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APPLICATION OF INTELLIGENTLY 
CONTROLLED TECHNOLOGIES IN 
DESIGNING OF TECHNOLOGICAL 
PROCESSES FOR EXPLOSIVE FORMING 
OF SHELL PARTS

The object of research is the processes of pulse metalworking (hydroexplosive, magnetic pulse, electrohydrau-
lic, gas detonation forming, etc.). Among these methods of forming for the production of aircrafts engines parts 
from cylindrical and conical blanks, the most efficient in terms of its energy capabilities and overall dimensions is 
explosive. The modern level of theory and practice of metal forming processes allows, on the basis of a systematic 
approach and control theory, to determine the optimal parameters of plastic forming processes, select the best 
technical solutions, and create a precondition for the transition to complex automation. The most difficult task 
of metals forming methods optimizing is to find the best solution among many potentially possible ones, consider-
ing the introduced restrictions and efficiency criteria, environmental, economic, technical, ergonomic, and other 
requirements. The most problematic is that it is impossible to optimize the process of forming post-factum (finish-
ing works, elimination of defects in shape and size, welding of cracks, etc. are required), therefore, when solving 
optimization problems, the implementation of the feedback principle is required — comparison of the value of the 
controlled variable, determined by the control program, with the desired value. In general, the processes of metal 
forming by pressure are characterized by a variety of problems of the theory of optimal control, the solution of 
which is carried out by methods of mathematical programming. And, although the equipment for pulse processing 
can have a different design, it necessarily includes structural elements that make it possible to convert the energy of 
the source and with its help (through the action of a solid body, transmitting medium, or field) to deform the metal 
of the workpiece. Due to this, in this work, it is proposed to control the quality of the obtained parts by varying 
the degree of deformation of the workpiece in the process of forming. The result of the work is the development 
of an integrated intelligent system, with the help of which it is possible to carry out the computer-aided design of 
almost all pulse-action processes based on the intelligent selection of suitable forming parameters.
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1. Introduction

All the variety of methods for manufacturing shells 
with the energy of an explosion can be reduced to two 
principal forming schemes: protrusion and crimping. In the 
first case, the workpiece is deformed along with a rigid 
die, and the pulse load is applied to the inner surface of 
the shell. In the second case, an external load is applied 
to the outer surface of the workpiece, which compresses 
the punch. The main advantage of the protrusion scheme 
is that the workpiece simultaneously serves as a container, 
in which the transmission medium is contained. This al-
lows for the forming of shells in open areas without the 
use of special explosive devices (pools, armored pits, and 
similar equipment).

The second, more significant advantage of the protrusion 
scheme is that the explosion of a charge of a high explo-
sive is carried out under conditions close to an explosion 
in a confined space, and the efficiency of the explosion 
is much higher than in the case of crimping. It should 
also be noted, that modern approaches and methods of 
designing technological processes of forming by explosion 
and others are carried out using methods of addressing, 
synthesis, pattern recognition, and an ontological approach. 
Given the rapid change in production and its small-scale 
nature, it is advisable to use complex mathematical models.

A complex of theoretical and experimental studies on 
the forming of flat and cylindrical thin-walled workpieces 
was carried out by the author of [1]. He introduced the 
concept of «effective pressure» Pmax and «effective pulse» 
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J, which made it possible to significantly sim-
plify the equations of motion since in this 
case the function P(z, t) is replaced by its 
effective value. The author of [1] showed that 
to determine the final deformation, the load 
and pulse can be replaced with a constant 
value. Plastic deformation y of cylindrical and 
conical blanks is a functional of the form:

( ) ( ) ( ) = Φ ⋅ψ , ,endy z t F z t  (1)

where Φ(z) – pressure distribution function 
along the z axis; ψ(t) – pressure change func-
tion over time; tend – the end time of the pulse 
pressure.

