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Abstract 

The microstructure of the interfacial layers of explosively welded Ta/stainless steel (SS) and 
Ta/Cu/SS composites were investigated by X-ray synchrotron radiation, scanning (SEM) and 
transmission (TEM) electron microscopies. SEM analyses showed that all interfaces between 
joined sheets underwent wave-shaped deformation with the solidified melt regions situated 
preferentially in the wave vortexes and at the wave crests. These reaction regions show a non-
uniform distribution of phases in terms of chemical composition with elements belonging to 
both neighboring sheets. According to TEM analyses and synchrotron X-ray measurements the 
solidified melt regions between Ta and SS predominantly consist of brittle, amorphous or nano-
crystalline phases that are not observed in equilibrium phase diagrams. The microstructure of 
the solidified melt near the Ta/Cu interface is dominated by Cu and Ta nanoparticles and small 
dendrites, typically less than 100 nm in diameter, while nano-sized crystalline phases with 
complex chemical compositions were identified near the Cu/SS interface. 
 
 
Keywords: Explosion welding, Tantalum/stainless steel and Tantalum/Copper/stainless 
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1.  Introduction 
Tantalum (Ta) is one of the best corrosion-resistant materials for most corrosive situations [1-
3]. However, the major limitation to the wider use of Ta is its high cost. This causes restrictions 
to large-scale industrial applications, such as chemical process pressure vessels, electrode plate 
drums, columns, heat exchanger tube sheets or bonnets, etc. [1]. It is hence highly advisable to 
use thin Ta sheets (<2 mm) as a coating on load-bearing stainless (SS) or carbon (CS) steels. 
Such bi-metallic composites allow to combine the exceptional high corrosion resistance of Ta 
and high strength of SS or CS base materials [3]. However, a large difference in melting points 
of steel and Ta (Ta: 3293 K and Fe: 1811 K) makes their joining very difficult. Currently, 
explosive welding (EXW) is the only efficient way of surface joining Ta and steel sheets into a 
compact metallic composite [4-8].   
EXW is a phenomenon of materials joining that occurs during the collision of two or more 
similar or dissimilar metallic materials under a very high pressure coming from controlled 
detonation of an explosive charge, e.g. [4, 5]. After igniting the explosive charge, the detonation 
wave propels the upper (flyer) sheet towards the bottom (base) plate (Fig. 1). During this 
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process, the flyer sheet initially bends then collapses on the base plate. As a result of an oblique 
collision, a plasma jet (a stream of heated gases) forms at the collision line. During the 
temperature rise period, the heat of the plasma jet together with the impact energy and the plastic 
work dissipated to heat, leads to local melting [6]. During solidification (cooling period), the 
molten volumes undergo extremely rapid cooling. This leads to significant microstructural 
changes in the interfacial layers, mainly due to the formation of solidified melt regions of 
various chemical compositions and structures [9-14]. They strongly influence the strength 
properties of the clad. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Schematic presentation of EXW: (a) bi-layered (Cu/SS) and, (b) tri-layered (Ta/Cu/SS) 

composites formation and corresponding final structures. (VD - detonation velocity). 
 
Joining technology based on the direct bonding of Ta sheet with steel plate causes several 
problems. These problems are associated with the formation of undesirable brittle intermetallics 
and difficulties with but weld joints during further clad processing [4]. For example, if one 
attempts to join Ta to steel with fusion welding, the melted regions (of near the eutectic 
composition) transform upon solidification into brittle intermetallics. This deteriorates 
significantly the strength properties of the composite [1]. To solve these problems, soft and high 
thermal conductivity copper (Cu) sheet, as an intermediate layer, can be used [15-19].  
According to equilibrium binary phase diagrams of Cu-Ta [20] and Cu-Fe [21, 22], for both 
pairs, the metals are soluble in each other above the liquidus temperatures. However, between 
liquidus and solidus lines, a miscibility gap exists in these systems. The Cu and Ta are 
practically immiscible over the whole range of temperatures. The copper and iron, meanwhile, 
are immiscible only at room temperature and noticeable mutual solubility is observed at higher 
temperatures. For these reasons, it is particularly intriguing to investigate the effect of the 
intermediate copper layer on the structural properties of solidified melt regions in Ta/Cu/SS 
clads.  
The microstructure and the phase composition of interfacial layers of Ta-based clads have 
received little attention to date. Only a few works provide information about manufacturing 
procedure [1, 8] or the influence of EXW conditions on the bond strength and structure of the 
interfacial layers [4, 6-8, 15-17, 23-28]. They refer to: Ta/CS [1, 4], Ta/Cu [16, 17, 24-28], 
Ta/Al [28], Ta/stainless steel [8, 15, 17]. Among them only Paul et al. [7, 15, 24], Bataev et al. 
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[6], Yang et al. [8], Lysak et al. [23] and Greenberg et al. [28] used scanning (SEM) and/or 
transmission (TEM) electron microscopy analyses to characterize the structure of melted 
regions. To our best knowledge, there have been no reports concerning in detail the 
microstructure, phase, and chemical compositions of the reaction regions in copper to steel 
clads, despite strong interest in Cu/SS composites, e.g. [25, 29, 30]. 
In this study a detailed characterization of microstructure, crystal structure, and chemical 
composition of the reaction regions of EXW Ta/SS and Ta/Cu/SS clads is shown. They have 
been carried out by means of TEM, SEM, and high-energy synchrotron radiation. The 
evaluation of the strength properties of the reaction regions via microhardness measurements 
supported these analyses. 
 

