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Abstract: This work aims to produce a thorough comprehension concerning microstructure related properties of the
joint interface between Ta foil and steel plate fabricated by explosive welding. For this, a self-developed explosive
welding configuration was employed to join Ta foil and steel plate, and different microscopic methods were adopted to
investigate its microstructures and mechanical properties. It was found that the Ta/Fe interface was featured by regular
wavy structures with a well-defined amplitude and period. The melted zones were mainly observed within the vortex
structures, and occasionally at the Ta/Fe interfaces, which were formed by intense mixing of participating metals. The
EBSD analyses revealed a diversity of the grain structures near the Ta/Fe interface, such as formation of the curved and
elongated grains in Ta matrix, and fine equiaxed and columnar grains in Fe matrix. Especially, several adiabatic shear
bands (ASBs) characterized by small equiaxed grains were found in Fe matrix, which were due to stress wave
concentration in the narrow paths, and the materials in these zones underwent a recrystallization process. Finally, the
nanoindentation results revealed inhomogenous mechanical behaviors in the bonding zones, which could be well related
to the changes of microstructure and chemical composition.

Key words: explosive welding; tantalum coating; adiabatic shear band; nanoindentation

porosity [2—4], which cannot meet the requirements
of applications in harsh and aggressive corrosive
environments. Explosive welding (EW) of Ta foil
with a thickness level of 10%um and steel plate is
considered as an alternative method for preparing

1 Introduction

Recent trends in the fields of nuclear and
chemical industries place high demands on strength

and corrosion resistance of advanced structural
materials [1]. Since tantalum (Ta) is one of the best
corrosion-resistant materials among rare metals and
steel owns excellent mechanical properties, the
Ta-coated steel plate is an ideal material to address
this concern. However, due to the metallurgical
incompatibility,  thermal  physical  property
mismatch, and formation of intermetallic
compounds, fabrication of a high quality Ta coating
on Fe substrate using conventional processes
remains a challenging task. For instance, the Ta
coatings achieved by spraying and overlaying show
weaknesses like low strength, thin thickness, and

premium Ta coating. During this process, the
explosion energy is used to accelerate a Ta foil
towards a stationary steel plate, leading to a high-
velocity impact and subsequent formation of
metallurgical bond at the Ta/Fe interface [5,6]. Since
EW is a solid-state process with an extreme
short duration of ~107®s, it provides competitive
advantages of high bonding strength, few melt and
ability to keep the thickness even [7,8].
Nevertheless, EW technique is generally used
to join two metal plates with a thickness greater
than 1 mm, which remains a great technical
challenge to foils that have a thickness level of only
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10> um. As we know, EW is a harsh thermo-
mechanical process involving high temperature,
high pressure and complex plastic deformation,
which easily induces undesirable defects such as
wrinkles, cracks, and voids in the metal foil. Even
so, considering the attractive application prospect,
many efforts have been made to seek a suitable
method that enables to obtain a successful weld
without any defects in the foils. HOKAMOTO
et al [9] developed an underwater EW assembly to
produce a uniform detonation pressure, and thus, a
defect-free amorphous foil was successfully coated
on Fe substrate. SUN et al [10] also utilized
underwater EW technique to join Cu foil and SKS3
steel plate. However, ZHOU et al [11] argued that
the underwater EW technique was too complex to
have industrial prospects, instead, they placed a
buffer layer between the explosive and foil, by
which W foils with thicknesses of 0.1-0.5 mm were
joined onto Cu plates. Similarly, LIU et al [12]
successfully joined glass foil and Al plate by an
adjusted EW technique. Recently, we explored an
improved EW technique, by which defect-free
results have been obtained in works on the welding
of Cu foil/Fe [13], Ti foil/Cu [14] and Ag foil/
Al [15], which shows a good application prospect.
Although there have been a few successful
attempts to fabricate metal coatings by EW, very
little attention has been paid to understanding the
microstructure related properties at the joint
interface. Referring to the EW interface of two
metal plates, the most distinctive feature of the
joints is the wave structure. In certain circumstance,
vortex zone characterized by unique rotational
trajectory and intense material mixing, can be found
at the crest and trough. Apparently, these large
deformations would remarkable grain
structure changes, such as the formation of
amorphous structures [16], nanoscale grains [17,18],
intermetallics [19,20], columnar grains [21], and
recrystallized grains [22]. As a result, the micro
mechanical properties of materials near the
interface are changed, and a heterogeneous bonding
zone is expected to be formed. However, the
microstructure evolution of the EW coated interface
is yet to be fully understood. Especially, the effect
of the microstructure on mechanical properties
remains unclear. We attribute the lack of in-
depth understanding on the microstructure related