One of the main parameters, by which the 
nature of the possible destruction of the workpiece mate-
rial during explosive forming is determined in the field of 
the external load, generated by the concentrated charges 
of the explosive. For explosive forming at the JSC «Mo-
tor Sich» (Zaporizhzhia, Ukraine), spherical charges are 
used, and explosions occur in equipment with a certain 
configuration.

For solving problems of dynamic fracture, a detailed 
analysis of the physical mechanism of fracture under shock-
wave loading is of great importance. Fracture surfaces are 
always formed as a result of the previous plastic flow, 
but its intensity and contribution to the fracture pro-
cess depend significantly on the amplitude and time of 
action of stress waves. The main goal of studying this 
type of fracture is to establish a functional relationship 
between the breaking stresses and the load parameters. 
The relationship between stress and time makes it pos-
sible to obtain the most complete information about the 
resistance of a material to fracture, such as the change 
in the velocity of movement of the free surface of the 
sample of the material under study, the size of the crack, 
the shape of the load pulse, and the velocity of movement 
of the breakaway parts.

Thus, the object of study is the processes of pulsive 
explosive loading in an explicit formulation for modeling 
complex nonlinear dynamics of solids, liquids, gases, and 
their interactions, associated with the transition from a 
stationary deformation zone to a nonstationary one with 
force intensification. The aim of the work is to improve 
the technical and economic indicators of technological 
processes of pulsed metal processing by developing control 
and diagnostic tools based on the laws of metals shape 
change under the influence of pulsed action and calculat-
ing energy-power parameters.

2. Methods of research

To analyze the plastic deformation under pulse loading 
of cylindrical and conical workpieces, its one-dimensional 
flow is considered. The method of solving approximate 
equilibrium equations together with the von Mises-Hencky 
[2] plasticity condition is used. The dependences Pmax=f(G) 
and J=f(G) (where G is the explosive charge mass) are 
constructed by the author of [1] for equipment, the ge-
ometry of which is a copy of the real equipment, used 
for stamping serial parts. Charts of these dependencies 
are presented on Fig. 1.

The limiting state of pulse-deformed materials should 
be determined by the criteria of deformability, plastic-
ity resource, stress state indicators, taking into account 
the limiting deformation rates and the dynamic nature of 
stresses. In the technological processes of the expansion of 
shells with the energy of the explosion, the central loca-
tion of the explosive charge is mainly used [3]. Usually, 
in production conditions, the sequence for determining 
the parameters of explosive shaping is recommended as 
follows. The dynamic compression (tension) diagram is 
used to determine the ultimate uniform deformation. By 
the value and overall dimensions of the part, we deter-
mine the amount of charge for the forming processing 
according to the dependence:

= σ ε 2 2
max1.5 ,b pG F S D   (2)

where G – the explosive charge mass; σb – temporary re-
sistance; F – the surface area of the die engraving (formed 
part); εp – current strain intensity; S – part thickness; 
Dmax – the largest diameter of the inner surface of the 
die (formed part).

Based on the following assumptions [4–6]:
a) we consider a sufficiently thin shell, which allows 

us to consider the distribution of stresses throughout the 
thickness to be uniform;

b) the shell material is incompressible;
c) shear stresses are small [7];
d) the mass of the shell does not change during de-

formation [8, 9].
Then the equation of deformation of the shell takes 

the form:

( )σ
+ = ⋅

ρ ρδ

2

2

1
,id r

P t
dt r

  (3)

where r – current radius; ρ – material density; δ – shell 
thickness; σi – stress intensity.

The pressure over time t dependence P(t) on the right 
side of the equation can be written as [3]:

( ) ( )= − θexp / ,mP t P t  (4)

where θ is the explosive time constant [10, 11].
The dependence of the time constant θ on the magni-

tude of the charge and its distribution over the shaping 
are shown in Fig. 2. The value of θ decreases with an 

 

Fig. 1. Dependence from the mass of the charge G: a – maximum pressure Ρmax,;  
b – pressure pulse J

a b
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increase in the value of the charge G, while the distribu-
tion over the shaping has the same character as in pressure 
Ρ and pressure pulse J.

