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Abstract: Bimetallic components welded by Ta and stainless steel have great promise for engineering
applications, but there is relatively little relevant research. In this study, 0.6 mm-thick Ta and
304L stainless steel plates were laser welded, and the forming characteristics, microstructure, and
mechanical properties of the welded joints were analyzed. First-principles calculations were also
performed to explore the structural stabilization mechanisms of the two intermetallic compounds,
TaFe2 and TaCr2, in terms of mechanical properties as well as electronic structure. The results showed
that the weld surface was smooth and free from any defects. Fe-based solid solutions formed grains,
while TaFe2, TaCr2, and some Fe-based solid solutions formed intergranular and eutectic structures.
In addition, due to the presence of the brittle phases of TaFe2 and TaFe, the microhardness of the weld
area can reach 650HV, with an average hardness of 530HV, which is much higher than that of the
base material. The tensile shear of the joint at room temperature was 154.77 N/mm, and the fracture
occurred in the weld zone on the steel side, showing brittle fracture. TaFe2 is a brittle intermetallic
compound, while TaCr2 is ductile. Both TaFe2 and TaCr2 systems have dual properties of metallic
and covalent bonding within them, and metallic bonding dominates.

Keywords: Ta; 304L; laser welding; microstructure; mechanical property; first-principles calculations

1. Introduction

Ta has many advantages, such as high ductility, excellent corrosion resistance and high
temperature resistance, and good cold working and welding performance. Therefore, it has
huge application and development potential in many fields, such as aerospace, weapon
equipment, electronic devices, the chemical industry, and medical devices [1–4]. However,
due to the scarcity of Ta resources on Earth, high energy consumption in smelting, and
high application costs [5], Ta and other metal connection research is urgently needed.
Many components for aircraft engines are made of stainless steel [6,7], which is resistant
to corrosion and heat, and has high strength and toughness. Using appropriate Ta–steel
composite structure parts and replacing local stainless steel materials with Ta can improve
the high temperature resistance of components, extend the working life of aircraft engines,
and have good economic benefits. However, although brittle intermetallic TaFe2 and TaFe
are very easily produced when Ta and stainless steel are welded, giant differences in the
physical and chemical properties will also cause large residual stresses in the joints and
lead to joint cracking [8].

At present, the research on Ta/steel welding mainly focuses on brazing [9], diffusion
welding [10,11], explosive welding [12–18], and electronic beam welding [19,20]. However,
the selection of brazing filler metal is complex and difficult, it is difficult to control the weld-
ing quality with argon arc welding, explosive welding requires a thick coating metal, and
electron beam welding requires a high vacuum environment, which has certain limitations.

As an advanced welding method, laser welding can be carried out in an atmosphere
without producing X-rays. It has the advantages of high heat source density, small spot
diameter, and fast welding speed [21,22]. In the field of dissimilar metal welding, it can
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precisely control the melting amount of the base metal, reduce the heat-affected zone,
shorten the metallurgical reaction time, as well as effectively reduce the joint weakening
and deformation caused by overheating and material damage [23–25]. As far as we know,
although laser welding has outstanding advantages in welding different metals, there are
no reports on the laser welding of Ta/steel.

The purpose of this paper was to study the weldability of Ta/304L stainless steel by
laser welding, analyze the forming characteristics, microstructure, and mechanical proper-
ties of the welded joint, and provide a theoretical basis for its research and development.

2. Experiments

The materials used in this experiment were Ta plate and 304L stainless steel plate, both
of which were 85 mm × 35 mm × 0.6 mm in size. The chemical compositions of the two
base materials are shown in Tables 1 and 2. It is noteworthy that the physical and chemical
properties of Ta and 304L stainless steel differ greatly, as shown in Table 3, which makes the
welding process very difficult. Before welding, mechanical grinding was used to remove
the impurities such as oxide film, and water and oil stains on the surface of the parts to
be welded. After drying, the welding was carried out. As shown in Figure 1, the overlap
quantity of the two plates was 20 mm.

Table 1. Ta chemical composition table (wt.).

Fe Si Ni Nb O C H N Ta

0.005 0.005 0.002. 0.04 0.02 0.01 0.002 0.005 Balance

Table 2. 304L stainless steel chemical composition table (wt.).

