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A B S T R A C T

Traditional welding methods are rarely used to join such material pairs due to their tendency to form 
brittle intermetallic compounds. One of the main parameters determining the quality of the weld is the 
impact angle γ. The aim of the work is to study the influence of the impact angle on the temperature-strain 
characteristics in the joint zone during high-velocity impact of aluminum 1050A and steel 321 plates using 
numerical simulation. Research methods. The smoothed particle hydrodynamics (SPH) method implemented 
in Ansys Autodyn 2020 R2 software was used for the simulations. In all calculations, the contact point velocity 
was constant at Vc = 2,500 m/s, and the impact angle varied (9.5°, 12°, 14.5°). The Mie–Grüneisen equation of 
state and the Johnson–Cook constitutive model were used to describe the properties of the materials. Results 
and discussion. It was found that an increase in the impact angle leads to higher pressure, temperature, and 
plastic strain. Specifically, temperature and plastic strain increase monotonically with γ, whereas pressure 
varies non-monotonically, reaching a peak of 8.87 GPa at γ = 12°. At γ = 12°, the most uniform interface is 
formed, and at γ = 14.5°, an asymmetrical interface with the penetration of steel into aluminum is observed. 
All studied impact conditions result in local melting of aluminum while keeping the steel solid. The most 
favorable of the investigated impact angles, which provides a beneficial combination of pressure, temperature, 
and interface morphology for the 1050A/321 system at a speed of 2,500 m/s, is 12°.
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Introduction

Explosive welding is one of the most effective methods for joining dissimilar materials, in particular, 
aluminum–steel composites [1–3]. Bimetals of this type are widely used in chemical engineering, 
shipbuilding, and the power industry due to the combination of high strength and low cost of steel with the 
low density, high thermal conductivity, and electrical conductivity of aluminum [4–6]. However, joining 
these materials by conventional fusion welding methods is difficult because of the formation of brittle 
intermetallic compounds (FeAl, Fe3Al, etc.), which sharply reduce the strength of the weld.

Several studies have been devoted to the experimental investigation of explosive welding of aluminum–
stainless steel pairs [7–12]. In the work of B.S. Zlobin, an analysis of the kinematic parameters determining 
the onset of bonding during oblique impact of aluminum and steel plates was carried out, and experimental 
data on material flow in the gap between the colliding plates were presented [7]. The formation of 
intermetallic compounds in aluminum–steel bimetals produced by explosive welding was addressed in 
[13–15]. It was established that heat treatment of explosively welded composites leads to the formation of 
brittle intermetallic compounds of various stoichiometric compositions, which significantly reduce the joint 
strength.

The explosive welding process is based on high-velocity impact of the workpieces, which is characterized 
by large plastic deformations and localized heat release. One of the main parameters determining the nature 
of plastic flow in the joint zone and, consequently, the weld quality, is the impact angle (γ) [12]. The weld 
morphology, jet shape, and temperature–strain conditions of joint formation depend on this angle [16, 
17]. F. Grignon et al. [16] demonstrated experimentally and numerically that for aluminum-to-aluminum 
explosive welding, small impact angles (γ = 4°) result in a flat interface, whereas increasing the angle to 14° 
leads to a wavy interface morphology.

Numerical simulation studies have shown that the impact angle determines the contact pressure, shear 
stresses, and the magnitude of plastic strain [17]. At the macroscale, the pressure distribution near the 
collision point strongly depends on the impact velocity. This velocity, in turn, is determined by both the flyer 
plate velocity and the impact angle γ. Thus, the impact parameters significantly influence the distribution 
of temperature and strain fields in the joint zone. At the nanoscale, the impact parameters affect dislocation 
slip and diffusion processes [17].

Experimental determination of temperature, strain rate, and strain level during high-velocity impact is 
extremely challenging and often impossible. One of the few works in this field was reported by V.V. Pay et 
al., in which temperature was measured during explosive compaction using a natural thermocouple method 
[18]. Despite the emergence of such experimental approaches, numerical simulation remains an effective 
tool for studying the features of the high-velocity impact process. In recent years, the meshfree smoothed 
particle hydrodynamics (SPH) method has been widely used to model problems involving large plastic 
deformations [19–21]. The work of S. Tanaka and K. Hokamoto’s group demonstrated that the SPH method 
can accurately reproduce the formation of wavy interfaces, vortex zones, and cumulative jets, as well as 
correctly describe the impact kinematics [22, 23]. Nevertheless, a systematic analysis of the influence of the 
impact angle on the full set of thermomechanical characteristics for the 1050A / 321 pair is insufficiently 
represented in the literature, and obtaining such quantitative relationships constitutes the scientific novelty 
of the present work.