We introduce a system of dimensionless parameters, where:
– dimensionless radius:

=
0

;
r

R
r

   (5)

– dimensionless time:

τ=νt,    (6)

where 
σ

ν =
ρ 2

0

;s

r

– dimensionless velocity:

V=R;   (7)

– dimensionless complex:

⋅
= ν

σ δ
0

0
0

.m
m

s

P r
V    (8)

Differential equation of motion (3) taking into ac-
count dimensionless parameters (5)–(8) takes the form:

( )+ = −τ νθ′′
νθ

1
exp / ,mV

R R
R

  (9)

and the initial conditions in the new variables are:

= = ='1,  0.o oR V R     (10)

Since at the beginning of deformation equation (9) 
is simplified:

( )θ+ = −τ νθ′′
ν

1 exp / ,mV
P   (11)

then, integrating it under the initial conditions (10), we obtain 
an asymptotic solution close to the exact one for small R:

( )( )= = − −τ νθ − τ′ 1 exp / ,mR V V    (12)

 τ τ = + ν τ − νθ − − −    νθ
1 1 exp .

2m mR V   (13)

Upon reaching the maximum speed of the shell accelera-
tion R′′=0, it follows from (11) that:

τ = = νθ
νθ

ln .mV
T    (14)

Substituting the value T into equation (14), 
we obtain:

 = + νθ −  νθ
1 ln 1 .m

T m

V
R V   (15)

From formula (15) we conclude that RT 
increases with increasing Vm; that is, the de-
flection of the workpiece increases.

As can be seen from expression (8), Vm in 
turn, depends on the parameters of the exter-
nal load. The higher the pressure, the higher 
the value of Vm, the more the shell deforms.

In [12], the possibilities of using software packages that 
use an explicit method for solving the equations of con-
tinuum mechanics in problems of nonstationary processes, 
accompanied by high strain rates, are considered. Ansys 
AUTODYN is an example of such an application – a software 
tool that provides a wide range of simulation capabilities.

To build a «stress-strain» diagram for a material, sub-
jected to explosive forming, the authors of [12] propose 
to use the following dependencies:

( )
( )
( )
( )

σ = ε + ε

σ = ε + ε


σ = ε + ε


σ = ε + ε

1 1

2 2

3 3

,

n

i o i

n

o

n

o

n

o

C

C

C

C

  (16)

( )∂ σ
= − ε

∂ε

2

2 1 ,i
i

i

n n C    (17)

σ = σ ⋅σ2 1 3 ,     (18)

( ) σ = ε − + + ε ε 3

3
/ 0.29 2 ln 0.75 ,

2
n n n

i i c i iH D C n  (19)

( ) ( )
σ − σ

=
ε + ε − ε + ε

3 1

3 1

lg lg
,

lg lgo o

n   (20)

( )
σ

=
ε + ε

1 ,n

o i

C

 

  (21)

where σ1, σ2, σ3, ε1, ε2, ε3 are the current values of stresses 
and deformations, passing through the points of the curve 
of actual strains εi; C, n – the constants, which are sat-
isfying the system of equations (16); σi, εi – the stresses 
and the strains intensities. D – detonation velocity of the 
explosive (Chapman – Jouguet condition [13, 14] for the 
pressure at the detonation front is used).

To determine σi and εi by known σ1, σ2, σ3, and ε1, 
ε2, ε3, the authors according to the method, proposed 
in [15], propose to use the following iterative procedure 
when determining the model of material behavior in the 
Ansys AUTODYN (Fig. 3).

 
a b

Fig. 2. Dependence of the time constant θ from:  
a – the charge magnitude G; b – the charge distribution on the forming equipment for fixed 

charges 1 – 2.5 g; 2 – 5 g; 3 – 7.5 g; 4 – 10 g
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Fig. 3. Block diagram of the iterative procedure

The obtained iterative procedure allows determining 
the values and intensity of stresses and strains at any 
time during the simulation of pulsed metal processing.

