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Abstract. Consideration is given to results of experimental and theoretical investigations how 
alpha-epsilon- phase transition in the unalloyed iron and the 30KhGSA steel and its absence in 
the austenitic 12Kh18N10T stainless steel influence processes under explosive deformation of 
spheres made of these materials. Polymorphous transition is shown to significantly effect on: 
- amount of explosion-products energy transferred to a sphere, 
- evolution of the converging-wave structure and its parameters, profiles of stress wave and 
temperature Т(R,t) for some Lagrangian particles along the sphere radius,  
- character of energy cumulation under spherical convergence of waves. 

1. Introduction
The problem on the focusing of a spherically converging shock wave is a classical problem. 
G.Guderley [1] was the first to consider this problem for an ideal gas having equal initial density along 
the radius. Later, analogous self-similar solution was constructed by L.D. Landau and K.P. Stanyuko-
vich [2,3]. Results of follow-on numerous investigations with a gas sphere having initial density that 
decreases or increases to its center were published in papers by G.M. Gandelman, D.A. Frank-
Kamenetsky [4], F.L. Chernousko [5], K.V. Brushlinsky, Ya.M. Kazhdan [6], Yu.S. Vakhromeev [7], 
and  Tyl I., Wlodarczyk [8].  

All these investigations consider the case when properties of the matter closely correspond to the 
ideal gas. This is not just the situation we have in practice. Therefore, the follow-on works made at-
tempts to estimate how the considered phenomenon and, more specifically, character of energy cumu-
lation variation depend on real properties of the matter. E.I. Zababakhin contributed seriously to these 
investigations [9]. So, paper [10] considered the case with the heat-conducting gas and paper [11] – 
the case with the solid spheres. In the latter case a converging wave had the two-wave configuration 
due to shear strength or phase transition.  Self-similar solutions constructed in [11] corresponded to the 
flow near the center when the principal plastic wave failed to catch up with the converging elastic or 
phase precursors. Idealized representations were used for the description of the elastic-plastic defor-
mation and phase transition in the material at which the infinite cumulation is absent when these 
waves converge to the center. The idea on the finite energy cumulation, developed by E.I. Zababakhin, 
further was confirmed by experimental investigations [12,13] in which the spherical-shock-waves-
recovery-experiments allowed rather detailed study how the cumulation character in the case of differ-
ent-intensity stress waves convergence depends on real properties of materials.  

Effects of energy cumulation decrease at the front of a converging stress wave in the above exper-
iments due to the elastic-viscose-plastic deformation and alpha-epsilon-phase transition in the com-
pressed-sphere material (iron) were computationally and theoretically studied in [14] and then – in 
[15, 16]. The purpose of this work is to obtain more detailed data on the aspect under consideration. 
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2. Materials, samples, and conditions of their explosive loading
Spheres made of iron, Steel 3, the quenched 30KhGSA steel (HRC=35...40), and the 12Kh18N10T 
steel [12,13,17-21] were investigated experimentally and theoretically. The diameters of these spheres 
were 40, 48, 60, 64, 166, and 184 mm. Detonation of the RDX- or HMX-based explosive layers with 
the outer radius RHE = 40 or 110 mm and different initial thicknesses was used for explosive loading of 
these spheres. Note that as for the shock-wave properties (figure 1) – both possible formation of multi-
wave configurations and energy dissipation amount under shock-wave deformation, the investigated 
materials can be arranged as follows: (i) the 12Kh18N10T steel having no polymorphous alpha-
epsilon-phase transition and having small values of the dynamic yield stress (YA≈0.25 GPa...1.0 GPa 
where the first value corresponds to the stress at the elastic precursor with the 0.45 GPa amplitude and 
the second value takes into account strain hardening in stress waves without influence of pressure and 
temperature); (ii) Iron and Steel 3 having polymorphous transitions and approximately the same 
(YА≈0.65 GPa) shear stresses [22-24]; (iii) the 30KhGSA steel quenched up to HRC=35...40 having 
the same alpha-prime-epsilon-phase transition at essentially higher (Y0≈1.0...2.3 GPa, σHEL=1.8 GPa) 
shear stresses [25,26]. 

Furthermore, metastability of the alpha-prime-epsilon- (α'-ε) phase transition is noted to have a 
more pronounced character in the quenched 30KhGSA steel [25, 26] as compared to that of iron [22-
24] and this results in a more pronounced dissipation of energy in the loading – unloading cycle.

3. Numerical computations
Behavior and properties of iron and steels were described with the help of models based both on the 
multi-phase equations of state and the governing relationships used to describe the high-rate elastic-
viscous-plastic deformation, kinetics of phase transitions, incipience and development of fractures and 
their recompaction, as well as to describe interrelation between these processes.  