The aim of this work is to investigate the influence of the impact angle on the temperature and strain 
characteristics of the explosive welding process for 1050A aluminum and 321 stainless steel during high-
velocity impact using numerical simulation with the SPH method.

To achieve this aim, the following tasks were addressed:
– development of a two-dimensional model of the explosive welding process for the 1050A / 321 

composite using the SPH method in the Ansys Autodyn software, at a collision point velocity of 2,500 m/s 
and impact angles of 9.5°, 12°, and 14.5°;

– investigation of the interface morphology as a function of the impact angle;
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– analysis of the influence of the impact angle on pressure, temperature, effective plastic strain, and 
strain rate in the joint zone;

– determination of the optimal impact angle that ensures the formation of a high-quality bimetal joint.

Research methodology

Numerical simulation was performed using the Ansys Autodyn 2020 R2 software package with the SPH 
method, which is widely used for simulation of explosive welding [24, 25]. The simulations were carried 
out in a two-dimensional formulation. A schematic of the computational domain is shown in Fig. 1. The 
flyer plate was made of 1050A aluminum alloy (Al) with dimensions of 2 × 15 mm. The base plate, mea-
suring 1 × 15 mm, was made of 321 stainless steel (SS). The collision point velocity was kept constant at 
Vc = 2,500 m/s in all cases. The impact angle γ was varied from 9.5° to 14.5° in steps of 2.5°. The initial 
temperature of all particles was set to 293 K. To determine the appropriate SPH particle size, a series of 
simulations was conducted with particle sizes ranging from 7.5 to 200 μm. Analysis of the system’s internal 
energy showed that at particle sizes of 10 μm and below, the energy values stabilized within less than 5%, 
indicating satisfactory convergence. Accordingly, a particle size of 10 μm was adopted for this study, with 
a total of 450,000 particles.

Fig. 1. Computational domain before the collision

The kinematic impact parameters were determined based on a geometric analysis of the parallel welding 
scheme using formulas given in [26] and were used to prescribe the initial conditions for the simulations. 
Free boundary conditions were applied to the outer surfaces of the plates, which is a standard approach in 
problems of high-velocity glancing impact and helps to avoid distortions caused by reflected waves.

The modified Mie–Grüneisen equation of state was used in this study, and the Johnson–Cook model was 
employed as the constitutive model. Both models are implemented in Ansys Autodyn and are widely used 
for simulating high-velocity impact processes accompanied by large plastic deformations [27]. The material 
constants used in the Johnson–Cook equation and the Mie–Grüneisen equation of state are presented in 
Tables 1 and 2.

T a b l e  1

Parameters of Mie-Grüneisen equation of state [28–30]

Material
Initial den-

sity ρ0,  
g/cm3

Grüneisen 
coefficient, 

G0

Parameter 
C1, m/ms

Parameter 
S1

Initial  
temperature, 

Troom, K

Specific heat 
capacity cv,  

kJ/g×K

Aluminium 1050A 2.712 1.14 5.45 1.25 293 8.84 ∙ 10−4

Steel 321 7.9 1.93 4.57 1.49 293 4.23 ∙ 10−4



OBRABOTKA METALLOV MATERIAL SCIENCE

Vol. 28 No. 2 2026

T a b l e  2 

Parameters of the Johnson-Cook strength model [28, 29, 31]

Material Al (1050A aluminium) SS (321 steel)

Shear modulus G, GPa 27.6 78

Initial yield strength A, GPa 0.1484 0.31

Hardening constant B, GPa 0.3455 1

Exponent n 0.183 0.65

Strain rate constant C 0.001 0.07

Exponent m 0.895 1

Melting point Tmelt, K 929 1673

Initial strain rate (/s) 1 1

Strain rate correction 1st Order 1st Order

To assess the influence of the impact angle on the temperature and deformation processes, a series of 
calculations was performed with a constant collision point velocity Vc = 2,500 m/s and various impact an-
gles γ (9.5°, 12°, and 14.5°). The following parameters were analyzed during the simulations: temperature, 
pressure, effective plastic strain, and strain rate in the impact zone.