cause

properties, to the difficulties in characterizing
such a complex microstructure via conventional
metallographic methods.

This work aims to produce a thorough
comprehension concerning the metallurgical and
mechanical properties of the Ta/Fe interface. For
this, a self-developed EW configuration was
employed to weld Ta foil and steel plate. The
general morphologies and element distributions
near the bonding interface were checked by
scanning electron microscope (SEM) equipped with
energy dispersive spectrometry (EDS) detectors.
Electron backscatter diffraction (EBSD) analyses
were carried out to reveal the grain changes,
and nanoindentation tests were employed to
identify micromechanical heterogeneity. This
comprehensive study allows further understanding
microstructure related properties at the Ta/Fe
interface, and providing a guidance for the property
optimization and industrial application.

2 Experimental

2.1 Materials and explosive welding procedure
Figure I shows the self-developed EW
configuration, where an explosive covering
cooperated with a buffer structure between the
explosive and foil was used to establish an ideal
welding condition. Commercial purity Ta foil with
dimensions of 150 mm X 80 mm x 0.2 mm was
employed as flyer plate, and the base plate was
Reduced Activation Ferritic-Martensitic (RAFM)
steel with dimensions of 200 mm x 100 mm x
20 mm. This metal combination is of utmost
interest to the nuclear fusion industry for its
superior resistance to corrosion, and the chemical
compositions of the Ta and RAFM steel are given
in Tables 1 and 2, respectively. In the initial state,
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Fig. 1 Schematic of explosive welding of Ta foil (a) and
RAFM substrate (b)

Aluminium sheet
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the Ta foil was characterized by uniform equiaxed
grains with a size of ~10 um, while the RAFM steel
plate was built by typical martensitic structure with
a size of ~5 um. The mechanical properties of Ta
foil and RAFM steel plate are given in Table 3. The
explosive covering was built by colloid water
obtained by mixing 1% highly absorbent polymer
and 99% water, which had a density of 0.97 g/cm’
and thickness of 30 mm. The buffer structure
consisted of a paperboard and an aluminum sheet,
and both of them were commercially available. The
densities of the paperboard and aluminum sheet
were 0.36 and 2.7 g/cm®, and the thicknesses of
them were 1 and 2 mm, respectively. The explosive
used in this work was emulsion explosive, with a
detonation velocity of ~2500 m/s and a density of
0.80 g/cm?. The stand-off distance between Ta foil
and steel plate was set to be 2 mm. All the initial
settings established dynamic welding conditions of
impact velocity of 435 m/s and collision angle of
10.0°. Details about this configuration and the
calculation of dynamic parameters can be found
elsewhere [17,23]. It is well established that good
welding quality can be accomplished when the
dynamic welding conditions are within the range
determined by welding window [17]. According to
the previous studies [17,23,24], the welding
window of Ta to RAFM was developed using
collision point velocity v. and collision angle f5. As
shown in Fig. 2, it is confirmed that the selected
welding parameters are in the middle of the welding
window, which suggests that good welding results
are expected to be obtained.