If the multi-phase equations of state [28,29]  describe thermodynamic properties of the solid (three 
- α, γ, ε - for iron and one – for the 12Kh18N10T steel) and liquid phases, then the equations of state 
for liquid phases – are wide-range equations that take into account evaporation as well. The model 
well described in [16,30] was used to simulate the elastic-viscous-plastic properties, phase transitions, 
and fractures. This model takes into account strain hardening of a material similarly to [31], power-
law dependence of shear stresses on strain rate [32], the Bauschinger effect [31,33], and  influence of 
fractures and phase transitions available in the material on the elastic-viscous-plastic properties of this 

Figure 1 –  Hugoniot adiabat for 
iron [22-24] or steel 3 [12], the 
quenched    30KhGSA   steel 
[25, 26] and the same steel as 
received [12], as well as for the 
12Kh18N10T steel [12,27]. 
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material. Phase transitions are described based on the relaxational-type kinetic equations [34] which 
are generalized to the case of several transitions simultaneously proceeding in a material particle. 
Characteristics of the model are such that the model takes into account real metastability and depend-
ence of time required for transition to proceed in the test materials [12,16,24,25,30] on the degree of 
non-equilibrium states. A fracture is described by kinetic equations of nucleation and growth (similar 
to those in [35]), which are also capable to describe the reverse process, i.e. recompaction of these 
fractures. The model takes into account hardening of materials due to polymorphous transitions in 
them under shock-wave loading [36] and their softening under melting. Parameters of models were 
determined based on measurement results for shock compressibility, sound velocities, and stress wave 
profiles in the materials under consideration. 

Such a computational setup was used, which took into account details of the experimental systems 
design and the loading process was simulated up to rather long time moments that correspond to their 
actual stop. 

Computations were performed with the help of the VOLNA program complex which is intended 
for 1D-numerical simulation of continuum dynamics [37] and includes the above models. Potentiali-
ties of this program complex in determining the exact shock fronts and characteristics of rarefaction 
waves in calculations of the flow inside the spheres were not previously applied as the models that 
take into account strain rate of a material and kinetics of processes were usually used. The required 
accuracy in computations of shock-wave amplitudes especially near the center where they reach high 
values, as well as sufficiency of energy dissipation at the front of a converging wave (for correct de-
scription of temperature and phase state of particles in a material) was ensured through the use of a 
rather fine grid (≈5000 spacings with the abovementioned sizes of samples). 

4. Results and their discussion
4.1 Simulation of experiments with the explosive system having RHE= 110 mm  
General data on the character of processes in the samples are shown in figures 2, 3 for the iron sphere 
with the 166-mm initial diameter.  

Figure 2 – R-t diagram of the waves and 
contact boundaries movement in the 
experiment with the iron sphere having 
166-mm initial diameter 

P1 
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        a) b) 

Figure 3 – Time profiles of stresses (a) and P-T histories of particles strain (b) in the iron 
sample with the 166-mm diameter.  

Numbers near the curves – Lagrangian radii of particles in cm. 

A pressure pulse induced by detonation of the HE layer at the external surface of the sphere creates 
a stress wave propagating towards the center. At the initial state, the wave amplitude decreases with 
the wave propagation due to unloading from the side of the scattering explosion products (figure 3a).  

Depending on the loading intensity and impulse duration, conditions are created for the generation 
in iron of the multi-wave configuration with the formation, along with the principal plastic wave S1, of 
the elastic Е1 (at σR≤70GPa in iron or at σR≤40GPa in 12Kh18N10T steel) and phase Р1 (at σR≤35GPa 
in iron, no in steel 12Kh18N10T) precursors. The structure of the waves being formed and those con-
verging to the center, as well as the level of their spatial divergence depend on the explosive loading 
conditions. In the principal plastic wave, iron particles transit from the state of the initial alpha-phase 
into the epsilon-high-pressure phase. In further propagation of the waves, the amplitude and velocity 
of the principal wave S1 begin to grow because of spherical convergence. So, at a certain radius, the 
multi-wave configuration can totally or partially stop to exist as the front of the principal shock wave 
catches up with the phase precursor and then with the elastic precursor. When the principal wave am-
plitude becomes σR≥200 GPa, the calculation shows that the matter gets melted at the principal wave 
front. When the wave is reflected from the center, behind the diverging-wave front one observes mate-
rial unloading into the formed cavity with obtaining the vapor and then, with the distance from the 
center, the vapor-liquid mixture and the high-temperature gamma phase (figure 2). The reverse transi-
tion of the epsilon– to– alpha-phase takes place in the sample’s peripheral part constituting the major 
part of the sample. The rarefaction waves propagating from the cavity and from the external surface of 
the sample incorporate rarefaction shock waves designated in figure 2 as R2 and R1, respectively. In-
teraction of rarefaction waves lead to the formation in the sample of the fracture regions concentrically 
located above the cavity. Then due to the cast-iron case that is located above the HE layer and gener-
ates a number of additional compression pulses at the surface of the sample, the early formed spall 
fractures can be recompacted (figure 2). This character of high-rate deformation, fracture, and recom-
paction of materials after spherical explosive loading was noted in [12,13,19,20] during metallograph-
ic and electron-microscopic studies of recovered samples of Fe and steels. 