2. Experimental  
Tantalum, oxygen-free copper (M1E), and 304 L stainless steel sheets/plates were selected for 
clads preparation. The chemical compositions of the flyer, intermediate, and base sheets/plates 
are presented in Table 1. A stainless steel plate with a thickness of 8 mm was used as the base 
plate, a copper sheet with a thickness of 1.5 mm as an intermediate layer, whereas a tantalum 
sheet with a thickness of 1.5 mm as the flyer sheet. The sheet/plate size was 440 × 210 mm2. 
Metallic supports (stand-off distances between sheets/plates) with a height of 2 mm (Fig. 1), 
were used for clad preparation. A mixture of ammonium nitrate and fuel oil (ANFO) with a 
charge density of 750 kg⋅m-3 was used as an explosive charge. The explosive was evenly 
distributed over the surface of the flyer sheet with a detonator located in the middle of its shorter 
edge. These conditions led to detonation velocities (VD) of 2550 m⋅s-1 (Ta/Cu/SS) and 2600 
m⋅s-1 (Ta/SS). EXW process was performed with a parallel arrangement of sheets/plates. 
 

Table 1. Chemical composition of joined components (wt. %) 

 

Tantalum (Hamilton Precision Metals® certificate) 

Chemical 
element C O N H Ni Ti W Mo Sn Ta 

wt.% 0,01 0,015 0,01 0,0015 0,1 0,1 0,05 0,02 0,005 balance 

M1E - Copper (Carl Schreiber GmbH certificate) 

Chemical 
element Ag Ni Fe Sb As Zn S O Cu 

wt.% 0,012 0,003 0,002 0,002 0,0017 0,0017 0,005 0,03 balance 

304 L steel (Arcelor Mittal certificate) 

Chemical 
element C Mn P S Si Cu Ni Cr Mo N Co Fe 

wt.% 0,027 1,940 0,0360 0,007 0,523 0,570 9,037 18,730 0,538 0,0864 0,129 balance 
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To analyze the crystal structure and phase distribution high energy X-ray diffraction (XRD) 
measurements were carried out using the HZG beamline (P07B) located at PETRA III (electro-
storage ring operating at energy 6 GeV with beam current 100 mA) at DESY, Hamburg, 
Germany. The high energy of synchrotron radiation (87.1 keV, λ = 0.142342 Å) allowed phase 
analysis in transmission geometry. The polished samples of dimensions 10 mm × 4 mm × 4 
mm (length/height/width) were ‘scanned’ using so-called continues mode [31], with a step size 
of 0.2 mm (along the interface). Since the beam size was limited to 0.5 mm × 0.5 mm the 
diffraction information from representative large sample volumes (beam size of 0.5 mm × 0.5 
mm × 4 mm) was obtained. The detector was located at a distance of 1321 mm from the sample.  
Specimens for structural analyses were extracted from the clads in the as-welded state, 
perpendicular to the transverse direction (TD). This means that the sample edges were parallel 
to the normal (ND) and the detonation (DD) directions1. SEM analyses were carried out with 
the use of an FEI Quanta 3D equipped with a backscattered electrons (BSE) and secondary 
electrons (SE) detectors. The chemical composition of the reaction products was determined 
using energy dispersive X-ray spectrometry (EDS). For detailed microstructure investigations, 
thin foils were cut-off from the clad perpendicular to the TD using a FEI Quanta Focus Ion 
Beam (FIB) device. The distribution of elements in the solidified melt regions was carried out 
employing FEI Technai Super TWIN G2 FEG TEM equipped with a high-angle annular dark-
field scanning/transmission detector (HAADF/STEM) and EDS microanalysis system. To 
estimate the changes in the hardening across the weld interface Vickers microhardness 
measurements were performed in the DD/ND section. The tests were carried out with a load of 
50 G and a dwell time of 15 s on a finely polished section. The obtained microhardness values 
were the average of three indentations. The microhardness of the materials before cladding was 
234 HV, 84 HV, and 150 HV for SS, Cu, and Ta, respectively. The sheets in the initial states 
were characterized by uniform and fully recrystallized structures. 
 

