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The investigation is dedicated to the detailed microstructure characterization of explosively welded clads, in
which, exceptionally and for cognitive purposes, a very high detonation speed of about 2800 m/s was used to
manufacture bimetallic aluminum-nickel plates. The study involves detailed microstructural characteristics
of the bonded zone at micro and nano level, especially focused on the expanded melted regions consisted
mostly of Al;Ni, AlzNi, and AINi phases. In situ heating experiment in transmission electron microscope
allowed observing microstructure transformation revealing that additionally present metastable AlgNi,
phase was transformed to Al;Ni and AlzNi,. Microhardness measurements across the welded zone showed
the increase of the microhardness of nickel alloy plate from 153 up to 170 HV when approaching to the
Ni201/A1050 interface, while the value for aluminum plate was of 45 HV. Within the melted zones the
microhardness was found to be 135 HV and it enormously increased to 850 HV after annealing of the
sample at 500 °C. This change was due to the transformation of the interface region from the waves with
the melted zones into the continuous layers of two intermetallic phases: AI3Ni and Al;Ni,. The second phase
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grew at the expense of the Al;Ni.
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1. Introduction

Continuous technological development and search for
engineering materials with unique properties for special
applications comprises also advanced joining techniques.
Thanks to the adjustment of technological parameters new
simple (bimetallic tapes, plates) or complex (multilayered
composites) materials are created. These materials are irre-
placeable, wherever the external and internal working condi-
tions are completely different or it is economically justified,
e.g., cheap steel is covered by expensive alloy. The main areas
for the use of this type of materials are the chemical, fuel and
military industries. The coated materials can be produced by the
chemical and electrochemical methods; however, on the large
industrial scales, methods such as casting, cold rolling, or
explosive welding (EXW) are successfully used (Ref 1-3). The
EXW process, showed schematically in Fig. 1, is realized by
acceleration of the flyer plate (fp) toward the base plate (bp)
located underneath. The kinetic energy is released by the
explosive materials located at the top of the flyer plate followed
by the collision of both plates with very high speed. As a result,
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formation of the durable bond between them is obtained. Some
parameters such as detonation velocity (V4) or stand-off
distance (SOD) between the colliding plates are the key factors
influencing the morphology, microstructure and durability of
the final interface. The boundary between the plates after EXW
may possess one of three morphologies: flat, wavy, or wavy
with continuous melted layer. Explosive welding of nickel and
aluminum alloys is a promising joining technology for further
application in multilayered materials production consisting
from different metals and alloys, where the stable joint is
produced between the materials characterized by completely
different chemical and physical properties. There is, however, a
gap among the literature reports regarding the Ni/Al welding.
Only few publications are related to Ni/Al explosive weld (Ref
4-7), where either thin Ni coatings are welded with aluminum
substrate (Ref 4) or multilayered Ni/Al composites are exam-
ined (Ref 5-7). Simple bimetallic weld—acting as a model set
up to be investigated regarding the relation between the
explosive welding process parameters and the bond microstruc-
ture/properties has not been studied, so far. In 2000 Garland
et al. (Ref 4) studied explosively welded Al/Ni, where not the
bulk plate but thin Ni foils were cladded on aluminum alloy
substrates. This paper for the first time evidenced the possibility
of joining aluminum and nickel by explosive welding method.
Nevertheless, the characterization of the obtained connection
was quite brief. More detailed description was given by Bataev
et al. (Ref 6), who studied AI/Ni multilayered composites.
Authors focused on detailed microstructural characteristics at
micro and nano scale, showing also microhardness profiles
across the multilayers in the state directly after the welding and
subjected to the further heat treatment at 620 °C. This
challenging experiment revealed interesting dependency, unno-
ticed by the authors themselves at that time, but later in Ref 5:
the influence of the mutual localization of the colliding plates,
which caused the formation of two types of interface.
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Fig. 1 Scheme of explosive welding process, where Ni201 is a flyer plate, A1050 is a base plate, Hy—height of explosive mixture, s—stand-
off distance, f—impact angle, V4—detonation velocity, V.—impact velocity (Ref 9)