P-T histories of particles strain in the Р-Т diagram (figure 3b) show that the main portion of the 
melt in the iron sample with ∅ 166 mm is formed under unloading of the matter heated by the princi-
pal wave rather than melting at the shock wave front. Though pursuant to calculations for iron, the 
shock wave amplitude РH≈180GPa corresponds to the melting onset under unloading and the wave 
amplitude РH≈200GPa corresponds to the melting at the shock wave front. 
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Figure 3а gives time histories for the radial component of stresses for certain Lagrangian particles. 
One can see that loading of material particles has a rather complicated multi-wave character. Thereby 
near the center, compression waves formed by the flow converging to the center are observed at the 
compression profiles between shock fronts of the converging multi-wave configuration, as well as be-
tween the front of the principal wave and that of the wave reflected from the center. Due to multi-
wave and substantially non-shock character of deformation of material particles they demonstrate seri-
ously less entropy and thus maximum temperatures in these particles are substantially lower under the 
same pressures if compared with temperatures at Hugoniot adiabats that correspond to their shock 
compression by a single wave. Quasi-isentropic nature of particles compression and variations of this 
nature due to cumulation under the wave convergence depend on the materials properties and the load-
ing profile.  

The pulse amplitude and duration can seriously change the character of multi-wave configurations 
realized in the iron sphere, as well as the spacing between waves in this sphere. For example, numeri-
cal simulation demonstrates that with the increase of the HE layer thickness due to the decrease in the 
diameter of the loaded iron sphere from 184 down to 166 mm in an appropriate explosive system 
[13,20,21], mass of the molten central area in this sphere increases 15 times. This is associated with 
the fact that with the 184-mm diameter of the sphere, the elastic and phase precursors run far ahead the 
converging principal wave and the single-wave mode of particles loading fails to form while in the 
second case (figure 2) the area of phase precursor existence is rather small.  

4.2 Simulation of experiments with explosive systems having RHE= 40 mm 
Figures 4 and 5 give the results of numerical simulation for experiments [13,17] with explosive load-
ing of the 64-mm diameter spheres made of different materials.  

а) b) 

Figure 4 – Time profiles of stresses (a) and trajectories how particles of steel grades under considera-
tion deform in the pressure-temperature coordinates (b) for explosive experiments [13,17] with the 64-
mm diameter spheres. Calculated data for the quenched 30KhGSA steel are shown as solid lines, for 

iron – as dashed lines, and for the 12Kh18N10T steel – as dash-dotted lines. Numbers near the curves 
– are Lagrangian radii of particles in centimeters. Thick solid lines in the Р-Т diagram (b) show stabil-

ity areas for the solid and liquid phases of iron. The melting line for the 12Kh18N10T steel in this
pressure area is close to the melting line of iron.

Figure 4a shows that in these experiments with samples of Steel 3 and the quenched 30KhGSA
steel, the converging wave represents a three-wave configuration at medium radii and only one front is 
observed in the 12Kh18N10T steel. Meanwhile, the temperature decrease for the material compressed 
by the converging wave is most evident in the first two cases.  
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At the initial stage of motion, the converging wave attenuation is quite evident and it becomes even 
more evident in steels with polymorphous transitions especially in the quenched 30KhGSA steel. And 
the cumulation effect for these materials at the next stage of motion develops much later. So, the initial 
amplitude of the wave “recovers” due to the spherical convergence only at a rather deep radius R≈6 
mm (or 0.15RHE) if compared with the similar radius R≈15 mm (or 0.375RHE) for the 12Kh18N10T
steel. The noted differences in characteristics of the converging wave attenuation are also observed in 
the diverging wave traveling. In the case with the quenched 30KhGSA steel, the amplitude of this
wave near the external surface of the sample becomes very small. This indicates that the reverse trans-
fer of energy to the explosion products under sphere unloading in this case turns out to be much weak-
er. Table 1 gives quantitative data on the above effects. 