3. Research results and discussion
In the conditions of the JSC «Motor Sich» workpieces 

loading is carried out by charges of Ammonite. In this case, 
the splittable die is covered by a strong bandage (Fig. 4).

Fig. 4. Explosive forming tool: a – a typical scheme of forging a shell 
workpiece with an axisymmetric arrangement of the explosive charge;  

b – tooling design

Methods of pulse metalworking that use detonation of 
condensed explosives in water as an energy carrier have 
their own specificity, which is associated with the fact 
that during the forming operations the workpiece is under 
the action of high pressures, which significantly exceed 
those, required for plastic deformations. It should also 
be noted the difference in the mechanisms of localization 
of plastic deformation under pulsed and static loading. 
When forming axisymmetric workpieces, these features 
practically do not have a significant effect on the forming 
process. Therefore, in this case, the optimization problem 
is reduced to the selection of the required effective pres-
sure Pmax values.

A typical representative of parts, formed by the ex-
plosion from shell workpieces, is the «Stator housing» 
part. The finished part has eight radii of curvature in 
the plane of symmetry (the smallest is 268 mm, the larg-

est is 330 mm). The part is made from a conical welded 
1.5 mm AISI 321 (X10CrNiTi18-9 in DIN marking) steel 
workpiece (Fig. 5).

The application of the iterative procedure, proposed 
in the work, at the design stage of the forming techno-
logical process made it possible to determine based on 
the plastic properties of the workpiece material the field 
of peak effective pressures Pmax, required to fill the die 
cavity within 12 GPa.

Fig. 5. Preparation for forming a «Stator housing» part: a – semi-die;  
b – workpiece

It should be noted, that in the case when the heights 
of the original workpiece and the die are the same, the 
plastic flow of the workpiece material is insufficient to fill 
the entire cavity of the die and there is no upper coni-
cal neck on the stamped part (Fig. 6). To avoid this, it 
is proposed to increase the height of the workpiece by 
50 mm in the upper part. In this case, in order to avoid 
water entering the gap between the workpiece and the die, 
this gap is pre-sealed with hydrophobic putty, as shown 
on the Fig. 7.

At the same time, the forming of asymmetric parts 
with a variable taper angle and an uneven degree of ex-
pansion around the perimeter causes many problems and, 
therefore, practical interest.

Optimization of the forming of such a part (a part called 
a «Volute» or sometimes a «Cochlea») is described by the 
authors in [6]. The workpiece is a welded cylinder, made 
of AISI 321 steel 0.8 mm thick, 400 mm in diameter, and 
120 mm high. The finished part has seven different radii of 
curvature. Considering that in some zones of the part during 
explosive forming, the relative elongation of the workpiece 
material reaches 71 %, the most vulnerable is the workpiece 
weld seam (Fig. 8). In [6], thanks to intelligent optimization 
of the workpiece pulse loading, it was possible to determine 
the peak effective pressure field Pmax within 600 MPa and 
the value of the explosive charge location eccentricity in the 
range from 19.5 to 68 mm. It is also proposed to increase 
the height of the original blank by 60 mm at the top and 
30 mm at the bottom. The areas of the greatest load of the 
workpiece material, in which the location of the weld seam 
is undesirable, have been determined (Fig. 9).

 

 
  

 
 

 
a b

 

 

 

 

a

b
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Fig. 8. The appearance of the weld seam rupture after the  
explosive forming

Another example of such a shell workpiece explosive 
forming is the «Housing» part. The height of this part is 
558 mm. It is made from a 1.5 mm AISI 321 steel work-
piece in the shape of a truncated oblique cone in order to 
make its shape as close as possible to the complex shape 
of the die cavity (Fig. 10, a). Such a part does not have 
a single plane of symmetry, and the areas of the highest 
deformations during forming are two unequal depressions 
from the opposite to the parabolic area of the die cavity 
surface (Fig. 10, b, top image).