C Si Mn P S Cr Ni Cu Mo N Fe

≤0.03 0.509 1.508 0.032 0.003 18.30 8.02 0.106 0.08 0.036 Balance

Table 3. Main thermal and mechanical properties of Ta and 304L stainless steel.

Material Melting Point
(◦C)

Density
(g/cm3)

Linear Expansion
Coefficient
(10−6/°C)

Specific Heat
Capacity (J/kg·k)

Thermal
Conductivity

(W/m·k)

Yield
Strength

(MPa)

Ta 2996 16.6 6.6 157 50.0 403
304L 1454 7.93 16 502 14.6 230
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Figure 1. Schematic diagram of laser welding process for Ta to 304L. Figure 1. Schematic diagram of laser welding process for Ta to 304L.

The laser used in the laser welding experiment was the YLS-2000TR continuous laser
generator, manufactured by IPG Photonics Company, Oxford, MA, USA, with a maximum
output power of 2 kW and continuous adjustability. The equipment execution system
was the KR16-2 six-degrees-of-freedom robot (including a laser head), manufactured by
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KUKA Robot Co., Ltd., Augsburg, Bavaria, Germany, with a repetitive positioning accuracy
of <0.05 mm. The welding path and parameter settings were controlled by a controller-
compiled program. To protect the welding process, high purity argon was used as a
shielding gas, with a flow rate of 25 L/min. The welding parameters were as follows: the
laser power was 600 W, the welding speed was 0.02 m/min, and the defocus was +0.5 mm,
as shown in Table 4.

Table 4. Welding parameters for Ta and 304L.

Laser Power (W) Welding Speed
(m/min)

Defocus
(mm)

Welding Speed
(L/min)

600 0.02 +0.5 25

After welding, the uniform part of the middle weld was cut vertically to obtain
the sample, then it was ground, polished, and corroded. The corrosive solution used
in this test was a mixture of 5:1:1:2 of H2O, HF, H2SO4, and HNO3. The field emission
environment scanning electron microscope (FEG) of Quanta 200FEG, FEI Corporation,
Eindhoven, Netherlands, was used to analyze the weld structure and observe the fracture
morphology, and the corresponding element content of the structure was analyzed by
the energy dispersive spectrometer (EDS). The phase composition of the weld zone was
detected with the Smart Lab 9 kW X-ray diffractometer of Japanese Physiology, Shokima,
Japan. For the mechanical properties test, the hardness test of the welded joint was
carried out with the micro Vickers hardness tester model HVX-1000A, Shanghai Shuangxu
Electronics Co., Ltd., Shanghai, China. The loading force was 100 g and the holding
time was 15 s. The welds were tested at room temperature with the Z100SH universal
material tester, manufactured by Zwick Gmbh Company, Ulm, Germany. According to
the literature [26], the tensile rate is 1 mm/min. The size of the tensile specimen is shown
in Figure 2.
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Finally, the structural stabilization mechanisms of the two intermetallic compounds,
TaFe2 and TaCr2, were explored in terms of mechanical properties as well as electronic
structures, using first-principles calculations. The structure optimization of the estab-
lished crystal models was performed using the CASTEP module of MS software, and
the elastic constants and electronic structures were calculated. The calculation of the
electron exchange correlation energy was performed using the Perdew–Burke–Ernzerhof
(PBE) method in the generalized gradient approximation (GGA), on a minimized fast
Fourier transform (FFT) grid. The chosen pseudofunction was an ultrasoft (Ultrasoft) pseu-
dopotential that relaxes to the canonical condition, and the Pulay density mixing method
incorporating the Broyden–Fletcher–Goldfarb–Shanno (BFGS) conjugate gradient method
was used to handle the electronic relaxation [27,28]. Using the self-consistent iterative (SCF)
method, the self-consistent conditions were set as follows: a convergence threshold of
1.0 × 10−6 eV/atom, total energy less than 1.0 × 10−5 eV/atom, the force acting on each
atom less than 0.03 eV/Å, stress deviation less than 0.05 GPa, and tolerance offset less than
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0.001 Å. The FFT grid parameters were set as 18 × 18 × 18. The kinetic energy cut-off point
was 300 eV, and the K-point grid was taken as 6 × 6 × 3. Both TaFe2 and TaCr2 belong to
the hexagonal crystal system, and the space group is P63/mmc (194). The cell structure is
shown in Figure 3. The specific parameters of the two structures are shown in Table 5, and
the original cell model was used for the calculation.