First—nearly flat in the case, when Ni plate hits into the
aluminum alloy and irregularly continuous melted area, when
Al alloy acted as a flyer plate. On the other hand, Guo et al.
(Ref 7) studied Ni/Al/Ni ‘‘sandwiches’” manufactured by EXW
technique, and observed that Al/Ni interface was more wavy
than its Ni/Al counterpart. Moreover, the observations using
higher magnification revealed the influence of the applied
stand-off distance between the colliding plates on the
microstructure and mechanical properties of connections.
Taking into account the important findings mentioned above,
in this study the research program on the model bimetallic set
up, consisting of two plates to be joined, has been undertaken,
to extract the real influence of the welding parameters on the
microstructure of the welds. Our first investigated and
described type of weld (Ref 8), obtained using detonation
velocity of 2400 m/s, indicated that the mutual location of the
colliding plates was not significantly pronounced as it was in
the case of very high detonation velocity applied to create the
multilayered composites described in Ref 6. In Ref 8, bimetallic
Al/Ni and Ni/Al clads evidenced only wavy morphology, and
the difference was observed regarding the shape of the waves.
Current work is a step further in accordance with our previous
study described in Ref 8 and complementary to the cited above
literature. As in the case of multilayered composites of
promising applications, the detonation velocity has to be very
high, our next questions arose—how the weld’s morphology,
microstructure and resulting properties will change if the
detonation velocity will be raised. To answer these questions, it
is necessary to perform the welding process with higher
detonation velocity, while other experimental conditions are as
close as possible to the previously applied ones and applied
materials are the same. As the microstructure observations are
one of the first and crucial steps, when designing the joining
process parameters; therefore, this work is focused on the
detailed microstructural characterization of Ni/Al bimetallic
clads manufactured with application of a very high detonation
velocity compared to other works with respect to the amount of
layers being joined, e.g., Ref 7. As the additional heat treatment
is commonly applied in the industrial production as a stress
relief annealing, the long-term heat treatment was additionally
performed to follow the interface transformation and to
compare how the microhardness across the weld changes
directly after explosive welding and for the weld subjected to
the additional heat treatment.
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2. Experimental

Explosively welded bimetallic plate was produced with
A1050 aluminum alloy as a base plate and Ni201 nickel alloy
as a flyer plate. Detonation velocity was 2800 m/s. The cross
sections of the samples in size of 15 x 7 x 2 mm were
examined to reveal their microstructure. Scanning electron
microscope (SEM) FEI Quanta 3D equipped with energy
dispersive x-ray spectrometer (EDS) and transmission electron
microscope (TEM) Tecnai G2 F20 were used for microstruc-
tural observations and chemical composition determination.
Additional in situ TEM observations were conducted using the
heating holder in TEM with a heating rate of 10 °C/min. The
thin foil was heated up to 450 °C. Moreover, the interface
region with melted areas was also examined using electron
backscattered diffraction (EBSD) technique using EDAX
Hikari device. Mechanical tests were conducted with micro-
hardness tester CSM Instruments for samples in the state after
explosive welding and additionally subjected to the annealing
at 500 °C for 168 h.

3. Results and Discussion

Continuous bond obtained with exceptionally high detona-
tion velocity in explosive welding process consisted of many
melted zones, indicating wavy character at the whole length of
the connection, as it is shown in Fig. 2(a). The representative
morphology, characteristic for most waves, is presented in
Fig. 2(b). Massive melted regions, with many small particles
dominated at the interface zone. Additionally, at the crest of
waves, the swirled areas were noticed. These observations stay
in good agreement with the literature data (Ref 4-7). Occa-
sionally across the middle of the wave, the cracks were
observed (Fig. 2b), which resulted most probably from very
fast cooling of the melt. These cracks were observed only in the
melted zones, and they did not propagate to the surrounding
plates. Cracking is associated with the presence of the
intermetallic phases formed in the melted regions, which in
general weaken the connection zone due to their brittleness
(Ref 10). Figure 3 shows other microstructural feature visible
using higher magnifications. The melted region revealed the
presence of the dendritic microstructure being typical for the
fast cooling rates. Such dendrites were also observed in Ref 6,
where Bataev et al. made a detailed description of the
microstructure—equiaxed dendrites with micro size and
smaller dendrites without branching. It was explained as a