Table 1 Chemical composition of Ta (wt.%)

2.2 Microstructure and mechanical property

analyses

To investigate the interfacial microstructure, a
small specimen was extracted by a wire cutting
machine from the central parts of the weldment.
Then, the specimen was polished by emery papers
and micron diamond pastes, successively, where the
work cross-section was parallel to the detonation
direction. Based on it, a SEM (Gemini500)
equipped with EDS probe was used to reveal micro
morphology and distribution of chemical element
across the interface. For EBSD tests, an argon ion
polishing equipment was employed to remove the
residual stress from previous processing steps. The
EBSD analyses were conducted by accelerating
voltage of 20 kV and working distance of 13 mm,
and a small step size of only 0.2 um was selected to
display the possible formed ultrafine grains. Finally,
the nanoindentation tests were carried out by a
consistent loading speed of 500 uN/s and a peak
load of 15 mN, with a duration of 5 s at the peak
load.

3 Results and discussion

3.1 Interface morphologies

Figure 3(a) shows the SEM image of the Ta/Fe
interface, revealing a regular wavy structure with a
well-defined amplitude of ~30 um and period of
~100 um. It is generally recognized that wave
interface is a sign of sound bonding, which enables
to improve adhesive strength by increasing bonding
area and producing mechanical locking [24,25]. The

C N O H Fe Si Ti Ni Nb Ta
0.10 <0.10 9.00 0.45 1.5 0.15 0.20 <0.006 <0.02 Bal.
Table 2 Chemical composition of RAFM steel (wt.%)
C Si Cr Mn W Ta v Ti N S P Fe
0.10 <0.10 9.00 0.45 1.5 0.15 0.20  <0.006 <0.02 <0.002 <0.003 Bal.

Table 3 Mechanical properties of Ta foil and RAFM steel plate

Material plkkg'm™) H,/MPa c/(m's™) ov/MPa Tw/°C K/(W-m™-°C)  ¢/(J-kg'-°C™)
Ta 16650 1400 3400 470 2995 54 150
RAFM steel 7850 3000 4500 620 1454 30 446

Note: p is the density, Hv is the Vickers hardness, ¢ is the sonic speed, ov is the tensile strength, 7w is the melting temperature, K is the

thermal conductivity, and ¢, is the specific heat capacity
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widely accepted mechanism for the wave formation
is the so-called shear instability mechanism, where
the high pressure interactions during impact process
push the solid metal into a liquid, and then the shear
instability flow is initiated by large tangential
velocity variations. A detailed explanation about
this mechanism can be found in Refs. [26—28]. The
enlarged view given in Figs. 3(b—d) indicates that

(b)

Melted zone

the individual wave is asymmetrical, where Ta
matrix is locally elongated and curled into a vortex,
while Fe deforms as a whole without any curly
trajectory. The asymmetry of the wave is related to
the large differences in density and melting point of
the two metals [29]. Figures 3(b—d) also reveal the
formation of melted zones at the Ta/Fe interface,
which mainly concentrate inside the vortex, and
occasionally locate at the bonding interface. It
should be noted that the formation of a melted zone
is a common phenomenon that can be observed in
almost all EW systems [30—32]. During the EW
process, the high velocity oblique collision induces
a severe plastic deformation, friction and shear for
interfacial materials, which eventually results in a
rapid temperature boost near the bonding interface.
According to numerical simulation results, the
heating rate of the interfacial materials can reach
10°K/s, and the interfacial temperature can even
exceed 2000 K, which enables to induce a melt
process for most metals [33—35]. The difference
between the melted zone observed in this study and
previous work is position, where the melted zone
for the Ta/Fe weld is bounded within the Ta matrix,

Melted zone

Fig. 3 SEM images of Ta/Fe explosive-welded interfaces: (a) General layout; (b—d) Enlarged view of single wave

structure; (e—g) High resolution observation of interface area
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while the melted zone is exposed at the bimetallic
welded interface for other material combinations
like Cu/Fe [36] and Ti/Fe [37]. There are also some
Ta fragments enclosed inside the melted zone,
which share a random nature with heterogeneous
spatial distribution and dispersed shapes. The
formation of the Ta fragments could be explained
by severe plastic deformation. In this condition,
some of Ta matrix began to spall, and the broken Ta
fragments traveled into the melted zone along the
vortex motion. Unlike the Ta matrix, no visible Fe
fragment was found in the melted zone. This could
be due to the fact that the Fe element had a lower
melting point than Ta, so the Fe matrix was melted
under high temperature caused by the plastic
deformation. Figures 3(e—g) are the high resolution
images showing the different interface areas, where
no defects like voids and cracks are found,
indicating that a high-quality weld is obtained in
this work.