Metals 2022, 12, x FOR PEER REVIEW 4 of 14 
 

 

(SCF) method, the self-consistent conditions were set as follows: a convergence threshold 
of 1.0 × 10−6 eV/atom, total energy less than 1.0 × 10−5 eV/atom, the force acting on each 
atom less than 0.03 eV/Å, stress deviation less than 0.05 GPa, and tolerance offset less than 
0.001 Å. The FFT grid parameters were set as 18 × 18 × 18. The kinetic energy cut-off point 
was 300 eV, and the K-point grid was taken as 6 × 6 × 3. Both TaFe2 and TaCr2 belong to 
the hexagonal crystal system, and the space group is P63/mmc (194). The cell structure is 
shown in Figure 3. The specific parameters of the two structures are shown in Table 5, and 
the original cell model was used for the calculation. 

 
Figure 3. Fe (a), Ta (b), Cr (c), TaFe2 (d), and TaCr2 (e) crystalline cell structure. 

Table 5. Structural parameters of Fe, Ta, TaFe2, and TaCr2. 

Species Crystal System Group (No.) Lattice Constant Atom Site 

Fe Cubic system Im3m (229) 
a = b = c = 2.861 
α = β = γ = 90° 

Fe (I): (0,0,0) 

Ta Cubic system Im3m (229) 
a = b = c = 3.280 
α = β = γ = 90° 

Ta (I): (0,0,0) 

Cr Cubic system Im3m (229) 
a = b = c = 2.874 
α = β = γ = 90° 

Cr (I): (0,0,0) 

TaFe2 Hexagonal system P63/mmc (194) 

a = b = 4.816 
c = 7.868 
α = β = 90° 
γ = 120° 

Fe (I): (0,0,0) 
Fe (II): (0.167, 0.334, 0.25) 

Ta (I): (0.3333, 0.6667, 
0.067) 

TaCr2 Hexagonal system P63/mmc (194) 

a = b = 4.925 
c = 8.062 
α = β = 90° 
γ = 120° 

Cr (I): (0,0,0) 
Cr (II): (0.833, 0.666, 0.25) 

Ta (I): (0.3333, 0.6667, 
0.063) 

3. Results and Discussion 
3.1. Joint Forming and Microstructure 

The macromorphology of the weld is shown in Figure 4. The surface of the weld was 
smooth and well-formed. There were no macropores, cracks, slag inclusions, undercuts, 
or other defects. The cross-section observation shows that the weld seam is goblet-shaped 
with high feet on the top width and a narrow bottom, as shown in Figure 5. This is because 
the melting point of 304L is much lower than that of Ta, the specific heat capacity is three 
times higher than that of Ta, and the thermal conductivity is about 2/7 of that of Ta, which 
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Table 5. Structural parameters of Fe, Ta, TaFe2, and TaCr2.

Species Crystal System Group (No.) Lattice Constant Atom Site

Fe Cubic system Im3m (229) a = b = c = 2.861
α = β = γ = 90◦ Fe (I): (0,0,0)

Ta Cubic system Im3m (229) a = b = c = 3.280
α = β = γ = 90◦ Ta (I): (0,0,0)

Cr Cubic system Im3m (229) a = b = c = 2.874
α = β = γ = 90◦ Cr (I): (0,0,0)

TaFe2 Hexagonal system P63/mmc
(194)

a = b = 4.816
c = 7.868

α = β = 90◦

γ = 120◦

Fe (I): (0,0,0)
Fe (II): (0.167, 0.334, 0.25)

Ta (I): (0.3333, 0.6667,
0.067)

TaCr2 Hexagonal system P63/mmc
(194)

a = b = 4.925
c = 8.062

α = β = 90◦

γ = 120◦

Cr (I): (0,0,0)
Cr (II): (0.833, 0.666, 0.25)

Ta (I): (0.3333, 0.6667,
0.063)