Results and discussion

This section presents the results of numerical simulation of the high-velocity impact of 1050A alumi-
num and 321 steel plates at different impact angles γ (9.5°, 12°, and 14.5°). The analysis was performed 
based on the weld joint morphology (Fig. 2), the distributions of pressure, temperature, effective plastic 
strain, and strain rate (Figs. 3, 4), as well as their time dependences (Figs. 5, 6).

Fig. 2 shows the features of interface formation during high-velocity impact of 1050A aluminum 
(shown in green) and 321 steel (shown in blue) plates for three impact angles, γ = 9.5° (Fig. 2,a–a2),  
12° (Fig. 2, b–b2), and 14.5° (Fig. 2, c–c2), at successive time instants.

Fig. 2. Formation of the interface relief during collision of plates at different moments  
in time: 

a–a2  – 9.5°; b–b2 – 12°; c–c2 –14.5° (Green particles correspond to 1050A aluminum, blue particles 
correspond to 321 steel)
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For all studied conditions, a jet forms ahead of the collision point some time after the impact begins. In 
the initial impact zone, the interface is nearly flat. However, as the process develops, the deviation of the 
interface relief from an ideal line gradually increases. At all analyzed angles, the interface remains sharp, 
without significant material mixing.

At an impact angle of γ = 9.5° (Fig. 2, a–a2), the deviations of the interface from flatness are weakly 
pronounced. The interface relief has a small amplitude and an almost symmetric shape. Relief formation 
occurs relatively slowly, which is attributed to insufficient shear deformation. At γ = 12° (Fig. 2, b–b2), 
the most ordered interface relief is observed. The interface formation process is more intense than at 9.5°, 
indicating more favorable hydrodynamic conditions. At γ = 14.5° (Fig. 2, c–c2), the wavy interface becomes 
asymmetric and oriented toward the more ductile aluminum. The onset of relief formation occurs earlier 
compared to 9.5° and 12°. However, at t = 3.5 μs (Fig. 2, c2), the interface shape becomes less regular, 
and isolated zones with local penetration of steel into aluminum appear. The formation of an asymmetric 
interface can be attributed to the development of shear instability [2, 26, 32]. As the impact angle increases, 
the tangential component of the impact velocity increases, causing intense mixing of the materials at 
the interface. With a higher shear velocity component, the plastic flow loses stability, leading to local 
asymmetric penetrations of the harder steel into the ductile aluminum. This interpretation is also consistent 
with the non-monotonic pressure dependence on impact angle.

Thus, increasing the impact angle from 9.5° to 14.5° accelerates the kinetics of relief formation, 
increases the wave amplitude, but reduces the regularity of the interface between the 1050A aluminum and 
321 stainless steel plates. The most ordered interface relief, which can be considered preferable for this 
material combination, forms at γ = 12°.

To verify the numerical model, explosive welding experiments were conducted on 1050A and 321 
plates at an impact angle of 12° and a collision point velocity Vc = 2,500 m/s. Fig. 3 shows a cross-section 
of the resulting joint. The results indicate that the interface is practically flat, without pronounced waves 
or macroscopic defects, which qualitatively corresponds to the computed morphology shown in Fig. 2, b. 
Thus, the proposed model correctly describes joint formation at this impact angle.

Fig. 3. Cross-section of the 1050A / 321 explosively  
welded joint, obtained at γ = 12° and Vc = 2,500 m/s  

(experiment)

Fig. 4 shows the distributions of pressure and temperature in the contact zone for the three impact 
angles at t = 1.5 μs. In all cases, high pressures and temperatures are localized along the plate interface, 
indicating the formation of a narrow intense interaction zone. As the impact angle increases from 9.5° to 
14.5°, the recorded pressure and temperature values change as follows: at γ = 9.5°, pressure is 1.05 GPa 
and temperature is 1,026 K; at γ = 12°, pressure increases to 1.30 GPa and temperature to 1,120 K; at  
γ = 14.5°, pressure reaches 1.95 GPa and temperature 1,360 K. The increase in pressure with increasing 
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impact angle is due to the increase in the normal component of the impact velocity, which leads to 
more intense shock compression of the material at the collision point. The temperature rise, in turn, is a 
consequence of heating during high-strain-rate plastic deformation. In all considered cases, the temperature 
exceeds the melting point of aluminum (929 K), indicating local melting of the aluminum plate in the joint 
zone. At the same time, the temperature remains below the melting point of stainless steel (1,673 K), so no 
melting of the steel occurs. For γ = 14.5°, the temperature in the contact zone reaches 1,360 K, which can 
lead not only to melting of aluminum but also to significant softening of the steel near-surface layers, as 
well as create temperature–strain conditions favorable for possible diffusion and subsequent formation of 
intermetallic compounds.