3. Results 
The macro-scale analyses via visual inspection and low magnification SEM/BSE imaging 
confirmed the high quality of the Ta/Cu/SS and Ta/SS clads, without visible sheets 
delamination, voids and cracks (Figs. 2 and 3a).  
 
 
 
 
 
 
 
 
Fig. 2. SEM/BSE images showing a wavy morphology of the interfaces with the melted regions 

situated: (a) in the wave vortices (case of the Ta/Cu interface), (b) at the crests of the wave 
(case of the Cu/SS interface). 

                                                 
1 In the central part of clad the rolling direction (RD) of initial sheets/plates is parallel to the DD. 
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All the interfaces show regular wavy structures, however, with different wave parameters. In 
the case of Ta/Cu/SS clad the top interface (Fig. 2a), i.e. between the flyer and interlayer sheets 
(Ta/Cu), was characterized by significantly smaller amplitude and period than the bottom one, 
i.e. between Cu interlayer and SS base plate (Fig. 2b). In the case of Ta/SS clad the interface is 
quite similar to that observed for the Ta/Cu one, with relatively small wave parameters (Fig. 
3a). 
The wave formation coincides with the occurrence of melted regions, which are preferentially 
situated at the wave crest and in the vortex core. These reaction regions may exhibit a different 
form: large, nearly equiaxed zones are mostly situated inside the wave vortexes, thick layers of 
the solidified melt are situated on the crest of the wave, whereas extremely thin layers in the 
wave valley. Large melted regions located in the wave vortexes can be completely surrounded 
by Ta (Fig. 3b) without any contact with the steel plate or can be partly adjacent to the steel 
plate, as shown in Fig. 3c. 
 
3.1. Microstructure and chemical composition of the melted regions at tantalum to stainless 

steel interface  
SEM/BSE images show high sensitivity to differences in atomic number between solidified 
melt regions and parent metallic sheets, suggesting significant chemical composition changes 
across the interfaces.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) Interface between Ta and stainless steel (in the centre of the clad) taken in the longitudinal 

section. Microstructure of the interfacial region showing solidified melt region: (b) completely 
enclosed inside Ta and (c) being partly in contact with SS. (d, e) Typical distribution of Fe and 
Ta in the reaction zone showing Ta particles inside the solidified melt. (f) SEM/EDS chemical 
composition measurements along line scan marked in (c) by a dashed arrow. White arrows in 
(e) indicate small Ta particles in the solidified melt. 
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The internal microstructure of the melted regions locked inside the tantalum layer exhibits 
alternating BSE contrast being evidence for strong chemical composition changes. This is 
confirmed by SEM/EDS chemical composition mapping of Ta and Fe which reveals a rotational 
character of the distribution of the elements (Figs. 3d, e). The concentration of main elements 
varies significantly which can be seen in SEM/BSE images (Fig. 3c and Table 2). Based on the 
SEM/EDS line scan measurements the concentration of main elements ranges between: Fe(0.20-

0.55)Cr(0.10-0.18)Ni(0.03-0.09)Ta(0.20-0.70) (Fig. 3f). 

 
Table 2. Chemical composition of melted region between tantalum and stainless steel sheets. 