3. Results and Discussion
3.1. Joint Forming and Microstructure

The macromorphology of the weld is shown in Figure 4. The surface of the weld was
smooth and well-formed. There were no macropores, cracks, slag inclusions, undercuts, or
other defects. The cross-section observation shows that the weld seam is goblet-shaped
with high feet on the top width and a narrow bottom, as shown in Figure 5. This is because
the melting point of 304L is much lower than that of Ta, the specific heat capacity is three
times higher than that of Ta, and the thermal conductivity is about 2/7 of that of Ta, which
caused the accumulated heat of the 304L stainless steel side to be significantly greater than
that of the Ta side. Correspondingly, the melting amount of 304L was also significantly
greater than that of Ta. The whole structure of the weld presented an onion-like surface
profile, resulting from the convection of gasified steel (the boiling point of Fe is 2750 ◦C) as
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the temperature rose during the welding process. Since the welding pool is always pulsed
by molten metal and gas flow, both the heat supply and transfer and the flow of molten
metal have pulsating properties. This periodic change also leads to a periodic increase and
decrease in the grain growth rate.
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Figure 5. Joint section morphology.

According to the interfacial morphology of the Ta/304L dissimilar metal laser lap
weld joint, the weld was divided into two parts: the first part is the upper half of the weld
in the 304L base metal, which is defined as the steel side weld; the second part, the lower
half of the weld in the Ta base metal, is defined as the Ta side weld.

The melting line near the weld zone on the steel side was primarily arranged alter-
nately by cylindrical crystals and fine equiaxed crystals, with a cylindrical crystal size
of 10–18 m and an equiaxed crystal size of 1–3 m, as shown in Figure 6a,b. Due to the
small volume of the welding pool and the surrounding cold metal, the cooling rate was
high. During the initial solidification process, the maximum temperature gradient at the
solid–liquid interface generates the maximum solidification driving force. The grains grow
vertically along the interface and form cylindrical crystals. At the same time, due to the
periodicity of crystallization latent heat and heat input, the supercooling will change accord-
ingly. When the supercooling is small, preferential orientation growth will form cylindrical
crystals. When the supercooling increases sharply, a large number of nucleations will form
fine-grained areas. Figure 6c shows the middle structure of the weld on the steel side,
which is dominated by dendrites and equiaxed grains. As shown in Figure 6d, a eutectic
region was discovered and enlarged.
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To show the representativeness, the grain organization and intergranular organization
of the A and B areas near the fusion line were selected, and the C area in the middle of the
weld was selected for EDS analysis. Table 6 shows the EDS results of black grain A, white
intergranular structure B, and eutectic structure C. Comparing the element content in area
A and B, it was found that the change of Fe and Ta elements in the white intergranular
structure is the largest compared with that in the black grain. No Ta element was found
in the crystal, and the component composition in area C and area B was very similar. In
combination with the XRD test results shown in Figure 7, it is reasonable to believe that
when the temperature drops to 1454 ◦C, Fe-based solid solution is formed in the weld, and
it grows rapidly to form black grains. In addition, in the Ta-containing region, the reaction
L→δ-Fe + TaFe2 occurs at 1442 ◦C, and a part of TaFe2 is directly crystallized from the
liquid phase. As the temperature continues to decrease, the eutectoid reaction δ-Fe→γ-Fe
+ TaFe2 occurs at 1215 ◦C. When the temperature drops to 910 ◦C, the γ-Fe undergoes
solid-state phase transformation again and turns into α-Fe. Simultaneously, Cr with less
content will also react with some Ta elements to form TaCr2 mesophase. In the Ta-poor
area, dominated by molten Fe near the fusion line of the weld, the white intergranular
structure is formed by the mixing of TaFe2, TaCr2, and Fe-based solid solution, while in the
Ta-rich area in the middle of the weld, the lamellar eutectic structure is formed by TaFe2,
TaCr2, and Fe-based solid solution.

Table 6. EDS results of steel side welds (at.%).

Chemical Element Cr Fe Ni Ta

A 20.41 71.52 8.07 —
B 18.85 65.00 7.79 8.36
C 19.10 66.45 6.96 7.49
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Figure 7. XRD analysis of the welded joint.