Volume 29(10) October 2020—6287



result of supercooling. Measurements of primary arms of the
dendrites are presented in Fig. 3 allowed determine the average
size to be close to 480 nm—it ranged from 250 to 670 nm. On
the other hand, secondary arms reached an average size of
240 nm (they varied between 150 and 350 nm). These
dimensions are greater than measured by Bataev et al. who
determined 300 nm as a size of primary arms and 79 nm—for
secondary arms (Ref 6). Such discrepancy arose most probably
from lower detonation velocity applied in current study thus
lower critical cooling rates during explosive welding.

Typical melted region shown in Fig. 2(b) was also verified
in terms of its chemical composition, grain size and their
crystallographic orientation. EDS measurements presented in
the form of elements distribution maps (Fig. 2c¢, d) revealed that
the melted area was mostly enriched in aluminum; however,
small particles visible inside the melted zone were mainly rich

Ni201

a Flyer plate 1

25 Mum

Fig. 2 Ni201/A1050 after EXW: overall view of wavy interface
(a), microstructure of individual and typical wave in BSE contrast
(b), SEM-EDS maps of Al-Ka (c) and Ni-Ka (d) distribution
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in nickel. It was also confirmed by the chemical composition
point analysis with the EDS method (Fig. 2b). Measurements
were performed in many places, the most representative
examples of which are marked in Fig. 2b with numbers of 1-
3. Collected data allowed to determine phases such as: 1) Al3Ni
(73.5 at.% of Al and 26.5 at.% of Ni), 2) AlzNi, (61.2 at.% of
Al and 38.8 at.% of Ni) and 3) AINi (54.5 at.% of Al and
45.5 at.% of Ni). Presented results are consistent with the
literature data in terms of chemical composition (Ref 5-7) and
character of microstructure features (Ref 4-7); however, overall
appearance of the interface is unlike. Similar SEM microstruc-
tures were reported by Gerland et al. (Ref 4), who manufac-
tured the bilayer plates as in the current work. They applied
high detonation velocity (in the range of 2400 to 3900 m/s) to
join the Al alloy base plate with Ni in the form of foil of 50 and
100 pm in thickness. Bataev et al. (Ref 6) applied even higher
(4200 m/s) detonation velocity to weld many multiple alter-
nating nickel and aluminum layers. In both these cases and in
here described experiment, the application of the high detona-
tion velocity resulted in the large amount of the melted regions
and intermetallic phases at the interface, as well as significant
amplitude and wave length increase. Moreover, this followed
intensification of the tendency to microcracks formation, which
not propagated farther to substrates. Referring also to our
previous study (Ref 8) the above tendency is preserved.
Reduction of the detonation velocity to 2400 m/s irrespectively
of plates’ mutual localization (Ref 8) resulted in change of the
waves shape to more slender and less massive. Dendritic
microstructure was also observed.

As it was mentioned above, in explosively welded Ni/Al
multilayered composites the interface microstructure varied
depending on the mutual localization of the colliding plates.
Ogneva et al. (Ref 5) indicated that if the top colliding plate is
Ni, the flat interface is formed, but if Al is on the top, the
interface is broader and of irregular shape. Guo et al. (Ref 7)
showed three types of explosive ’’sandwiches‘‘ Ni/Al/Ni,
which were formed by changing some welding parameters.
With increasing stand-off distance Ni/Al (Ni plate located on
the top) the interface changed from the flat one by the wavy to
continuous melted layer. For the lowest stand-off distance, both
Ni/Al and Al/Ni interfaces are flat, in two other cases Al/Ni
interfaces have more pronounced wavy character. Nevertheless,
it should be always kept in mind that the analytical resolution
limit of SEM-EDS method is usually insufficient when
collecting the x-ray signal coming from the closely neighboring
small areas.

