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chlorate and nitromethane separately are not explo-
sives and only when the components are mixed, the 
composition acquires explosive characteristics. The 
explosive composition of the non-explosive com-
ponents is offered to produce directly in the field of 
blasting, i.e. at the quarry. This will prevent the trans-
port of explosive compounds from the manufacturer 
by the special transport on the territory of the coun-
try, because of the danger to the public, approval of 
the route with the traffic police or security threat of 
explosive cargo and reduce the amount of protected 
storage facilities for explosive materials on points at 
the quarry. 
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Abstract
With the aid of grade grids method the character of strained condition and features of forming hollow 
parts when combined radial-direct extrusion were distinguished. By the upper- bound method   the 
mathematical models of the radial-direct extrusion on the conical mandrel were developed. The 
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estimation of the influence of geometric parameters on the power mode of the process was determined. 
The adequacy of developed mathematical models established experimentally.
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In a market economy is becoming increasingly 
important to use in engineering of new high technolo-
gies to produce competitive products. A certain part of 
the range of products of machine-building enterprises 
consist such products as housings, pipes, sleeves with 
complex (stepped) inner surface. Conventional meth-
ods of parts manufacturing of this type are heading, 
longitudinal (direct and reverse) and transverse ex-
trusion, the local processing and stamping processes 
involving a combination of these methods. However, 
these methods are not effective at manufacturing of 
hollow parts with complex shapes and often when 
applying these methods the products with high metal 
intensity are obtained [1-3].

One of the promising areas of stamping techno-
logical development is assimilation  of  the combined 
extrusion methods of  the figurine-shaped parts, based 
on a combination of the traditional schemes of the 
longitudinal extrusion with the transverse (radial and 

lateral)  methods of  extrusion in the tool having com-
plementary degrees of freedom of movement [3, 4]. 
Increasing the shape complexity of parts produced in 
this way contributes to the growth of technical and 
economic performance and competitiveness of new 
technologies.

Radial-direct extrusion on the movable man-
drel (Fig. 1) [5] is one of the way to significantly 
extend the possibility of stamping processes of the 
figurine-shaped parts.  Fig. 1 b shows examples of 
products which can be produced by this method. The 
study of the extrusion process is important for sci-
ence. It will allow us to expand the field of knowledge 
and gain new technical solutions having a practical 
application.

The objective of this work is to study the process 
of the combined radial-direct extrusion on the mov-
able mandrel by formulating the mathematical mod-
els and experimental estimating of their adequacy.

Figure 1. Scheme of the process (a) and parts (b) obtained by radial-direct extrusion

Shapes of the products that may be obtained by 
extrusion on the movable mandrel are various. The 
method is universal, that is by one and the same tool 
it is possible to obtain entirely different parts by ad-
justing of kinematics motion of the mandrel and the 
deformation punch.

Radial-direct extrusion on a movable conical man-
drel has three special cases such as extrusion with 
zero gap between the mandrel and the matrix (Fig. 2a), 
a positive gap (Fig. 2b) and a negative gap (Fig. 2).

Theoretical study of the radial-direct extrusion on 
the mandrel is carried out by the energy upper bound 

[6-8]. Lay outs of the deformation zone for three par-
ticular cases are shown on Fig. 2. The reduced pres-
sure of the radial-direct extrusion on the conical man-
drel for three cases is shown in Table 1.

Formula of reduced extrusion pressure contain 
varying parameters such as the angles of optimization 
α  and β , optimum values are determined from the 
pressure condition for minimum p  numerically us-
ing MathCAD mathematical package.
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Figure 2. Schemes of radial-direct extrusion on the conical mandrel with a lay out of the deformation zone (a - zero, b - 
positive and c - negative gap between the mandrel and the matrix)

Table 1. Formula of reduced pressure radial-direct extrusion on a conical mandrel

No Formula Scheme

1

,

where ,

10 RRS −= , RRS −= 11

Zero gap 
(Fig. 2 a)

2

,

where 

Positive gap 
(Fig. 2 b)
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Negative 
gap (Fig. 
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According to the results of calculations the dia-
grams of dependency of the reduced pressure p  
from the geometrical parameters of the process of 
the radial-direct extrusion on the conical mandrel and 
friction conditions (formulas without correction fac-
tors A1, A2, A3), part of which is shown in Fig. 3. 
When building the plots in the formulas of reduced 
pressure instead of the absolute values of the pro-

cesses geometric parameters the relative geometrical 
parameters were used ( 0RRR = , 011 RRR = , 

022 RRR = , 0Rhh = , 0RHH = ).
Analysis of the dependences has shown that the 

most energy-intensive is the scheme of extrusion with 
a negative gap, the least energy-intensive with a posi-
tive gap, due to the degree of the deformation, which 
the  billet obtains when extruding.