By analyzing the structure of the Ta side weld, it was found that the middle structure
of the Ta side weld was the same as that of the steel side, mainly equiaxed and dendrite, and
there were some lamellar eutectic zones, as shown in Figure 8a,b. However, unlike the steel
side weld structure, there were a lot of gray cellular structures near the fusion line of the Ta
side weld, and a white island structure was also found, around which the same cellular
grains as were found around the fusion line were present, as shown in Figure 8c. The EDS
results, shown in Table 7, show that there were a lot of Fe and Ta elements in both gray cell
grains and island structures, in which the ratio of Ta to Fe was about 1:2. The structure
of gray cell grains was mainly TaFe2 with a little TaCr2. The island tissue had a higher
Ta content, up to 50%, which was analyzed as a mixture of Ta, TaFe2, TaFe, and a small
amount of TaCr2. The island structure is stripped from the base metal during welding. It is
a semi-melted, viscous, and aggregated material, with a high temperature when stripped.
It diffuses into a large amount of Fe, Cr, and Ni when wrapped by molten steel and forms
brittle intermediate phases, such as TaFe2 and TaCr2. The gray cellular structure at the edge
of the weld was similar to the cellular grains around the island structure. The formation
was similar to that of the island structure, but it was in a small volume state when the base
metal was stripped, with a greater degree of melting and more elements like Fe, Cr, and Ni
diffused into it.
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Table 7. EDS results for Ta side welds (at.%).

Chemical Element Cr Fe Ni Ta

A 13.56 56.18 4.27 25.99
B 6.88 37.54 5.58 50.00

Delamination occurred at the fusion line of the Ta side weld, as shown in Figure 8d,
and this layered area grew a layer of coarse gray cellular grains along the Ta side fusion line
interface toward the weld zone. The weld structure of the adjacent parts was black Fe-based
solid solution grains, with a lamellar eutectic structure. A line scan of this area is shown in
Figure 9. In the area of stratified structure, along the direction from the Ta base metal to
the weld seam, the content of Ta elements decreased sharply and the content of Fe and Cr
elements increased obviously. Therefore, it can be judged that the reaction layer is located
at the bottom of welding holes where heat accumulates, and the incompletely melted Ta
base metal diffuses into a large number of Fe and Cr elements and reacts violently, forming
a reaction layer rich in Ta, TaFe, TaFe2, and TaCr2. The TaFe2 and TaFe contained in the
reaction layer and the gray cellular grain structure will greatly increase the brittleness of
the fusion line of the Ta side weld, which will cause cracks or even fractures when external
force is applied, which seriously reduces the mechanical properties of the welded joint.
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3.2. Mechanical Properties of Joint

Figure 10 shows the microhardness distribution of the weld. It can be seen from
the diagram that the microhardness distribution in the weld zone is not uniform. The
microhardness of 304L stainless steel base metal and Ta base metal are about 200HV and
100HV, respectively. The microhardness of the weld zone is obviously higher than that
of base metal in the range of 420HV~650HV. The average hardness of the weld zone is
530HV, which is significantly higher than that of 304L and Ta. This is because the laser
welding has a fast cooling rate, the structure of the weld zone cannot grow, and the fine
grain structure improves the strength of the weld zone. Simultaneously, a large amount of
lamellar eutectic structure and white intergranular structure contain brittle and hard TaFe2
phase, which greatly improves weld zone hardness. It was also confirmed that the points
with high hardness distribution were located in the lamellar eutectic structure area and the
gray cell grain area.

The distribution of the brittle and hard intermetallic compounds, TaFe and TaFe2, in
the weld greatly increased the hardness of the weld zone as well as the brittleness of the
weld, especially in the eutectic structure containing a large amount of TaFe2 produced
in the Ta-rich zone, which was very prone to crack or even fracture during tension. The
tensile test was carried out at room temperature, and the resulting tensile shear force was
154.77 (±3.9) N/mm. The final result is the average of the three groups of samples. The
fracture occurred in the center of the weld, as shown in Figure 11.