Additionally, the SEM-EBSD color code map of phases has
been collected (Fig. 4b), which evidenced that inside of the
melted area, the AI3Ni (yellow region) constitutes the matrix
with blue areas of AINi randomly distributed. Other colors
represent as follows: red for aluminum and green for nickel.
These observations are compatible with SEM-BSE image and
the EDS maps. Additionally, in Fig. 4(a), the EBSD map of
melted area and its nearest surrounding is presented. The
region, which was melted is impossible to be properly indexed,
and it is associated with the strong plastic deformation of this
region, its refinement and inhomogeneity of the chemical
composition mentioned above. Refinement of the microstruc-
ture in the close neighborhood and within the mixing zone is
typical for explosive welding process. Among others, Fronczek
et al. (Ref 11) indicated that the visible grain refinement in Al/
Ti/Al EXW “‘sandwich’ involved areas directly close to the
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Fig. 3 SEM-BSE image of dendritic microstructure of the melted region, indicted by blue arrow in Fig. 2b (a) and higher magnification of this

area (b)
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Fig. 4 Ni201/A1050 after EXW: SEM-EBSD map showing strong grain refinement inside of the wave (a) as well as the distribution of the

phases in this particular region of interest (b)

joint, with more pronounced effect for the interface localized
nearer to the explosive mixture.

In order to verify the results obtained by SEM technique, a
thin foil for TEM observations was cut using focused ion beam
(FIB) technique from the middle part of the melted area
presented in Fig. 2(b) and marked with yellow frame. This
region is the representative one regarding all the melted zones
observed across the weld. Its microstructure was composed of
many fine equiaxed grains with size between 200 and 500 nm
embedded in the matrix, as it is shown in TEM bright-field
images in Fig. 5. Selected area diffraction patterns revealed the
presence of two rich in aluminum intermetallic phases present
in the equilibrium phase diagram: Al;Ni, (Fig. 5a) and Al;Ni
(Fig. 5b). However, also creation of AlgNi, took place
(Fig. 5¢), which can be formed only under strongly nonequi-
librium  conditions, e.g., rapid solidification.  This
metastable phase was previously observed by Bataev et al.
(Ref 6) within the melted region localized at fourth interface of
Ni/Al multilayered composites, although in the described here
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experiment the detonation velocity was significantly lower
(2800 versus 4200 m/s). In Ref 6, however, the size of the
rounded as in here precipitates was twice smaller (below
100 nm). In both works this phase was distributed irregularly.
During the joining process, welded materials are turbulently
mixing with each other under extremely high pressure, while
cooling is very fast (microseconds). Such conditions of the
process of joining eliminate possibility of homogenization of
the melted region (Ref 6). However, further decreasing of the
detonation velocity value to 2400 m/s described in Ref 8,
results in lack of the metastable phase. Taking into account that
metastable phases present at the interface will contribute to the
formation of the stable intermetallics due to the post-heat
treatment it is important regarding the goal application, which
value of the detonation velocity should be applied. It should be
also reminded that AlgNi, metastable phase has been shown for
the first time by Li and Kuo (Ref 12), who considered it as
isostructural with AlgCo, phase, and it was later confirmed by
Pohla and Ryder (Ref 13). More precise information on AlgNi,
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Fig. 5 TEM bright field images showing the microstructure of the
melted zone formed due to the explosive welding of A1050 with
Ni201 together with the corresponding SAED patterns taken from
the grains marked with circles: Al3Ni, (a), AlzNi (b), AlgNi, (c)

phase such as lattice parameters and atoms positions can be
found in work of Yiicelen (Ref 14), where various low-
dimensional structures were examined with the aim of trans-
mission electron microscopy. Detailed data concerning the
lattice parameters and atomic positions of AlgNi,, used to solve
the diffraction patterns are collected in Table 1. Presence of
AlgNi, phase was also confirmed in studies on Al/Ni multilay-
ered films in first stages of their annealing (Ref 15, 16). Its
occurrence was explained by existence of supersaturated solid
solution of Ni in Al at AI/Ni interfaces and excess of vacancies
in multilayers films, which caused the diffusion and then
formation of metastable AlgNi, phase due to atomic displace-
ment (Ref 15). It is possible that in the case of high detonation
velocity as a result of fast cooling rate supersaturated solid
solution (Al) transferred to metastable AlgNi,. In Ref 15, due to
subsequent heating, AlgNi, phase transformed to equilibrium
forms such as AIsNi or AlsNi,. However, in our case—after
EXW, the coexistence of equilibrium and metastable phases
were observed, which means that probably simultaneously
more mechanisms may be responsible for the interface’s
microstructure formation. Studies concerning Al/Ni multilayer
foils with different thickness prepared by magnetron sputtering
(Ref 16) indicated that the formation of the AlgNi, during
annealing is related to the thickness of the foil and in the case
of bilayer foils with the smallest thickness instead of
metastable AlgNi, the equilibrium Al3Ni was found. The
morphology of AlgNi, after explosive welding was of globular
grains unevenly distributed in the mixing zone—Fig. 5(c) and
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Ref 6. In contrary to this, in the multilayered foils AlgNi, phase
was growing along Al/Ni interface and Al grain boundaries
(Ref 16).