3.2 Element distributions

To give a better understanding of the Ta/Fe
interface, EDS analyses were performed focusing
on an individual wave, with corresponding results
in Fig. 4. Figure 4(a) shows the backscattered
electron (BSE) image indicating the test positions,
where the varying BSE contrasts are powerful
evidences for strong chemical composition changes
near the interface. At the right of the vortex
(marked by “8”), there is a small mixed zone at the
Ta/Fe interface, with a length of 15um and a
width of 0—5 pum. The interior color of this mixed
area is almost uniform, manifesting homogeneous
chemical composition. Similar result can be also

found in previous work, where a homogeneous
melted zone was identified at the Al/Mg EW
interface [38]. However, alternating BSE contrasts
are observed inside the vortex zone, indicating
the heterogeneity of the distribution of chemical
elements. By comparing colors, it is deduced that
the vortex zone consists of pure Ta fragments and
the mixtures of Ta and Fe. This inference is further
supported by EDS line scanning result given in
Fig. 4(b), where both Ta and Fe elements are
detected within the vortex zone. Besides, Fig. 4(b)
also shows a sharp transformation of chemical
elements across the interface between Ta matrix
and the vortex zone, implying that the formation of
the vortex zone is governed by intense mechanical
mixing of participant metals rather than element
diffusion [15]. Figure 4(c) shows the quantitative
results of chemical composition obtained by spot
scanning, where the average phases of the materials
within the vortex zone and at the interfacial
mixed zone are determined to be TaoeFeoss and
Tao.16Feos4, respectively. The higher percentage of
Ta in the vortex zone is probably due to the fact that
there are a lot of Ta fragments, while the dominance
of Fe in interfacial mixed zone can be explained by
its lower melting point. According to the Ta—Fe
phase diagram [39], the mixtures of Ta and Fe are
easy to form intermetallic compounds at high
temperature. During the EW process, the strong
mechanical mixing of participating materials
together with the high temperature caused by plastic
work establishes a favorable condition for the
formation of intermetallic compounds. According
to the ratio of the elements, it is inferred that these
mixed zones contain the intermetallic compounds

(b) ()
Position o 0
No . x(Fe)% x(Ta)/%
Ta 1 0 100.00
2 68.4 31.6
3 40.1 59.9
4 39.2 60.8
5 14.7 85.3
6 56.3 437
7 38.4 61.6
Fe 8 83.6 16.4
9 100.00 0
0 4 6 8

Distance/um

Fig. 4 SEM image showing wave structure (a), line scan results (b) across melted zone marked by “a-a¢” in (a), and

corresponding point scan results (c) with corresponding test regions labeled in (a)
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of FeTa and FesTa;, which share different
mechanical properties with the Ta and Fe matrixes.

3.3 Grain structures

EBSD analyses were carried out to reveal the
grain structures of the Ta/Fe interface, with the key
results in Figs.5 and 6. Figure 5(a) shows the
inverse pole figure (IPF) with the crystal
orientation-color relation map, which indicates the
global grain information near the interface. Clearly,
the EW process induces a microstructure evolution
and leads to formation of a diversity of the
metallurgical structures. On Ta side, elongated
structures are well visible in the layer adjacent to
the interface, with a width of only 1-2 pym and a
length up to 10—100 um. These elongated grains
were severely curved along the vortex structures,
reflecting very well the rotation characteristics
of material displacement during the interface
formation. It should be noted that the highly curved