The points are marked in Fig. 3c 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Closer examination shows other noteworthy details of the non-homogeneous distribution of 
main elements in solidified melt regions. The TEM thin foil that was extracted from an area 
near the interface, as presented in Fig. 4, shows that the solidified melt region enclosed within 
the tantalum is composed of mixed amorphous and nano-grained phases (very often in the form 
of small dendrites). The chemical composition of a given area strongly depends on the location 
within the region. For the case presented in Fig. 4 chemical composition of the melted region 
was determined to be as follows: Fe(0.6-0.7)Cr(0.17-0.21)Ni(0.07-0.1)Ta(0.04-0.15).  
In the case of a very thin layer of solidified melt, the structural and chemical composition 
changes can be directly related to the distance from the parent sheets/plates. As an example, a 
continuous reaction layer with a thickness of 0.5 – 1.0 μm is presented in Figs. 5a, b. The SAED 
patterns confirmed the presence of sublayers that have a crystalline, mixed ultra-fine-
grained/amorphous or amorphous character (starting from the stainless steel plate). The 
TEM/EDS point measurements inside the particular sublayers show a gradual enrichment of Ta 
and depletion of Fe, Cr, and Ni as the tantalum sheet approaches. An amorphous and ultra-fine-
grained sublayer of an average chemical composition close to (‘1’) - Ta0.31Fe0.48Cr0.14Ni0.07 is 
adhering to the tantalum sheet (Fig. 5b). As the stainless steel plate approaches the ultra-fine-
grained/amorphous sublayer is gradually substituted with a thin sublayer composed of fine and 

 
Point no. Chemical element content (at.%) 

 Cr(K) Fe(K) Ni(K) Ta(L) 

1 0,0 0,0 0,0 100,0 

2 13,8 48,2 6,1 31,9 

3 17,6 59,4 7,1 15,9 

4 18,9 68,1 8,1 4,9 

5 12,0 42,1 5,2 40,7 

6 1,0 4,0 0,3 94,7 

7 14,8 50,8 6,4 28,1 

8 18,1 62,7 7,6 11,7 

9 15,0 52,3 6,5 26,2 

10 15,6 55,0 7,0 22,4 

11 19,3 71,7 9,0 0,0 
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then coarser crystallites (or dendrites) of chemical composition close to (‘2’) - 
Ta0.19Fe0.54Cr0.16Ni0.11. Finally, near the stainless steel plate, a sublayer composed of small 
elongated grains of a chemical composition close to (‘3’) - Ta0.11Fe0.60Cr0.17Ni0.12 is detected. 
The distribution of different elements across the interface, shown in Figs. 5c-f, indicate that 
inside the continuous reaction region the sublayers of the solidified melt situated closer to the 
stainless steel plate are enriched with Fe, Cr and Ni. Consequently, the concentration of 
tantalum near the tantalum sheet is the highest and then it successively decreases as the distance 
from the Ta sheet increases.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) TEM bright field image showing the internal microstructure of solidified melt region near 

the Ta/SS interface. (b-d) STEM/HAADF images presenting details of the microstructure of 
solidified melt in different areas of the reaction region: (b) dendrites, (c) dendrites and parts of 
stainless steel ‘plunged’ in Ta, (d) Ta ‘diffusion channels’ in the stainless steel. 

 
3.2. Microstructure and chemical composition of the melted regions at the interfaces of the 

Ta/SS clad with copper interlayer 
Both interfaces in the tri-layered Ta/Cu/SS clad show regular wavy structures. However, the 
wave parameters are different, when the base plate/interlayer interface and the flyer/interlayer 
interface (Fig. 2) are compared. It is noteworthy that for this clad the bottom wavy structure 
between the copper sheet and stainless steel plate was characterized by significantly larger wave 
parameters than the upper one, i.e. between tantalum and copper. At the tantalum/copper 
interface, the melted regions are formed mostly inside the wave vortexes, whereas in the case 
of copper to stainless steel interface on the crests of the wave.  
 
3.2.1. Solidified melt regions at the Ta/Cu interface  
The microstructure of melted regions between tantalum and copper sheets at first approximation 
can be described as a mixture of Cu and Ta particles of different sizes. Figure 6 shows 
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SEM/BSE micrographs with a typical structure of the reaction region composed of tantalum 
spherical particles and dendrites distributed in the copper matrix. The size of spherical particles 
of tantalum falls typically within the range from 50 nm to 500 nm. Nevertheless, the micro-
volumes in which the matrix material was Ta and Cu was in the form of compact spherical 
aggregates were also experimentally found, as presented in [15]. Therefore, the ‘average’ 
chemical composition inside the reaction region (detected by SEM/EDS system) may vary from 
0% to 100% of a given element. No metastable phases were detected in this work. But, as has 
been shown by Parchuri et al. [14], the spherical particles and dendrites composed of pure Ta 
or Cu may coexist with decagonal quasicrystals or TaxCu1-x intermetallic phases.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) TEM/BF microstructure near the Ta/SS interface showing the thin continuous reaction 

layer. (b) STEM/HAADF image from the area marked in (a) by dotted box, with (c-e) the 
TEM/EDS maps showing the distribution of: Ta, Fe, Cr, and Ni. 