Elemental mapping shown in Fig. 6(b), (c) and (d) indicates
differences in distribution of Al, Ni and Fe. The last element is
the additive of both initial alloys being explosively welded. The
chemical composition analysis using EDS confirmed the phases
identified by electron diffraction, where the average atomic
percentage of each phase is given as follows: AI;Ni: 73.4 at.%
of Al and 26.6 at.% of Ni, Al3Niy: 65.4 at.% of Al and
34.6 at.% of Ni and AlgNi,: 85.2 at.% of Al and 14.8 at.% of
Ni.

Equilibrium phase diagram indicates the possibility of
formation from the liquid state the eutectic mixture, which
consists of 97.3 at.% of Al and 2.7 at.% of Ni (Ref 17). EDS
chemical composition analyses from the areas between the fine
grains of the intermetallic phases defined as a matrix (Fig. 6a)
indicated that this zone consisted of the eutectic mixture of Al
solid solution and AI3Ni phase. In such areas, the average
atomic percentage of aluminum was equal 97.7 at.% and
2.3 at.% of Ni.

The formation of eutectic mixture is associated with
solidification of these regions from the liquid phase. From a
thermodynamic point of view, solidification cannot take place
exactly at the eutectic temperature as this would entail the
formation of an eutectics with infinitely large inter-plate
distances. High cooling rates are used to obtain the eutectics
and this means that the growth of eutectics takes place in
conditions that deviate from equilibrium, which is a case in
here. Obtained very fine eutectics presented in Fig. 6 with the
distances between the plates in the range of nanometers is one
more indication of an extremely fast cooling.

Heating with the aim of TEM equipped with the heating
holder was applied to observe in situ the changes occurring
within the melted zone, thanks to which the transformation of
AlgNi, phase was recorded. There are two reasons for which
the microstructure and intermetallic phase transformations are
important to be studied: (1) the post-heat treatment is an
industrial step applied usually for the explosively welded clads
as the stress relief annealing; (2) promising application of
multilayered AI/Ni welds as a metallic—intermetallic laminates
presented in Ref 6 force the exact control of the intermetallics
growth. After post-processing heating of the thin foil in vacuum
up to 450 °C, the microstructure changes were recorded
(Fig. 7). It was important to perform the observation of the
metastable phase transformation, which significantly influence
the mechanical properties of the weld as it will be presented
further. An uncontrolled transformation of metastable phases to
equilibrium forms due to the annealing, thus rapid changes of
their properties, has to be taken into account. In situ heating in
TEM revealed the growth of the smaller grains to about
500 nm, while the selected area electron diffraction (SAED)
patterns confirmed the existence of only stable intermetallic
phases: Al3Ni and Al;Ni,. According to Pohla et al. (Ref 13),
under  conditions of  post-processing  heating  the
metastable AlgNi, phase should transform to Al;Ni and Al,
while in Ustinov et al. work (Ref 15) it transformed to both
AI3Ni and Al3Ni, phases.

