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The article presents the results of investigations of the backward extrusion operation of pipe workpieces to produce
hollow thin-walled products with a changing cross-sectional area in the longitudinal direction. The process is very
complex in terms of implementation, since considering various factors, this process can be carried out either with
defects in the formation of geometry of the parts, or with significant forming forces, or with critical values of stresses
and deformations. Therefore, the article presents the generalized research results on the pipe workpiece extrusion
from 6AI-4V non-ferrous titanium alloy. The results of the conducted studies have allowed determining the influence of
geometric characteristics of a working tool, friction, degree of deformation, temperature and forming velocity on for-
mation of the part geometry, forces and stress. A statistical study of the results obtained was performed. Secondary
mathematical models that make it possible to estimate an impact of the considered parameters upon the power char-
acteristics of operations are obtained. The forming velocity conditions, which allow to ensure minimum process forces
and to provide prescribed geometric characteristics of the products given different process variables and parameters
of the tool geometry, have been established by analyzing simulation results. The factors that are most affecting the
folding under deforming tool are identified. The results obtained can be used as recommendations for manufacturing
of cylindrical hollow products through implementation of backward extrusion.
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Introduction

roduction of the hollow cylindrical articles with

a hole in the bottom part is possible to be imple-

mented by various methods. The most economical
and less labour-intensive is their plastic forming. In this
way, such type of products may be produced by drawing,
extruding, plugging. When the products have a relatively
large wall thickness, the backward extrusion process is
most applicable. It is interesting to use a cone-shaped
punch to perform extrusion in a cylindrical matrix without
providing a support to the inner surface of the workpiece.
The process of backward extrusion is a universal operation
of non-cutting shaping, which makes it possible to obtain
hollow case products, round and square in plan [1—4].
The non-cutting shaping operation has a number of ad-
vantages, the main of which are saving in the workpiece
material and favorable mode of deformation in the work-
piece being formed during the forming process [5—7].
The process of backward extrusion of a 6Al — 4V alloy
pipe workpiece with a cone-shaped punch will be consired
in the paper [8§—11]. It is assumed that the extrusion op-
eration considered in the article allows manufacturing the
elements of fuel lines of special equipment, which are sub-
ject to high requirements on weight and strength. On this
account, the range of metal materials that can be used for
production of such products is limited. A 6Al — 4V tita-
nium alloy that meets the requirements imposed upon the

parts was accepted as a workpiece material. The peculiar-
ity of the process under consideration is the fact that the
inner surface of the billet under the punch is free, in other
words the metal outflow on it is not limited to the tool.
Despite the significant number of works devoted to study-
ing the operations of backward extrusion of pipe work-
pieces with a cone-shaped punch, the aspects of influence
of temperature and speed conditions at various combina-
tions of process variables and geometric parameters of the
process upon formation of the product geometric charac-
teristics have not been considered in detail. Most of the
works are devoted to the research of this operation under
cold-deforming conditions. In view of this, it is important
to select the process variables to ensure correct geometry
of the products.

Setting the research objectives

Fig. 1 shows a diagram of the process of backward
extrusion of a pipe workpiece with dimensions. It is assumed
that the forging is made of 6Al — 4V titanium alloy.

To perform the problems put by, DEFORM software
was applied using the basic theses of the theory of plasticity
of an elasticoplastic, incompressible, hardening material.

The punching temperature range is 20...900 °C. The
workpiece had the following initial dimensions: H, =
=60 mm; Dy = 100 mm; D, = 80 mm; H, = 70...100 mm.
The punch movement speed has varied in the range from
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1 to 30 mm/min. The rheological model of the workpiece
is elasticoplastic one. The number of final elements of the
workpiece grid is 200...500 thous.

Processing of the results of theoretical studies was
carried out by methods of mathematical statistics.

Results and discussion

The reduction which was assumed to be equal to r =
= D% — D12/D(2) — D12 and the punch taper angle o have
been chosen as the main parameters that are the criteria
for evaluating an influence of the punch geometric
parameters and deformation degree upon the process
course. In the process of modeling, on combining certain
geometric and technological parameters, there is observed
Fig. 1. Diagram of a backward extrusion process the defect formation associated with the loss of stability of
the material under punch, i.e., folding.

Fig. 2 presents the process diagrams depicting the
final moment of forming, which allow to evaluate the
part geometry formation at a reduction value » = 0.5 and
different punch taper angles. It was assumed that the
process in the cases shown in Fig. 2 takes place at 900 °C.
The friction conditions were taken corresponding to the
hot forming process at a constant of friction p = 0.25.
The forming velocity ¥, = 10 mm/min.

It can be seen from these diagrams that the product
inner part geometry loses stability even at minimum taper
angles for the considered tool and workpiece sizes, friction
o=15° value and forming velocities. To determine combination of
Fig. 2. Diagrams of the backward extrusion process the process variables at which there is no defect formation,

(r=10.5; ¥y = 0 mm/min; 1 = 0.25) their influence on the product geometry has been studied.

It was established that geometry
defects occur with the greatest proba-
bility at forming velocities < 3 mm/min
for reduction values r = 0.4...0.6
and taper angles up to 15°. Forming
velocity does not affect the formation
of defects for reduction values r =
= 0.7...0.9 (the maximum possible
taper angle of the tool is 25°).

Fig. 3 contains the diagrams, allo-
{ wing to reveal an impact of fric-
W =0.1,V,= 1 mm/min W=01,V,= 10 mm/min W =0.1, V, = 100 mm/min tion and forming velocity upon the
distortion of an inner surface of the

parts at a punching temperature of
900 °C.