Table 1 – Calculated characteristics of the converging and reflected waves in the samples 

Material Trajectory, 
mm 

Converging wave Diverging wave 
σS1, GPa ТS1, K σS2, GPa ТS2, K 

12Kh18N10T
2.25 
1.1 
0.5 

41.5 
62.1 
122 

568 (5531) 
800(798) 

1787(1778) 

10.2(6.52) 
43.1(21.9) 
257(104) 2406 

Iron 
2.25 
1.1 
0.5 

28.1 
34.1 
77 

501 
528 

996(1363) 

6.4(3.0) 
44.6(14.1) 

182(49) 1404 

30KhGSA 
HRC 35…40

2.25 
1.1 
0.5 

25.9 
29.0 
54.7 

475 
471 

610(895) 

4.1(1.9) 
25.5(3.7) 
111(11) 874 

1 Temperature at the hydro dynamical Hugoniot adiabat 
2 Jump of a radial stress component in the reflected wave 

All noted factors, i.e. decrease of the wave amplitude due to stronger attenuation, weaker cumula-
tion, and more isentropic character of loading, lead to the decreased values of loading amplitudes and 
decreased values of temperatures for iron particles and particles of the 30KhGSA steel in the central 
area. Hence, the amount of the molten matter for these materials after the cavity formation seriously 
decreases if compared to the 12Kh18N10T steel (Table 2) with rather close melting temperatures at 
Р=0 in the equations of state for these materials and namely: Тm0=1672 K for the 12Kh18N10T steel 
and Тm0=1696 K for iron. Actually, in the case with the quenched 30KhGSA steel, in the explosive 
loading mode with the 64-mm sphere, the molten area is very small (in practice it is absent at all) and 
the cavity is formed owing to the fracture of the material in the solid phase under uniform extension 
just as for example in [38]. 
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Table 2 – Data on energy transferred to the sphere and on sphere deformation after explosion 

Material 
Final radius, mm Calculated 

radius of melt-
ing zone, mm 

Transferred energy, kJ 

Experiment [13] Computation Experiment 
[35] Computation 

12Kh18N10T 32.46 (1.01441) 32.67 (1.0211) 0.33 (0.252) 102 (1.0003) 136 (1.0003) 

Iron (Steel 3) 32.34 (1.0064) 32.44 (1.014) 0.16 (0.13) 115 (1.137) 155 (1.138) 

30KhGSA 
HRC 35…40 32.26 (1.0081) 32.22 (1.0069) 0.052 (0.042) 129 (1.269) 176 (1.290) 

Copper 32.91 (1.0285) 32.97 (1.030) 100 (0.984) 134 (0.980) 

1 Deformation of the outer radius of the sphere in per cents 
2 Boundary of the complete-melting area  
3 Relative value if compared with the sphere of the 12Kh18N10T steel

Figure 5 – Time variations of kinetic, internal, and total energy of spheres from the quenched 
30KhGSA steel (solid lines), iron or Steel 3 (dashed lines), the 12Kh18N10T steel (dash-and 

dotted lines), and copper (dotted line). 

Figure 5 shows a time-dependent integral quantity of the kinetic and internal energy of spheres 
from different materials, as well as a time-dependent total energy that corresponds to the work of ex-
plosion products at the surface of these spheres. Calculation data are additionally given for copper, i.e. 
material with no polymorphous transitions and with the minimal (YА≈0.12...0.3 GPa) shear strength 
from among all materials under consideration. As seen, at the initial stage of loading due to greater 
compressibility, non-equilibrium nature of the polymorphous alpha-epsilon-phase transition, and ra-
ther high shear stresses, the spheres from iron and the 30KhGSA steel get seriously greater part of ex-
plosion products energy as compared with the spheres from materials having no phase transition. In 
progress of the sphere deformation, the stronger energy dissipation takes place in the quenched 
30KhGSA steel due to greater non-equilibrium of the α'-ε phase transition and high shear stresses; 

t, µs 

E,
 k

J 
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thus, the reverse energy transfer to explosion products decreases. The internal energy in the 30KhGSA
sphere gets larger and the kinetic energy – grows smaller as compared with the iron sphere and also 
spheres from other materials. This difference is observed to be maximum after the reflected wave ar-
rives at the external surface of the sphere. Due to less cumulation of the converging wave, the internal-
to-kinetic energy transfer when the wave is reflected from the center of the sphere from this material is 
noted to be minimal. Table 2 gives qualitative data on the energy Е transferred by explosion products 
to the spheres. As seen, the calculated relation Е for different materials is very close to the calorimetric 
measurement results presented in [17]. In addition, a qualitatively correct relation is observed between 
the final dimensions of spheres and, respectively, the dimensions of cavities just as in experiments 
[13,20]. Certain differences in absolute values can be associated with the use of 1D approach in com-
putations and with possible 3D losses in experiments [21]. Further advancement of the computational 
and theoretical description, as well as experimental techniques to diagnose different stages of phenom-
ena under study seems reasonable. 

5.Conclusion

Experiments and their numerical simulations confirmed strong dependence of the energy cumulation 
character at the front of the converging shock wave on the polymorphous transition in iron and steels. 
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