Bulk samples were also subjected to annealing at 500 °C for
168 h in laboratory furnace to observe the transformation of the
interface after prolonged heat treatment. Experiment confirmed
that after heat treatment the mixing zone transformed to Al;Ni
and AL3Ni, phases growing in the form of continuous layers
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Table 1 Lattice parameters and atom positions of metastable AloNi, phase based on data published in Ref 14

Lattice parameters

Atom position

QA) Space group Non-equivalent position x y z
a 8.683 (1) P2,/a All 0 0 0
Al2 0.2524 (4) 0.0024 (13) 0.4083 (4)
b 6.261 (2) Al3 0.5468 (4) 0.120 (11) 0.2157 (5)
Al4 0.0023 (4) 0.1742 (12) 0.3585 (6)
c 6.192 (2) AlS 0.2373 (4) 0.3016 (12) 0.0825 (6)
p 96.5° Ni 0.8418 (17) 0.139 (6) 0.2789 (3)

Fig. 6 STEM image indicating the area identified as eutectic
mixture of Al and AI3Ni phase 97.7 at.% Al and 2.3 at.% of Ni (a)
and TEM-EDS maps of Ni (b), Al (c) and Fe (d) distribution within
the investigated region of interest

and located in the following order: A1050/A1;Ni/Al;Ni,/Ni201.
Figure 8 presents the microstructure after annealing with
indication of the average thickness of overall bonding zone,
Al3Ni, and AI3Ni, reaching the values: 130, 110 and 20 pm,
respectively. At the Al3Ni/Al;Ni interface the porosity was
observed, occurring locally in form of clusters or distributed
along the line perpendicular to the phases’ boundary and within
both intermetallic layers. Presence of the porosity may be a
result of fast growth of the intermetallic phases. Ogneva et al.
(Ref 5) also evidenced porosity along Al;Nio/Al3Ni interface
after annealing at 620 °C for 5 h; however, it was localized
mainly within AI;Ni, phase. Authors did not comment on it. In
case of current investigation growth rate of intermetallic phases
was slower than reported in Ref 5 due to lower annealing
temperature. After 168 h thickness of overall interface reached
130 pm, where 110 pm constituted the thickness of Al3Ni, and
20 pm thickness of AL3Ni. In Ref 5, as two types of interfaces
Al/Ni and Ni/Al were distinguished the thickness of the
intermetallics’ layers was measured to be near 100 pm and
50 um, respectively. Additionally, in agreement with our
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Fig. 7 TEM bright field images showing the changes of
microstructure of the melted zone after the additional heating
together with the corresponding SAED patterns taken from the
grains marked with circles: Al3Ni (a,b) and Al3Ni, (c)

previous results (Ref 8) also in this study after long-term
annealing phase enriched in 4 at.% of Fe occurred at AI/AL;Ni
interface. The Al-Ni-Fe phase (consisting of 4.0 at.% of Fe,
13.0 at.% of Ni, 83.0 at.% of Al) was distributed both along the
interface and in the form of islands within the A1050 alloy
nearby. This phase was not observed by other authors, who
studied annealed AI/Ni explosively welded clads (Ref 5, 6).
More detailed study of phase enriched in iron is essential to be
performed in the future.

Microhardness tests were conducted on samples in the state
after EXW (Fig. 9a) and after annealing (Fig. 9b) without
protecting atmosphere at 500 °C for 168 h. These microhard-
ness measurements were performed within the areas without
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Fig. 8 SEM-BSE images presenting overall view of the interface’s microstructure after annealing at 500 °C for 168 h in laboratory furnace:
general view (a) and magnified image with indicated average thickness of particular zones (b)