Figure 3. Plots of the reduced pressure of the radial-direct extrusion (for schemes a – with zero, b – with positive and 
c - with negative gap between the mandrel and the matrix)

It has been established that from the relative geo-
metrical parameters on value p  the greatest influ-
ence has the relative thickness of the extruded wall 

RRS ii −=  and slope angle of the generator man-
drel β . With the decrease of the parameter iS  the 
value of the reduced pressure increases which is asso-
ciated with an increase in the degree of deformation. 
With the increase of the friction coefficientµ  also 
the value of the extrusion reduced pressure increases 
proportionally p .

In order to check the adequacy of the mathemati-
cal models the experimental studies have been carried 
out on the extrusion of the hollow parts with variable 
thickness. The experiments have been performed in a 
specially designed universal flexible die.

The extrusion of parts made of materials S1 and 
AD1 was carried out. Plots that are demonstrating 

the dependence of the deformation pressure from the 
wall thickness of extruded parts determined experi-
mentally and theoretically is shown in Fig. 4.

It was determined that for the scheme with zero 
gap uprateing the theoretical solution obtained by the 
upper bound on the experiment is in the range of 25% 
when extruding wall with the relative thickness from 
0.35 to 0.88. It indicates certain inaccuracies of the 
developed mathematical model and the need to intro-
duce correction factors. Data obtained by the correct-
ed formulas UBM give deviation from experiment to 
5%.

For schemes with a positive gap overrating of the 
solution obtained by the upper bound on the pressure 
on the experiment is up to 20% when extruding wall 
with relative thickness from 0.64 to 1.0. It indicates 
the adequacy of the developed mathematical model 
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in this size range. The pressure values obtained by 
the formulas of corrected UBM give deviation from 
experiment to 5%.

For the scheme with a negative gap overrating 
solution obtained by the upper bound on the experi-
ment is within 30% when extruding wall with thick-

ness from 0.35 to 0.7, which also necessitates the 
correction of obtained model. Deformation pressure 
values are obtained by the formulas of the corrected 
UBM and deviates from experimental up to 2%.

Figure 4. The plots of the dependences of the deformation pressure from the extruded wall relative thickness to the 
scheme: a - with zero gap, b - with the positive gap and c - with the negative gap between the mandrel and the matrix.

The study of the deformed condition of the billet 
in the process of radial-direct extrusion by the meth-
od of grids has been carried out. Results as the field of 

intensity distribution of the logarithmic deformation in 
the transverse section of the billet are shown in Fig. 5.

Figure 5. The fields of the intensity distribution of logarithmic deformations when radial-direct extrusion on the conical 
mandrel
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The study of coordinate grids (Fig. 5) at different 

stages of extrusion process showed that the nature of 
the metal flow is uniform. At the initial stage the plas-
tic deformation is concentrated in the areas limited by 
parabolic surfaces, conventionally designated in Fig. 
1 b by lines. Located between these surfaces the met-
al volume has more intense deformation and the outer 
portion of the billet obtains a small plastic deforma-
tion or elastically deformed.

The study revealed that the distribution of defor-
mation on the deformation zone is not uniform: the 
most deformed areas are adjacent to the transition 
edge lying on the matrix. This suggests that the area is 

dangerous and requires special attention in the design 
of tooling and process.

Therefore, when designing technology in order to 
reduce deformation values in the critical areas atten-
tion should be paid to the geometry of the transition 
edges, namely, to perform them with large radii of 
curvature.

In the development of the process of the radial-di-
rect extrusion on the movable conical mandrel some 
new processes have been proposed. One of which is a 
semi-continuous extrusion of hollow parts with vari-
able wall thickness Fig. 6 [9].

Figure 6. Transitions when a semi-continuous extrusion on the conical mandrel (a, b) radial-direct extrusion, (c) cutting 
of the extruded parts from the billet

This method is implemented by producing several 
parts from one multy-piece billet by semi-continuous 
radial-direct extrusion into the gap formed between 
the mandrel and the matrix. Separating finished part 
from the multy-piece billet is  carried out in the area 
of changing the direction of the metal flow from ra-
dial to direct, by moving the mandrel relative to the 
matrix in the direction of punch movement  when ex-

truding. Moreover, the diameter of the mandrel and 
matrix is equal and process proceeds semi-continu-
ously.