Ming YANG, Jin-xiang WANG/Trans. Nonferrous Met. Soc. China 33(2023) 2417-2427

grains were typically observed at EW interfaces,
referring to the works on welding of Ti/Fe [40],
Ta/Cu [1] and Cu/Fe [41], etc. The formation of
such a curved grain may be a consequence of strong
plastic flow governed by shear instability. The
corresponding evidence indicating the large
deformation is the inconsistent colors within grain
boundaries. For instance, the grain in green color
contains blue micro regions, which indicates local
orientation changes induced by deformation. Also,
there are some fine equiaxed grains inside the
vortex, with a size of ~600 nm (Fig. 5(b)). The
formation of the fine grains can be explained by
ultrahigh temperature in the vortex zone, which
induces a dynamic recrystallization process. It
should be noted that the interior of the vortex is
dominated by black color of low Kikuchi band
contrast, indicating that this zone is not or poorly
indexed by EBSD tests. This may be due to the
disordered arrangement of atoms caused by the
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Fig. 5 EBSD IPF combined with crystal orientation-color relation map (a), and grain size distributions of Ta (b) and

Fe (c)
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Fig. 6 Recrystallization distribution diagram (a), and KAM map computed from EBSD raw data (b)
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severe plastic deformation of the materials,
resulting in formation of an amorphous structure
and large residual stress in this region. Similar
phenomenon can be also found in previous
work [42]. Unlike Ta matrix, the Fe matrix adjacent
to the interface is built by a fine grain layer with a
width of 5—15 um, as marked by black dotted line
in Fig. 5(a). The fine grain layer is heterogeneous.
On the left side, the grains are characterized by
uniform equiaxed structure with a size of ~500 nm
(Fig. 5(c)), which is a typical characteristic of
dynamic recrystallization. It is well known that new
grains nucleate and grow in the deformed zone
when the temperature exceeds ~0.47m (7w is the
melting point) [43,44]. According to simulation
result, both conditions of high temperature and
large plastic strain can be satisfied for the Fe
material near the interface [13,15]. On the right side,
however, there are many columnar grains with a
length of ~5 pm and a width of only ~1 pm. These
columnar grains show a growth direction
perpendicular to the Ta/Fe interface, which are
similar to the metallurgical structures typically
observed in conventional fusion welding
process, indicating that the materials in this
zone experienced melt and re-solidification
processes [45]. With the distance slightly away
from the interface (close to the fine grain layer),
coarse grains with well-defined elongation direction
are observed. Meanwhile, there are a large number
of small grains, which are imprisoned within the big
grains or at the grain boundary. The formation of
these features is due to strong plastic deformation
favored by shear motion upon the high-speed
oblique impact. Especially, there are some small
equiaxed grains arranged in strips, which are the
typical characteristic of adiabatic shear bands
(ASBs), as marked by white dotted line. The
formation of the ASBs is a consequence of stress
wave concentration, which induces localized
adiabatic heating along the narrow paths. As a
result, the materials near the ASBs undergo
dynamic recovery and recrystallization processes. It
is interesting to note that different ASBs are
arranged almost in parallel, which indicates the
consistent directivity of stress wave.

Figure 6(a) shows the recrystallization
distribution diagram, where the recrystallized grains
are colored by blue, while the yellow and red
represent substructured and deformed grains,

respectively. It can be seen from Fig. 6(a) that the
Ta matrix is dominated by deformed grains with
only a few of recrystallized grains in local region,
while abundant recrystallized grains
neighborhood of interface in Fe matrix. These
features confirm very well the formation
mechanisms of different grain structures observed
in Fig. 5. In particular, several strips built by
recrystallized grains are observed in the locations of
ASBs occurring, which provides a strong support
for recrystallization processes induced by adiabatic
shear in parent metals. Figure 6(b) shows the
mapping of kernel average misorientation (KAM),
representing the level of plastic deformation. The
layer with high dislocation density is detected on Ta
side, and the density value decreases with
increasing distance from the interface. On Fe side,
on the contrary, the region adjacent the interface is
characterized by low dislocation density, while the
layer with high dislocation density is found slightly
away from the interface. This may be due to the
recrystallization  process  that erases the
impact-induced dislocations.