Observation of the fracture surface shows that there are obvious river patterns and
cleavage steps, as shown in Figure 12, which are brittle fracture features. It also confirms
that the brittle intermetallic compounds mentioned above have adverse effects on the
mechanical properties of welded joints. On the other hand, the linear expansion coefficient
of 304L was almost 2.5 times that of Ta (Table 3). During welding cooling, the shrinkage of
304L was greater than that of Ta, which will result in high welding stress and joint cracking.
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3.3. First-Principles Calculations

To investigate the mechanical properties of tantalum steel intermetallic compounds,
the elastic constants of these compounds were calculated using MS software in this paper,
and the results are shown in Table 8. The bulk modulus (B), shear modulus (G), Young’s
modulus (E), and Poisson’s ratio (ν) of the crystals were obtained by the Viogt–Reuss–Hill
(VRH) approximation method, and the calculated results are shown in Table 9.
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Table 8. Calculated elastic constants.

Species C11 C12 C13 C22 C23 C33 C44 C55 C66

Fe 262.94 160.78 160.78 262.94 160.78 262.94 99 99 99
Ta 246.86 158.00 158.00 246.86 158.00 246.86 92.59 92.59 92.59
Cr 455.30 116.21 116.21 455.30 116.21 455.30 113.73 113.73 113.73

TaFe2 436.64 162.70 130.95 436.64 130.95 437.28 129.67 129.67 136.97
TaCr2 344.70 168.01 157.86 344.70 157.86 405.99 70.52 70.52 88.34

Table 9. Calculated modulus.

Species BH GH E ν GH/BH HV

Fe 194.83 77.21 204.60 0.32 0.40 6.97
Ta 187.61 68.96 184.30 0.34 0.37 5.90
Cr 229.24 113.52 335.43 0.26 0.50 11.20

TaFe2 239.86 137.95 347.27 0.26 0.58 16.05
TaCr2 228.79 85.21 227.41 0.33 0.37 6.96

In general, the larger the value of shear modulus G, the higher the hardness of the
compound, the larger the Young’s modulus, and the greater the stiffness of the material.
As known from Table 8, the bulk modulus, shear modulus, and Young’s modulus of TaFe2
are the largest, 239.86 GPa, 137.95 GPa and 347.27 GPa, respectively, which indicates that
TaFe2 has the strongest compression and shear resistance, as well as high hardness and
stiffness. Moreover, in the table it can be seen that the elastic moduli of Fe and Ta are 204.6
and 184.3, respectively, which almost correspond to the parameters in the literature [29,30],
respectively.

According to the Pugh criterion, the ratio of the shear modulus to bulk modulus
k = G/B of the material can determine the brittleness and plasticity of the material; when
G/B > 0.57, it is brittle material, otherwise, it is plastic material. From the calculation results
in Table 8, it can be seen that the G/B value of TaFe2 is greater than 0.57, which is a brittle
intermetallic compound, and the other four materials are plastic. As a plastic material,
Poisson’s ratio is generally 1/3, while the Poisson’s ratio of Cr is 0.26, which is less than
1/3, indicating that the plasticity of Cr is poor.

Hardness is also a very important parameter in the mechanical properties of materials,
and brittle compounds generally have a high hardness. In this paper, the Vickers hardness
of several substances was calculated empirically using Equation (1):

HV = 0.92 G/B 1.137G0.708 (1)

The calculated results are shown in Table 8. The lowest hardness is Ta (5.90 GPa),
the highest hardness is TaFe2 with 16.05 GPa, followed by Cr with 11.20 GPa. This is in
accordance with the maximum hardness of TaFe2, deduced from Young’s modulus in the
previous section.

In order to calculate the electronic structure and chemical bonding properties of
Ta/304L intermetallic compounds, the total density of states (TDOS) and the partial wave
density of states (PDOS) of TaFe2 and TaCr2 were experimentally calculated, and since the
properties of materials are mainly affected by the electronic states near the Fermi energy
level, only the region near the Fermi energy level was taken for this study, as shown
in Figure 13.
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The results in Figure 13 show that in the TaFe2 structure, the source of the total density
of states is mainly Ta-d and Fe-d in the d orbitals, with small amounts of Ta-s, Ta-p, Fe-s,
and Fe-p. The source of the density of states at the Fermi energy level is also mainly Ta-d
and Fe-d. At the peak density of states, between −3 and −1 eV, Ta-d and Fe-d overlap and
hybridize to form covalent bonds Characteristic. In the TaCr2 structure, the sources of the
total density of states and the density of states at the Fermi energy level are also mainly
d-orbital Ta-d and Cr-d, accompanied by small amounts of Ta-s, Ta-p, Cr-s, and Cr-p. At
−4 to −1 eV and 0 to 1 eV, Ta-d and Cr-d both recombine and hybridize to form covalent
bonding properties.