The application of the optimization algorithm, pro-
posed in this work, made it possible to establish the 
effective pressure field necessary for the normal fill-
ing of the die cavity within 22 GPa. It is proposed to 
shift the explosive charge towards the areas of highest 
deformation relative to the axis of rotation of the die 

contour within 139 mm, as well as downward as much 
as possible. This will make it possible to implement the 
scheme of the workpiece walls loading with the so-called 
«oblique» shockwave (the workpiece is deforming from 
bottom to top).

As can be seen from Fig. 11, a, such a loading scheme 
ensures the normal filling of the die cavity with the work-
piece. However, when the height of the workpiece is equal 
to the height of the die, the filling of the cavity along the 
height is not observed. Similar to the «Stator housing» 
part manufacturing scheme, it was proposed to increase 
the height of the workpiece by increasing its upper part 
up to 70 mm, sealing the gap between the cavity of the 
die and the wall of the workpiece with hydrophobic putty.

However, in this case, the nature of the workpiece 
protrusion is such that the workpiece’s upper free part, 
protruding above the die, is deformed before normal filling 
of the die cavity with the workpiece material occurs, thus 
forming a flange on the upper edge of the die Fig. 11, b. 
This, on the one hand, prevents the normal distribution 
of the workpiece material, as a result of which high com-
pressive stresses lead to the formation of corrugations in 
the zones of the highest deformations, and, on the other 
hand, leads to the workpiece dissection by the rib, formed 
by the die upper edge and its working cavity. Therefore, 
in the future, it was proposed to make changes to the 
existing technological process of part forming, not only 
by increasing the height of the original workpiece but 
also by increasing the height of the die. In this case, the 
filling of the die working cavity along the height occurs 
normally (Fig. 12, a).

 

  
a b

Fig. 6. Diagram of the effective pressure distribution over the surface of the workpiece and filling the cavity of the die: a – at the same height of the 
workpiece and the die; b – with an increase in the height of the workpiece by 50 mm 

  
a b

Fig. 7. Forming of a «Stator housing» part: a – preliminary application of hydrophobic putty;  
b – von Mises equivalent stress distribution diagram
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However, it should be noted, that due to the com-
plex nature of the material flow when forming such a 
part, it is impossible to avoid the formation of corru-
gations (Fig. 12, a). Thus, even the use of intelligent 
optimization methods does not completely solve the 
problem of obtaining a «Housing» part by explosive 
forming. In this case, it is necessary either to change 
the geometry of the part itself in order to avoid the 
occurrence of extreme compressive stresses in the ar-
eas of highest deformations. A simpler solution is to 
use elastic backing elements on the shaping surfaces 
of the die, allowing to change the stress state patterns 
of the most deformable workpiece areas, as is shown 
on Fig. 12, b.

At present, industrial testing of the production of 
these parts by explosive forming (Fig. 13) has been 
carried out using the intelligent system for optimizing 
the technological processes, proposed in the work.

 

 

 

 

 

a

b

Fig. 9. Diagram of «Volute» part shaping with an increase in the height of the workpiece during an explosive expansion: a – total deformations (top view); 
b – diagram of filling the die mold cavity

Fig. 10. Preparation for explosive forming of a «Housing» part: a – layout 
diagram of the workpiece (red) inside the die (blue) cavity; b – stages of 

forming tooling assembly

a b
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Thus, the paper proposes a numerical calculation method 
in the Ansys AUTODYN due to the introduction of a 
universal iterative procedure for adjusting the pulsed load of 
materials to control the dynamic behavior of the material. 
This made it possible to determine the optimal location 
of explosive charges based on the load parameters of the 
workpiece material, taking into account its resistance to 

deformation. By establishing the peak values of 
the effective pressures for the case of each specific 
type of parts, it makes it possible not only to de-
termine the most loaded areas of the workpieces in 
the process of forming but also to more accurately 
determine, based on ballistic characteristics, the 
required mass of explosive charges. So, for «Stator» 
parts, the mass of the ammonite charge was reduced 
from 200 g to 135 g (67.5 % of the initial mass), 
for «Volute» parts it was reduced from 45 g to 
39 g (87 %), for «Housing» parts it was reduced 
from 150 g to 110 g (73 %).