It can be seen from the diagrams
shown in Fig. 3 that the greatest influ-
ence on the workpiece surface folding
under punch has either an increase in
forming velocity up to 100 mm/min,
or its decrease to 1 mm/min. In the
latter case, an influx of metal on the
punch is formed in the product due to

the metal flow pattern. Thus, one can

w=0.1, Vo= 1mm/min u=0.1,V,= 10mm/mln w=0.1, V, =100 mm/min .
increase the allowable taper angles of
Fig. 3. Diagrams of the backward extrusion process at different process variables: the tool to o = 25° by selecting these
a—o=15%b—0a=19° parameters.
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A series of experiments have been performed to
evaluate the forces of the process under investigation.
Fig. 4 illustrates the dependence of the extrusion force
change on the tool movement speed for 6Al — 4V titanium
alloy at different reduction values.

An analysis of the dependence in Fig. 4 permits to
draw the following conclusions on the power modes of
the process: with increasing forming velocity, strength
increases 4 times for reduction with a lower value and 6
times for bigger reduction values; the reduction increase
from 0.4 to 0.7 leads to augmentation of deformation
forces by 35% for lower forming velocities and 1.6 times
for bigger ones. In addition, it can be noted that the change
intensity in the forming forces decreases as the tool
movement speed increases.

Statistical simulation of the operation under
consideration has been performed by reference to the
results of the studies performed. It was established that
the force is most influenced by the following factors:
reduction r; speed of punch movement V,, mm/min,
taper angle o, constant of friction .

For statistical investigations, the factor space table has
been formed to estimate forces (Table 1) [12—13]. Table 2
represents the planning matrix [12—13].

The uniformity is estimated using the Cochrane’s test
(g = 0.00355). Verification of the resultant models has
been fulfilled by applying the Fischer’s test (F = 0.73).
According to the results of statistical modelling, the
regression equation was drawn in code and natural values
of the factors, respectively:

Table 1
Factor space of force estimation
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Fig. 4. The extrusion force dependence on the forming velocity:
1—r=04;2—r=0453—r=0.7

y=215.98 + 54.94X, + 149.83X, + 12.25X; +
+ 14.46.X, + 46.89X,, + 9.99X,, ;

P=20.82 — 24.48r —9.27V+ 1.220.+ 19.72u +
+78.15rV + 24.97 V1.

The resulting equations are the expressions convenient
for practical use; they allow determining the strength of
the process under study depending on the most important
factors. Fig. 5 illustrates the force dependence on reduc-
tion, speed and taper angle of the tool.

As can be seen from Fig. 5, the greatest action on the
growth of forces is exerted by an increase in the forming
velocity and reduction value. The intensity of the force
growth increases especially at large values of these
parameters. For example, the reduction increase from 0.3

to 0.9 leads to the force growth by 3.5 times
at the forming velocity ¥, = 10 mm/min. The
force increases by 2 times at the forming velocity

Levels of fastor range

Factor name Natural value | Code value % X X
of the factor | of the factor | “"/(min) i0 i(max)

Reduction r X4 0.4 0.55
The speed of Y X 1 5
punch movement 2
Taper angle o X3 10 15
Constant of fric-
tion u Xy 0.2 0.3
Table 2
Experiment planning matrix

No. No.

of of
experiment experiment

1 + = = = = 9 + = =
2 + o+ - - = 10 + o+ -
3 + -+ - - 11 + -+
4 + o+ o+ - - 12 + o+ 4+
5 === 13 + - -
6 + o+ -+ - 14 + o+ -
7 + -+ o+ - 15 + -+
8 + o+ + - 16 + o+

P, kH
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+ o+ Fig. 5. The extrusion force dependence on the forming
velocity (@) and the tool taper angle (b):
+ o+

1—r=03;2—r=0.53—r=0.9
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V, = 1 mm/min. Changing the taper angle and friction
does not affect the process force so much. In general,
the resultant dependence may be used for designing the
technologies of extrusion with a cone-shaped tool made
of titanium alloy.

Conclusions

1. The mode of isothermal extrusion at low tool
movement speeds allows the deformation forces to
be reduced greatly. At the same time, the reduction
of forming velovities complicates metal flow, i.e. the
provision of creeping flow conditions creates prerequisites
to the metal flowing into the under-punch zone, and thus
the billet gets geometry defects. For 6Al — 4V alloy, the
forming velocity minimum value, which allows to exclude
such a defect formation, is 5 mm/min. In the course of
the research, such ratios of sizes and process variables
were determined at which there is no defect formation.
For reduction values of 0.4, minimal defect formation
is observed at angles of 10...13° and forming velocities
of 3...5 mm/min. At reductions of 0.5...0.7, the angles
of 14...16° and forming velocities of 1...3 mm/min are
rational.

2. The process under study is complex in terms of
obtaining the product geometry without defects. The
greatest influence on folding under the deforming tool
is exerted by the taper angle and tool movement speed.
Moreover, for each reduction value there is its own
allowable taper angle.

3. The proposed process flowsheet of manufacturing
the cylindrical case products is expected to reduce the
production complexity by 10...20% (due to the exclusion
of additional operating steps and further machining),
increase the strength characteristics by 10...30% (it is
assumed that favorable stress and structure of the material
are formed in the product by means of plastic deformation
in isothermal forming; due to the fact that the inner
surface of the products does not require machining, its
quality increases), reduce metal consumption during the
complete cycle of manufacturing products by 20...40%
(owingto the exclusion of operating steps with machining).
Thus, the use of the technologies of isothermal forming of
high-strength alloys will primarily allow to obtain articles
with better mechanical and strength properites, as well as
significantly reduce the material costs of their manufac-
ture by saving in metal.

This work was supported by grants NSh-2601.2020.8
(HIII-2601.2020.8) .
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