defects such as cracks. The initial average microhardness of the
flayer (Ni201) and base plate (A1050) was 104 and 35 HV,
respectively. Figure 9a shows changes measured across of
Ni210/A1050 clads directly after explosive welding. The
average microhardness for nickel alloy plate was of 160 HV;
however, slight increase of microhardness with the decrease of
the distance to the bond area was observed. Measurement
located at the farthest distance from the melted area was of
153 HV, while the value of 170 HV was reached very close to
the interface. In the case of Al alloy, the growth of microhard-
ness near the bonding area was also observed; however, the
highest value of 45 HV was achieved for the indentation point
localized at the nearest area to the contact base plate with the
groundwork, while the average microhardness of A1050 was
significantly lower in comparison to nickel alloy reaching only
40 HV, nevertheless, the tendency of increasing microhardness,
when approaching to the interface, was not observed in this
case. Relation of increasing microhardness value in the
neighborhood of mixing zone is related to the strengthening
and grain refinement due to collision of plates with high
velocity and it was previously also observed in other works
(Ref 11, 18-20). Microhardness of initial materials reported in
Ref 6 were similar to ours—100 HV (Ni plate) and 30 HV (Al
plate) and increased after EXW to 190 and 50 HV—slightly
more than in here examined welds, which can be the result of
higher strengthening of the material due to stronger impact. The
areas of the melted regions allowed make the measurement
only at one place in the middle of the wave. The average
microhardness taken at these regions was of 315 HV. In Ref 6,
the microhardness measurements in the melted regions varied
between 450 and 700 HV; however, the error bars were also
significantly high and our microhardness values are falling
within the lower part of measurements’ standard deviations as
shown in Fig. 6 in Ref 6. After annealing of the weld at 500 °C
(Fig. 9b), the microhardness of Ni and Al alloy plates were
lower in comparison to the state directly after EXW reaching
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140 and 22 HV, respectively. For Ni201 plate the highest
hardness was measured at the place located in the neighborhood
of the reaction zone. Bataev et al. (Ref 6) reported also decrease
of microhardness of the aluminum and nickel after annealing
explaining this by the rearrangement of the dislocation structure
observed with TEM. Despite the fact that the reaction zone after
annealing was composed of two continuously growing layered
phases Al3Ni and Al3Ni,, due to the limited thickness of Al;Ni,
it was possible to determine only the microhardness for Al;Ni,
to be 830 HV. The shapes of all Vickers indentations were
more or less regular squared with visible diagonals. Bataev
et al. annealed the EXW multilayered composite at 620 °C for
3 h, which resulted in formation of Al;Ni and Al3Ni, phases at
the interface between the joined plates. It was observed that
hardness of Al3Ni, was much harder than the melted area after
EXW and was in the range of 700-1100 HV. This variation can
be associated with the measurements performed either within
Al3Ni or Al;Ni, phase.

4, Conclusion

The literature regarding explosive welding of Al with Ni
alloys comes down basically to a few papers, where rather
complicated set up was a subject of study—either a thin foil of
nickel joined with the aluminum substrate or a multilayered
composite. Used in this study simple bimetallic set up acts as a
starting point to reveal and understand the phenomena occur-
ring due to extreme conditions of explosive welding. This paper
and the previous one described in Ref 8 bring information that
will improve the designing process of aluminum-nickel explo-
sive welding.

Exceptionally high detonation velocity allowed producing
continuous and wavy interface through the entire length of the
weld. Melted areas consisted of various microstructural com-
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Fig. 9 Changes of the microhardness with the corresponding images of the indents for the particular zones in EXW clads before (a) and after

annealing at 500 °C for 168 h (b)

ponents and were characterized by distinctly heterogeneous
chemical composition being result of strong mixing of alloys
during collision. Due to extreme conditions of pressure and
locally higher temperature at the colliding interfaces, inside of
the mixing zones stable phases Al;Ni, Al3Ni;, AINi and
metastable AlgNi, phase were formed. The formation of the last
mentioned one is associated with high cooling rate of the melt
after the welding.

Post-processing annealing in TEM allowed to exclude the
presence of AlgNi,, which transformed to Al;Ni and AlzNi,,
similar to the situation of long-term heat treatment performed
for the bulk sample, where strong mixed interface transformed
into continuous layers of Al3Ni and Al;Ni, phases, however,
the interface zone was predominated by Al;Ni, phase. Addi-
tionally, third phase of slightly different contrast at the A1050/
Al3Ni interface was distinguished, which chemical composition
measurements evidenced the presence of small content of iron
and nickel, and dominating amount of aluminum.

Microhardness measurements revealed significant differ-
ences in cross section of the welded clads, where the highest
values were obtained in areas located within the waves.
Additionally, in the case of Ni201 alloy with decreasing
distance toward the bond the microhardness of alloy increased,
which was associated with considerable strengthening being
consequence of high plastic deformation and grains’ refinement
in the neighborhood of colliding surfaces. Annealing at 500 °C
for 168 h brought very strong increase in microhardness of the
interface region fulfilled mostly by Al3Ni, phase, reaching
twice higher value than before annealing.
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