The distributions of effective plastic strain and strain rate (Fig. 5) indicate localization of plastic flow 
in a narrow near-interface region. According to the data shown in Fig. 5, for γ = 9.5°, the effective plastic 
strain is 1.8, and the strain rate is 0.18 μs−1; for γ = 12°, these values are 2.4 and 0.23 μs−1, respectively; for 
γ = 14.5° – 2.7 and 0.57 μs−1. The highest strain value is recorded at γ = 14.5°, indicating more intense mate-
rial flow in the impact zone as the angle increases [33, 34]. The increase in strain rate by more than a factor 
of three when transitioning from γ = 9.5° to γ = 14.5° is explained by the increase in the shear component of 
deformation, characteristic of oblique impacts. The high values of effective plastic strain (>2.0) and strain 
rate (~105–106 s−1) ensure an adiabatic deformation conditions and the formation of an ultrafine-grained 
structure in the joint zone. However, at γ = 14.5°, the high shear strain may promote excessive heat release 
and increase the thickness of the intermetallic layer, which negatively affects the joint strength.

Analysis of the time dependences (Figs. 6, 7) allows refinement of the thermomechanical conditions of 
joint formation. Pressure reaches its maximum values in the time interval t = 0.4–0.6 μs after the start of 
impact for all analyzed angles. The highest pressure value (8.87 GPa) is recorded for γ = 12° at t = 0.429 μs.  
For γ = 9.5°, the maximum pressure is 4.15 GPa at t = 0.481 μs, and for γ = 14.5°, the maximum pressure 
(7.71 GPa) is observed at t = 0.385 μs. Note that the pressure dependence on impact angle is non-monoton-
ic. This may be because as the angle increases, the tangential component of the impact velocity increases, 
leading to more intense shear flow and possibly partial unloading of the material in the contact zone.  
A detailed non-monotonic dependence of pressure on impact angle has been noted in other studies [34, 35]. 
For example, A.A. Akbari Mousavi et al. [35] demonstrated that pressure increases as the impact angle rises 
from 8° to 11°, after which it decreases with a further increase to 15°.

Fig. 4. Distribution of pressure and temperature in the contact zone of 1050A and 321 plates during 
their collision at a time of 1.5 μs: (a) 9.5°, (b) 12°, (c) 14.5°
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Fig. 5. Distribution of effective plastic strain and strain rate near the contact zone during collision  
of 1050A and 321 plates at a time of 1.5 μs: (a) 9.5°, (b) 12°, (c) 14.5°

The temperature in the impact zone (Fig. 6) increases rapidly, reaches a maximum, and then decreases. 
The maximum temperature for γ = 12° reaches 1,314 K at t = 0.806 μs, and for γ = 14.5° – 1,372 K at  
t = 0.719 μs. In the latter case, the temperature rises more sharply, and after reaching the maximum, a rapid 
decrease is observed. At γ = 9.5°, the maximum temperature is 1,026 K (t = 0.695 μs). Thus, increasing 
the impact angle to 14.5° promotes more intense heating but is accompanied by an accelerated temperature 
decrease, which may affect the joint structure formation.

The effective plastic strain (Fig. 7) varies non-monotonically with time, with alternating periods of 
increase and decrease, due to the passage of compression waves and subsequent material unloading. For 
γ = 14.5°, a value of 3.61 is reached as early as t = 0.554 μs, which is the highest value recorded over the 
entire simulation time interval. For γ = 12°, the maximum strain (3.31) is reached at t = 0.429 μs, and for  
γ = 9.5° – 2.01 (t = 0.905 μs). This indicates that an increase in impact angle accelerates the onset of plastic 
flow, owing to the larger shear deformation component

The plastic strain rate (Fig. 7) reaches its highest values already in the initial moments of impact. For  
γ = 14.5°, the maximum strain rate is 2.79 × 106 s−1 (t = 0.385 μs); for γ = 9.5° – 1.46 × 106 s −1 (t = 0.481 μs); 
and for γ = 12° — 0.674 × 106 s−1 (t = 0.429 μs). Overall, all recorded strain rate values exceed 105 s −1, 
which is characteristic of high-velocity impact welding.