As already mentioned above, the proposed 
method of shell parts pulse forming intelligent 
optimization does not allow to fully solve the 
problems of forming optimization of a complete 
list of such parts. This problem is especially acute 
in relation to asymmetrical parts of complex con-
figuration, in which the complex nature of the 
material flow, when deformed, can lead to the 
formation of unwanted corrugations or cracks, 
as in the case of the «Housing» part.

This problem appearance is since the proposed 
optimization algorithm allows solving the problem 
of optimal pulse loading based on the mechani-
cal properties of the deformable material and the 
ballistic characteristics of the initiator (explosive) 
of the process.

However, as follows from dependence (4), the 
value of the achieved effective pressure Pmax depends 
on the time constant θ, which, in turn, depends on 
the distance between the charge and the loaded 
surface (Fig. 2, b).

At the moment, for parts of complex shapes, 
the asymmetric arrangement of the explosive charge 
is selected empirically. Further development of 
intelligent optimization of pulse forming of such 
parts is the setting of the loading factor in the 
form of a function and the ability to determine 
the geometric coordinates of the point of initia-

tion, based on the achieved optimal deformation values. 
This will make it possible to automatically select not only 
the parameters of the workpiece (thickness and properties 
of the material) and the mass of the charge but also to 
more accurately design the tooling and set the location 
of the charge in it.

 

  
a b

Fig. 11. The results of a «Housing» part explosive forming simulations: a – with an equal height of the workpiece and the die (von Mises equivalent stress 
distribution); b – with an increase in the workpiece (green) height without fixation its upper edge

 

  
a                                                        b 

Fig. 12. Obtaining a «Housing» part by explosive forming: a – simulation of filling the 
die cavity (blue) with the workpiece material (green) with a simultaneous increase in 
the workpiece and the die height; b – areas of the location of the backing elements

 

a b

c
Fig. 13. Samples of parts, obtained by explosive forming using an intelligent process 

optimization system: a – series of «Stator» parts; b – «Volute» («Cochlea») part;  
c – «Housing» part
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4. Conclusions

The paper investigates the possibility of using a devel-
oped intelligent iterative procedure during the explosive 
forming of shell parts with constant and variable cur-
vature. Analytical dependencies are obtained that allow 
determining the optimal arrangement of explosive charges 
and loading parameters of the workpiece material, taking 
into account its resistance to deformation.

The results of the work are proved by simulations in 
the Ansys AUTODYN system, as well as experimental 
data. The performed experimental studies have shown 
slight deviations in the values of local deflections of the 
produced parts in comparison with the data, obtained 
analytically in ranges from 0.95 to 7.58 % at key points 
for asymmetric parts. Intelligent optimization made it 
possible to reduce the loading of the workpiece material 
by reducing the explosive mass by 32.5 % for axisym-
metric parts («Stator housing» part) and by 13–27 % 
for asymmetric parts («Volute» and «Housing» parts).

The proposed method of intelligent control for produc-
ing shell parts fully satisfies the requirements for parts of 
this type, avoids local destruction of workpieces in the 
weld zone, and also significantly simplifies and acceler-
ates the design and R&D stage of manufacturing. It also 
reduces the metal consumption in conditions of small and 
middle production programs due to a significant reduction 
in the required effective pressure values and mass of the 
explosives, initiating the forming process.
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