The proposed method makes it possible by varying 
the gap between the matrix and the mandrel to obtain 
such parts as sleeves with the variable wall thickness, 
which significantly extends the technological capa-
bilities of the process and the range of stamped prod-
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ucts. When extruding the hollow parts by this method 
the utilization rate of the metal increases due to de-
creasing of the remainder of billet parts in the metal 
amount of the one part, and the process efficiency in-
creases by reducing the time of one part manufacture 

due to the removal of inserting operation of the new 
single workpice in the matrix for the extrusion of the 
following parts.

A method of producing figurine-shaped hollow 
parts with variable wall thickness [10] Fig. 7.

Figure 7. Transitions when extruding figurine-shaped parts on the moving mandrel (a) the scheme of extrusion on 
figurine-shaped mandrel (b) example of obtaining part

This method allows us to expand the range of the 
extruded parts.

This is provided by the fact that when the radi-
al-direct extrusion on the mandrel the mandrel with 
complex profiles is used on its various sections lo-
cated along its axis and when extruding the mandrel 
is moved positioning the profiled sections so that 
the metal that flows from deformation zone take the 
shape of the portion that is in contact with the defor-
mation zone.

The inventive method allows for the use of the 
movable mandrel with complex profiles arranged at 
different parts of it which are located along the axis 
when radial- direct extrusion to obtain figurine-shaped 
parts such as sleeves with the variable wall thickness.

A method of making permanent joints is shown 
on Fig. 8-9. This method allows extending the range 
of products produced by the method of radial-direct 
extrusion.

The method is implemented as follows the multy-
piece billet 1 and the core 2 are placed in the matrix 
3. By adjusting the vertical position of the mandrel 6 
and the conical sleeve 4 gaps Z1 and S1 are set be-
tween the mandrel and the matrix and between the 
core and the conical sleeve so that the thickness of 
the wall which will be extruded between the mandrel 
and the matrix is equal to the value of S1. Influencing 
by the punch 6 on the billet 1 the metal extrusion of 
the billet is carried out into the cavity formed between 
the mandrel 6 and the matrix 3, the diameter of the 
mandrel and the matrix are equal in magnitude. At 
the initial stage of the process the metal flows radi-

ally in the horizontal area and after reaching the an-
gular flow direction alteration zone and contact with 
the mandrel it changes the flow direction at  900  and 
then flows parallel to the axis of symmetry along the 
inner surface of the matrix before the collision with a 
conical sleeve where it starts to flow along the core. 
When reaching the necessary stroke of the punch 7 
and movement of the required volume of metal in the 
cavity formed between the matrix 3 and the mandrel 
6 the gap between the mandrel and the matrix is in-
creased to the value Z2 for the wall extrusion with 
thickness S2 where S2>S1. When desired stroke of 
the punch 7 has been reached permanent joint is sep-
arated from the multy-piece billet in the area of direc-
tion alteration from the radial metal flow to direct by 
downward shift of the mandrel 6 relative to the matrix 
3.The cutting is done by interacting of the edges "K" 
of the mandrel and the matrix. After separation, the 
compounds are removed from the matrix, the mandrel 
is returned to its initial position  and a new core is 
established in the matrix.

After the return of the mandrel 3 to the initial po-
sition the punch 1 continues to move down extruding 
the metal billet for processing of the following com-
pound. Further extrusion continues cyclically to the 
full expenditure of metal volume of the initial multy-
piece billet.
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Figure 8. The radial-direct extrusion of the joint covering

Figure 9. Cutting of the multy-piece billet covering 

Conclusion
The deformation of the billet is assessed qualita-

tively and quantitatively. The effect of the tool geo-
metric parameters on the distribution of deformations 
by volume of the part is studied. The results of re-
searches of the deformed state by method of grids 
allowed specifying understanding of the deformation 
zone shape and size and identifying the areas with the 
maximum degree of deformation.

By the upper bound method the mathematical 
models of processes of radial-direct extrusion on the 
conical mandrel with zero, positive and negative gaps 
between the mandrel and the matrix are developed. 
The influence of the   schemes geometrical param-
eters on the power mode of extrusion process is de-
termined. It has been established that the developed 
mathematical models are adequate and give deviation 
on power ratings of the experimental data in average 
up to 5%.

The methods of extrusion allow obtaining parts 

of complex configurations with increased utilization 
coefficient of the metal. These methods are semi-con-
tinuous radial-direct extrusion allows obtaining a 
lot of the hollow parts with variable wall thickness 
from one multy-piece billet; the extrusion of the fig-
urine-shaped parts allows to obtain the sleeve with 
variable wall thickness and different profiles at var-
ious sections of the part and method of making per-
manent joints.
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