Fig. 6. Kinetics of pressure and temperature changes in the impact zone of 1050A and 321 plates
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Fig. 7. Kinetics of changes in effective plastic strain and rate of plastic strain in the impact zone during 
explosion welding of the 1050A / 321 plates

The numerical results obtained in the present study are in good agreement with previously reported 
data [33, 37]. According to references [38–40], for steel–aluminum bimetals, an impact angle in the range 
of 10–15° is considered most favorable, as it provides sufficient plastic deformation to achieve a strong 
bond without the formation of extensive intermetallic layers [38–40]. For a meaningful comparison of 
the investigated conditions, several criteria were adopted: contact pressure, temperature (high enough to 
induce local melting of aluminum but not excessive softening), and interface regularity. At an impact angle 
of 12°, the highest pressure was recorded, combined with a moderate temperature regime. Compared to 
impact angles of 9.5° and 14.5°, this suggests that an interface with minimal intermetallic layer thickness 
can be anticipated. Despite the higher temperature and strain values observed at 14.5°, excessive melting 
of aluminum may occur. As noted in [39, 41, 42], such overheating presents a risk of forming brittle 
intermetallic compounds.

The present simulation results indicate that the impact angle is a critical parameter governing heat 
generation and plastic deformation during explosive welding. Among the three impact angles examined, 
12° is the most favorable for achieving a high-quality bond between 1050A aluminum alloy and 321 
stainless steel plates. At this angle, a high pressure is attained, and the maximum computed temperature in 
the joint zone (1,314 K at t = 0.806 μs) exceeds the melting point of aluminum (929 K) while remaining 
below that of stainless steel (1,673 K), thereby preventing melting of the steel. Due to the short duration of 
the process and the absence of prolonged high-temperature exposure, diffusion processes and intermetallic 
compounds growth are limited. This consequently promotes the formation of an interface with a minimal 
volume fraction of intermetallic-containing regions. However, it should be emphasized that determining 
the exact phase composition and thickness of the intermetallic layer will require additional experimental 
investigations, as well as simulations employing methods that account for diffusion processes, such as 
molecular dynamics [43].

Conclusions

1. Numerical simulations of the explosive welding process for the 1050A / 321 bimetallic composite 
were conducted using the SPH method implemented in the Ansys Autodyn software. The calculations were 
performed at a constant collision point velocity Vc = 2,500 m/s and three impact angles: 9.5°, 12°, and 14.5°.

2. It was established that an increase in impact angle results in higher temperature, effective plastic 
strain, and strain rate in the joint zone, while pressure exhibits a non-monotonic dependence, reaching its 
maximum at γ = 12°. The highest values of temperature (1,372 K at t = 0.719 μs) and strain (3.61 at t = 0.554 μs) 
are attained at γ = 14.5°. However, this impact angle also leads to a sharp post-peak temperature decrease 
and the formation of an asymmetric wavy interface characterized by steel penetration into aluminum.
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3. Under all investigated conditions, the temperature in the contact zone exceeds the melting point 
of aluminum but remains below the melting point of steel. This indicates local melting of the aluminum 
workpiece while the steel remains in the solid state.

4. The most regular interface is formed at an impact angle of γ = 12°. At this angle, the highest pressure 
(8.87 GPa at t = 0.729 μs) is recorded. Moderate heating combined with a high degree of plastic deformation 
creates favorable conditions for the formation of a high-quality joint with minimal intermetallic layer 
thickness.

5. Analysis of the temperature–strain characteristics and interface morphology demonstrates that the 
impact angle of 12° is the most favorable among those studied for explosive welding of the 1050A / 321 
composite. This processing condition (γ = 12°, Vc = 2,500 m/s) is recommended for producing bimetallic 
joints with high strength and minimal content of brittle intermetallic compounds.
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