 
 

 

 

 

 

 

 

 

 

 

Fig. 6. SEM/BSE image presenting the microstructure of melted region between Ta and Cu sheet. 

 
Due to the small thickness of the phases involved a more accurate characterization of solidified 
melt region was obtained using TEM. Figure 7 reveals the TEM microstructure of the reaction 
region using STEM/HAADF imaging. For the most part, this region was composed of dendrites 
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mixed with spherical particles. The structure composed of Ta dendrites dispersed in the Cu 
matrix is similar to that received after arc melting of tantalum and copper electrodes during Ta-
Cu composite formation [33], whereas a mixture of spherical particles and dendrites was 
observed in a similar Cu-Nb system (also showing no mutual solubility) [34]. The TEM/EDS 
chemical composition maps (Fig. 8) confirm that the solidified melt region is exclusively 
composed of pure Ta and Cu.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Microstructure of the reaction region between Ta/Cu interface from the Ta/Cu/SS clad 

presenting various morphologies of solidified melt. (a) General view of the microstructure of 
solidified melt near the Ta sheet. (b) Ta dendrites filled with Cu, (c) spherical particles of 
tantalum in the copper matrix. (a, c) TEM/BF and (b) HAADF/STEM imaging. 

 
 
 
 
 
 
 
 
 
 
Fig. 8. (a) STEM/HAADF image of a microstructure of the melted region between tantalum and 

copper from Ta/Cu/SS clad. (b, c) TEM/EDS chemical composition maps showing the 
distribution of (b) Ta and (c) Cu. 
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3.2.2.  Solidified melt regions at the SS/Cu interface 
Figures 9a and b show SEM/BSE micrographs with typical microstructures of the reaction 
region between copper interlayer and stainless steel plate. The melted regions are composed of 
fine-grained phases (Fig. 9c) with the concentration of main elements in the range between 
Cu(0.09-0.43)Fe(0.35-0.68)Cr(0.10-0.19)Ni(0.02-0.08). 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9. (a) SEM/BSE image presenting microstructure of the interfacial layer near the copper and 

stainless steel sheets. (b) Internal microstructure of reaction region, and corresponding (c) 
SEM/EDS line scan showing chemical composition changes in the solidified melt region 
(along black dashed arrow marked in (a)).  

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. (a) STEM/HAADF image of microstructure of solidified melt region between copper and 
stainless steel near the copper/solidified melt boundary and corresponding given areas selected 
area diffraction patterns. (b-e) STEM/EDS maps showing the distribution of main elements.  

 
Figure 10 shows the microstructure near the Cu/SS interface observed at TEM scale. The grains 
that nucleate inside the melted region near the copper sheet form a sublayer composed of small 
elongated grains with longer axis almost perpendicular to the interface between copper and 
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reaction region. This indicates a very efficient heat transfer from the molten volume towards 
the copper sheet. In the central part of the solidified melt region only equiaxed, ultra-fine grains 
(or small dendrites) are formed. At the SS/solidified melt boundary, only fine, nearly equiaxed 
grains are formed. Despite various chemical compositions identified inside solidified melt 
regions, to a larger extent the phases are enriched in Cu (ranging between 60% and 90%). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. X-ray synchrotron diffraction patterns for the Ta/Cu/SS and Ta/SS metal compositions taken 

from the area: (a) including the interfacial layers of neighbouring sheets/plates 
(0.5×0.5×10mm3), (b) only SS parts for the next nearest region to the interfaces. 

 

Another common feature observed in solidified melt region close to the copper and stainless 
steel sheets/plates is the presence of Fe-Cr- and Cr-rich precipitations (Figs. 10b-e). The 
chromium-rich volumes that form during the solidification process of the melted regions, lead 
to depleting of the surrounding matrix, where the Cr content may drop below the critical 
concentration. This can weaken the joint by reducing the corrosion resistance of the solidified 

https://www.sciencedirect.com/topics/engineering/solidification-process
https://www.sciencedirect.com/topics/engineering/surrounding-matrix
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melt [35]. It is, therefore, necessary to apply a high-temperature heat treatment to dissolve Fe 
and/or Cr rich precipitates by diffusion in the solid state2. 