In addition, to study the chemical bonding and charge transfer of TaFe2 and TaCr2, the
differential charge densities of these compounds were calculated, as shown in Figure 14.
The blue color in the figure indicates the dissipation of electron density, the red color
indicates the aggregation of electron density, and the white color indicates the intermediate
states. Only partial overlap of the electron cloud between TaFe2 and TaCr2 atoms and
little distortion of the charges at the junction indicate that both compounds exist. In the
charge density difference diagram of TaFe2, the Ta atoms and Fe atoms are positioned in
the electron-losing region with a negative charge density difference, and the atoms are
positioned in the electron-gaining region with a positive charge density difference, and the
outer electrons of Fe atoms are affected in a three-valve distribution with covalent bonding.
The charge transfer of Cr atoms in the TaCr2 system is more, and the electron distribution
between Ta–Cr atoms is asymmetric, mostly gathered around Cr atoms, indicating the
existence of obvious metal bonds in Ta–Cr. There is obvious electron gathering between
Cr–Cr, which shows the covalent bonding property.The overall covalent bond strength of
TaCr2 is higher than that of TaFe2, which leads to a larger external force required to destroy
TaCr2 than TaFe2.
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4. Conclusions

Laser welding experiments on Ta and 304L stainless steel were carried out and the
following conclusions were drawn:

(1) The connection between Ta and 304L stainless steel can be realized by laser welding.
After welding, the surface of the weld is well-formed and the cross-section is cup-
shaped, with high feet and narrow feet.

(2) Fe is the main element in the weld zone, and the Fe-based solid solution precipitates
into grains. TaFe2 and TaCr2 intermetallic compounds form intergranular and eutectic
structures, together with some Fe-based solid solutions. TaFe2 cellular grains and a
brittle Fe–Ta reaction layer appear at the fusion line of the Ta side weld zone. The
structure of the reaction layer consists of Ta, TaFe, TaFe2, and TaCr2.

(3) The brittle and hard phases of TaFe and TaFe2 in the weld reduces the joint perfor-
mance. The microhardness of the weld zone is significantly higher than that of 304L
and Ta base metal, reaching 650HV with an average hardness of 530HV. The tensile
shear force of the joint at room temperature is 154.77 N/mm, and the fracture occurs
in the weld zone on the steel side, presenting brittle fracture characteristics.

(4) When calculating the mechanical properties, the bulk modulus B, shear modulus G,
and Young’s modulus E of TaFe2 are the largest, 239.86 GPa, 137.95 GPa, and 347.27 GPa,
respectively, which indicates that TaFe2 has the strongest resistance to compression
and shear, as well as high hardness and stiffness. TaFe2 is a brittle intermetallic
compound with a hardness of 16.05 GPa, while TaCr2 is a ductile compound with a
hardness of only 6.96 GPa, as calculated by Pugh’s criteria.

(5) When settling the electronic structure properties, both TaFe2 and TaCr2 have nonzero
values of density of states at the Fermi energy level, and both have metallic properties
and conductivity. The total density of states of TaFe2 and TaCr2 and the sources
at the Fermi energy level are mainly d-orbital electrons, and both TaFe2 and TaCr2
structures have both covalent and metallic bonding properties, with metallic bonding
dominating.
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13. Paul, H.; Miszczyk, M.M.; Chulist, R.; Prażmowski, M.; Morgiel, J.; Gałka, A.; Faryna, M.; Brisset, M. Microstructure and phase

constitution in the bonding zone of explosively welded tantalum and stainless steel sheets. Mater. Des. 2018, 153, 177–189.
[CrossRef]

14. Paul, H.; Chulist, R.; Lityńska-Dobrzyńska, L.; Prażmowski, M.; Faryna, M.; Mania, I.; Szulc, Z.; Miszczyk, M.M.; Kurek, A.
Interfacial reactions and microstructure related properties of explosively welded tantalum and steel sheets with copper interlayer.
Mater. Des. 2021, 208, 109873. [CrossRef]
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