying elements
in the melted zone, indicating differences between the
distributions of titanium and aluminum in the precipi-
tates and the surrounding melted zone (Figure 6).

Transmission electron microscopy (Figure 7a) and
selected area diffraction (SAED) were performed in
order to investigate the precipitates in the melted zone
(Figure 7b). The obtained pattern was compared to the
patterns of the Ti-Al intermetallic compounds. As a
result, three intermetallic compounds were found in the
melted zone: TiAl; (Figure 7c¢), TiAl (Figure 7d) and
TiAl, (Figure 7e).

In order to present the distribution of the intermetallic
precipitates in the melted zone, the FIB-SEM tomogra-
phy was performed (Figure 8a) together with a 3D
visualization (Figure 8b and 8c).

The results of the microhardness analysis indicate a
slight increase in the microhardness of the jointed mate-
rials due to explosive welding carried out at a distance of
100 pm from the joint line (Figure 9). The measured
microhardness of the base materials before the welding
process was 350+12 HVO.1 in the case of Ti6Al4V and
40+5 HVO0.1 in the case of AA1050. Compared to the
base-material microhardness, the microhardness of
AA1050 and Ti6Al4V was higher by about 15 HVO0.1
and 40 HVO0.1, respectively.

4 DISCUSSION

The explosive-welding technology allowed us to
produce a defect-free joint between the Ti6Al4V and
AA1050 alloys. The joined materials were subjected to a
severe plastic deformation during the welding process
that resulted in a fragmentation of the grains in the joint
zone. The average grain size of AA1050 in the joint zone
was established as 2.3+0.8 um. At the same time, the
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Figure 9: Results of the microhardness analysis

difference in the grain size of Ti6Al4V allowed us to
specify two regions: the first one occurred at a distance
of up to 4.5 um from the joint line, with the average
grain size of 1.4+0.3 pum, and the other region exhibited
the average grain size of 3.2+0.3 um. The presence of a
continuous melted zone in the joint with the average
width of 5-10 um was reported. The result of the distri-
bution of alloying elements on the surface of a sample
indicates that the melted zone was formed during explo-
sive welding due to the mixing of both joined materials
with a predominance of the AA1050 alloy. The concen-
tration of aluminum in the melted zone is uniform, in
contrast to titanium, which is concentrated in the precipi-
tates occurring in this area. For the precipitates dis-
tributed in the melted zone, the average size of 0.18 um
was reported. The results of FIB-SEM tomography
allowed us to perform a 3D visualization of the preci-
pitates in the analyzed melted zone. Selected area
diffraction (SAED) indicates a presence of three inter-
metallic types: TiAls, TiAl, and TiAl,. The formation of
intermetallic compounds in the melted zone was caused
by local melting and mixing of the joined materials dur-
ing the explosive-welding process. Plastic deformation
of the welded plates caused their strain hardening, which
was investigated with a microhardness analysis. The
microhardness of the joined materials slightly increased
at a distance of 100 um from the joint line.

5 CONCLUSIONS

Explosive welding of AA1050 and Ti6Al4V results
in a formation of the joined materials and a fragmenta-
tion of the grain structure. The continuous melted zone
occurring in the joint exhibits a fine dispersion of
intermetallic precipitates. An analysis of the precipitates
allowed us to identify the types of intermetallic com-
pounds as TiAls, TiAl, and TiAl,.
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