 

3.3. Phase identification using X-ray synchrotron radiation  

In order to identify the phase composition and crystallographic structure of the phases appearing 
in the solidified melt regions synchrotron X-ray diffraction was performed. Figure 11a shows 
a diffraction spectrum (intensity vs. 2Θ angle) for the Ta/Cu and Ta/SS interfaces. Diffraction 
pattern taken at the Ta/Cu interface (from Ta/Cu/SS composite) indicates only reflections 
coming from pure Ta and Cu. No other (intermetallic) phases have been identified in the 
reaction region. Surprisingly, high intensities of half-order Bragg peaks are determined. It 
appears to account for a certain fraction of the dissolved atoms which translates into double-
fold periodicity in real space. In the case of Ta/SS interface the reflections corresponding to γ-
Fe, α-Fe and Ta are dominant. However, a closer look reveals also the presence of reflections 
coming from the equilibrium phases, i.e. Fe2Ta, Fe5Ta3, and Fe3Ta.  

Additionally, areas in the layer of steel in close proximity to the interface were investigated 
(Fig. 11b). The obtained diffraction patterns mainly show reflections originating from the γ-Fe 
phase, however, accompanied by a high ‘portion’ of ε-Fe and α-Fe phases. In principle, the 
occurrence of α-Fe can be linked with two processes. The first one is associated with martensitic 
transformation while the other one with the decomposition of austenite. Both effects were 
observed microscopically, i.e. regions with pure Fe composition and martensitic platelets. 
Another issue is the formation of ε-Fe phase. Following the phase-temperature state diagram 
for pure Fe [13, 37] the presence of ε-Fe phase can be attributed to very high pressure, which 
can stimulate the γ ↔ ε and α ↔ ε phase transformations. During EXW the pressure of the 
material drops down almost instantaneously, while the cooling process lasts much longer [6]. 
However, both factors (pressure and temperature) cause that the layers in the close proximity 
to the interface can undergo a series of remarkable phase transformations, as discussed in detail 
by Bataev et al. [13]. The γ → ε transformation can occur only under large stresses. The stresses 
lead to the formation of a large number of structural defects in the deformed austenite 
(dislocations and stacking faults), this would, in turn, facilitate hexagonal ε-Fe phase nucleation 
[37-39]. A similar mechanism of deformation has been reported to occur in [40, 41].  

Another factor that makes the γ → ε transformation easier is the compressive nature of the 
process. Generally, a much lower amount of ε-Fe phase is formed under tension loading, while 
using compression the ε-martensite is much more readily formed [41, 42]. As the observed 
volume fraction of ε-Fe phase is relatively large, it corresponds quite-well with a compression 
force created by the explosion. However, it should be noted, that the given interpretation of ε-
Fe phase formation in steel should be carried out with great caution due to high dynamics of 
the EXW process.  

 
3.4. Microhardness of solidified melt 
In order to correlate the microstructure of solidified melt with the strength properties of the 
clads the microhardness measurements were performed. The microhardness of the reaction 
region at Ta/Cu interfaces reached values between 200 and 270 HV (Fig. 12), whereas the 
microhardness measured in the solidified melt region situated between the copper sheet and 
                                                 
2 The selected area diffraction analysis (in areas enriched with Fe and/or Cr) together with the analysis related to 
the carbon distribution do not show formation of carbides of FeCrC or FeC-types. 
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stainless steel plate amounts to 215-370 HV. These values significantly differ from those 
obtained for tantalum to stainless steel clads, where the microhardness of intermetallic phases 
is ranged between 720 and 1080 HV. This is 2 - 3 times as much as in strain-hardened layers of 
stainless steel sheet, independently on analysed clad.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Variation of microhardness values in the layers near the interface of Ta/SS and Ta/Cu/SS 

metals compositions. Green boxes indicate the range of the microhardness values measured 
inside the reaction regions (formed between particular metal sheets). Black circles inside green 
boxes mark the values of particular microhardness measurements inside solidified melt, 
whereas dashed horizontal lines the microhardness of parent sheets in fully recrystallized 
states. 

 

4. Discussion 
The evolution of the microstructure in certain micro-volumes of melted region and its influence 
on properties of the Ta/Cu/SS and Ta/SS clads were studied at different scale levels. Particular 
attention was paid to the phase composition of solidified melt, where the most spectacular 
transformations take place due to dramatic temperature changes. The calculations made by 
Bataev et al. [6] show that the heating rate during the temperature increase period can exceed 
109 K s-1. As the process is extremely fast, there is no time for the heat to be transferred away 
from the melted region, and any additional increase in temperature leads to local melting. In the 
second period, the thermodynamic conditions are very similar to that observed during spin 
melting since the melted volumes are subjected to extremely high cooling rates which always 
exceed 105–107 K s-1, e.g. [6, 12]. One of the most important questions is – what is the maximum 
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temperature that can be reached during EXW? This applies especially to Ta-based composites 
since the melting point of Ta is extremely high.  
 