exist in

3.4 Nanoindentation tests

To correlate the grain changes with the
mechanical properties, nanoindentation tests
focusing on a typical wave were performed, with
corresponding results given in Fig. 7. Figure 7(a)
shows the SEM image of the Ta/Fe interface,
showing test positions and corresponding nano-
hardness values. It is evident from Fig. 7(a) that
different materials exhibit different mechanical
responses, where an ultrahigh nano-hardness of
17.4 GPa is found for the mixture in the vortex
area, which is far higher than the value of Fe and Ta
matrixes near the interface. The ultrahigh hardness
in the vortex area confirms the result that strong and
hard intermetallic compounds like FeTa and FesTas
were formed in this zone, as indicated by EDS
analysis. The similar results can be also found
in previous works, where ultra-high hardness
was detected at the Ti/Fe [46] and Al/Mg EW
interfaces [47]. Figure 7(b) shows the typical
load—depth curves, where, under the same loading
conditions, the indentation depths of Ta, Fe and
mixture are found to be 500, 450 and 300 nm,
respectively. In addition, Fig. 7 also reveals that the
same materials in different positions have varying
hardness values. For example, the hardness of Ta
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Fig. 7 Nanoindentation test results at Ta/Fe interface: (a) SEM image showing indentation test regions and
corresponding nano-hardness values; (b) Typical load—depth curves of different materials; (c) Nanoindentation hardness

variation across interface

matrix at the vortex boundary is slightly higher than
that near the interface, due to higher degree of work
hardening near the vortex zone. Figure 7(c) shows
the variation of hardness across the Ta/Fe interface,
which reveals higher levels of hardness values for
the materials near the interface, and the width of the
high hardness zone is determined to be about 40 pm
on both sides of the interface. According to EBSD
results in Fig. 5, the distribution of hardness value
is related to grain structure changes induced by EW
process. In Ta matrix, the grains near the interface
are elongated and refined in local area, while Fe
matrix near the interface is dominated by newly
formed fined grains. It is evident that these grain
structure changes would lead to the increase in
grain boundary area. As a result, the resistance
to a compressive force during nanoindentation
measurements is expected to increase. It should be
noted that, in Fe matrix, the region in the proximity
of the interface shows a lower hardness when
compared to the region slightly away from the
interface, but still higher than the original value.
This may be due to the fact that the materials in this

region undergo a recrystallization process, which
has a thermal softening effect.

4 Conclusions

(1) The EW technique is found to be an
effective way to fabricate Ta foil/steel composite,
where the obtained joint shows regular wavy
structures with a well-defined amplitude of ~30 um
and a period of ~100 um, and no defects like voids
and cracks are found in the bonding zone.

(2) The melted zones are mainly observed
within the vortex structures, and occasionally at the
Ta/Fe interfaces, and the SEM/EDS analyses reveal
that vortex melted zones consist of pure Ta
fragments and the mixtures of Ta and Fe.

(3) EBSD analyses reveal a diversity of the
grain structures near the Ta/Fe interface. In Ta matrix,
the grains are elongated and severely curved along
the vortex structures, while the Fe matrix adjacent
to the interface is built by extra fine recrystallized
grains with two types of structures (equiaxed and
columnar shapes). Especially, several ASBs are
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found in Fe matrix slightly away from the interface,
which are filled with small equiaxed grains.

(4) The nanoindentation results show
inhomogenous mechanical behaviors for materials
near the interface. In Ta matrix, the hardness values
decrease with increasing distance from the interface,
while the Fe matrix shows a trend of first increase
and then decrease. In particular, an ultrahigh
hardness of 17.4 GPa is detected in the vortex area,
which comfirms the formation of intermetallic
compounds.
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