4.1. The evolution of microstructure near Ta/Cu and Cu/SS interfaces during rapid cooling  
In earlier works [28, 43] the authors have argued that the reaction region between EXW 
tantalum and copper sheets exhibits a mechanical mixture of the dispersed Ta and Cu particles. 
The approach proposed in [43] is based on the assumption that during dynamic interaction of 
copper and tantalum sheets along collision line, a cumulative jet consisting of liquid copper 
(lower melting point) moves directly on the surface of the tantalum sheet and interacts with the 
roughness of the latter. In this mechanism, there is no need to exceed the melting point of 
tantalum since the particles of tantalum are plunged into copper. However, it is very difficult to 
state without any doubt whether this mechanism is the only one, just dominant or whether 
another mechanism plays a key role in 'shaping' the structure of the solidified melt. This results 
from the fact that in many cases (as it was also observed in this work) the structure of the 
reaction region is composed of Cu spherical particles plunged into Ta matrix [15]. Moreover, 
the occasional formation of non-equilibrium intermetallic phases cannot be excluded due to 
high pressure and extremely rapid cooling. In EXW clads the decagonal quasicrystals of 
metastable phases were documented by Parchuri et al. [14]. In thin films, where the 
solidification terms are very similar to those observed during EXW, the TaxCu1-x metastable 
phases of different morphology were found to coexist along with pure tantalum and copper 
particles. For instance, a substitutional solid solution was observed by Cullis et al. [44], 
amorphous phases were identified by Nastasi et al. [45] and Gong et al. [46], whereas nano-
grained phases by Purja Pun et al. [47] and Rajagopalan et al. [48].  
Therefore, another explanation of structural changes inside the melted regions between Ta-Cu 
and Fe-Cu sheets can be proposed. It is based on the solidification of the liquids showing 
miscibility gap. For such systems, Munitz and Abbaschian [49] and Mondolfio [50] argued that 
under cooling rates of the order of 105 – 106 K/s, a supercooled liquid may continue to supercool 
further. Based on the results obtained for a similar Nb-Cu system (also showing miscibility gap) 
various situations can be considered due to the dynamics of supercooling, which plays a central 
role in the final morphology of solidified melt [51]. For alloys that entered the miscibility gap 
prior to nucleation, the entire cross-section will consist of spherical elements. When alloy is 
quenched from the solid and liquid region the melt separation will occur within the dendrites. 
Since there is a lack of mutual solubility of tantalum and copper in the whole range of 
temperatures, the final structure is predominantly composed of particles/dendrites of pure 
tantalum and copper. 
The microstructure of solidified melt region between Cu and steels is qualitatively different. 
However, their formation can be explained based on similar assumptions associated with 
miscibility gap existence. Since the mutual solubility of Cu in Fe at higher temperatures is 
considerable, i.e. ~13 wt.% of Cu in γ-Fe at 1673 K, and 1.9 wt.% of Cu in α-Fe at 1123 K, 
therefore, after rapid cooling, final microstructures are composed of fine-grained phases (or 
small dendrites) of various chemical composition. Currioto et al. [52] show that under rapid 
cooling the supercooling of liquids below a certain temperature resulted in melt separation into 
a Fe-rich (L1) and a Cu-rich (L2) liquids. Depending on the contents of both elements, the 
grains/dendrites with depleted Fe solidify from the L1, whereas those enriched with Fe, solidify 
from the L2. This is one of the reasons which can explain the formation of phases of various 
chemical composition. 
The above clearly indicates that the decisive role in formation of solidified melt morphologies 
is played by local melting of joined materials (including Ta), and mechanical mixing can only 
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play a supporting role (if at all). However, many aspects of solidified melt formation, such as 
liquid phase separation, nucleation during solidification and microstructure evolution due to a 
significant increase of mutual solubility of Cu and Fe (especially in γ-Fe) at high temperatures 
and eutectoid transformation, etc., are not yet fully understood and further studies are needed. 
In an effort to shed more light on the issue of the morphology of solidified melt and changes 
near the interface layers of parent sheets/plates synchrotron measurements were performed. As 
it was shown the Cu layer significantly reduces the formation of brittle intermetallic phases. 
This applies both to the areas close to Ta/Cu and to Cu/SS interface. No intermetallic phases 
have been detected in the reaction regions. On the other hand, the high intensities of half-order 
peaks indicate a certain fraction of the dissolved atoms which permits a higher alloying level 
even in the systems which are practically insoluble over a wide temperature range. Thus, severe 
deformation and extremely high pressure during EXW may increase the solid solubility level 
enabling formation of metastable phases in parent sheets/plates. Furthermore, it was found that 
the use of Cu intermediate layer reduces the amount of α-Fe and ε-Fe phases in stainless steel. 
The observed volume fraction of α-Fe and ε-Fe phases is lower for Ta/Cu/SS than for Ta/SS 
clad and it amounts to 12.5% and 18.2% for α-Fe, and 5.2% and 3.8% for ε-Fe phases. Most 
likely it is due to the Cu intermediate sheet which is able to accommodate a large part of plastic 
deformation.  
 
4.2.  Microstructure vs. strength properties 
A relatively low microhardness was measured in the reaction regions at the Cu/SS and Ta/Cu 
interfaces as compared to Ta/SS interface and strain-hardened layers of stainless steel plate. 
Despite the strain-hardened layers of parent sheets exhibit high hardness, the recovered and/or 
recrystallized structure near the interface and easy cracks nucleation inside the melted regions 
can countervail the overall strengthening effect. The presence of brittle amorphous and ultra-
fine-grained phases inside the solidified melt regions near the Ta/SS interface improves the clad 
strength but also decreses the ability for clad shaping. Moreover, the micro-/macro- cracks that 
appear intensively inside the melted regions during the liquid solidification decrease the overall-
clad strength. During further clad shaping the micro-/macro-cracks can propagate towards 
parent materials. At the Cu/Ta and Cu/SS interfaces, the microhardness of solidified melt 
regions is lower than the one in strain-hardened layers of stainless steel plate. It is clear that the 
solidified melt regions shall not cause an increase in clad strength. On the other hand, the cracks 
in these relatively soft reaction regions are observed only accidentally and, therefore, this factor 
cannot be regarded as affecting the clad strength.     
 

5. Summary 
The present study describes the morphology and microhardness of the solidified melt regions 
at the Ta/Cu, Ta/SS and Cu/SS interfaces of EXW tantalum to stainless steel clads with and 
without copper interlayer. The following detailed conclusions can be drawn: 

• Multiscale analyses revealed a complex and hierarchical microstructure of interfacial 
layers. Macro-scale observations showed the formation of wavy joints with reaction 
regions situated inside and at the crest of the wave vortexes. The occurrence of a liquid 
phase at the interfaces is the most important feature leading to the formation of the reaction 
regions that are always well-defined by sharp BSE contrast due to sharp chemical 
composition changes.  

• Micro-/nano- scale analyses revealed an internal microstructure of the reaction regions. 
The formation of non-equilibrium phases of various chemical compositions, with some 
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quantity of cracks, is the most characteristic feature of the internal structure of large 
solidified melt regions formed near the Ta/SS interface. Three brittle intermetallic 
compounds, such as Fe2Ta, Fe5Ta3, and Fe3Ta were also detected. The thin layer of the 
solidified melt is always composed of several sublayers, which reveal amorphous, fine- 
and coarse-grained structures of alternating chemical composition. The solidified melt 
regions near the Ta/Cu interface consist of a mixture of pure copper and tantalum particles 
or dendrites, whereas near the Cu/SS interface are composed of phases based on elements 
of both neighboring sheets. The reaction regions near the Ta/Cu and Cu/SS interfaces are 
almost free of discontinuities. 

• The structural changes in the reaction region between Ta-Cu and Fe-Cu sheets can be 
explained based on the mechanism of solidification of the systems exhibiting miscibility 
gap. In these systems, the dynamics of super-cooling plays a central role in the final 
microstructures of solidified melt, which can consist of spherical elements and/or dendrites.  

• The hardness of the reaction region near the Ta/Cu or Cu/SS interfaces is 2 – 3 times lower 
than those measured near the Ta/SS interface, and it does not exceed the hardness of 
interfacial (strain-hardened) layers in stainless steel.  

• The diffraction patterns obtained in the steel layers in the very close proximity to the 
interface show mainly reflections originating from the γ-Fe phase, however, accompanied 
by a high portion of α-Fe and ε-Fe phases. The presence of hexagonal ε-Fe phase can be 
attributed to severe plastic deformation and extremely high pressure, which can stimulate 
the γ ↔ ε and α ↔ ε phase transformations. It was found that the use of Cu interlayer 
reduces the amount of α-Fe and ε-Fe phases in steel. 
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