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THE EFFECT OF STRAIN INTENSIFICATION ON THE SINGLE-OPERATION
PROCESS OF EXTRUSION OF DEEP-BOTTOMED SLEEVES

WPLYW INTENSYFIKACJI ODKSZTALCEN NA PRZEBIEG JEDNOOPERACYJNEGO
PROCESU WYCISKANIA TULEI GLEBOKICH Z DNEM

In the article the authors present the results of a study on solving the problem occurring in the production of deep steel
sleeves (H/d>2.5) from full preforms. The basic problem during the production of deep bottomed sleeves, e.g. during making
sleeves by indirect extrusion, is that the punch operates under very difficult conditions (such as high temperature and high unit
pressures), which causes a reduction in its lifetime and frequent failures. For this reason, deep sleeves are produced through at
least two technological treatments. This involves the necessity of building two technological stands (often using two presses),
which considerably increases the cost of production, its labour-consumption and, above all, reduces the productivity.

The new method of producing sleeves, proposed by the authors, combines the known and specific pattern of metal flow in
the extrusion process, and aims at achieving the following: increasing the lifetime of working tools, increasing the productivity,
lowering the production costs, reducing the material losses and decreasing the magnitude of extrusion forces.

The method under analysis consists in the simultaneous indirect extrusion and co-extrusion, which results in a semi-finished
product in the form of a sleeve with a stem. These are known methods of the plastic working of full preforms. It is these
schemes that are applied in the new method as the first stage of producing deep bottomed sleeves. The second stage in the
process is a quite specific deformation pattern consisting in the formation of a finished sleeve wall from the stem formed in
the first stage. By combining different extrusion schemes, both in the first and in the second stage of the process the strain
intensities were increased, and the partitioning of the flowing stream and the change of the metal flow direction caused local
temperature increases as a result of strain intensification, which resulted in a drop in the magnitude of forces needed for the
single-operation extrusion of deep sleeves. Then, different variants of process rate and degree of deformation resulting from
the geometry of the movable ring and its taper angle for four values of temperature were subjected to analysis and their effect
on the extrusion force was determined.

A preliminary analysis of the process included computer simulations in the FORGE®2D program. As the model material,
steel 45 was used. The process was conducted at different tool speeds: (25, 50, 100, 200, 300 mm/s), at different temperatures:
(850, 950, 1050, 1150°C), for four degrees of deformation: (¢ = 0.3, 0.4, 0.5, 0.75) and for three taper angles of the movable
ring: (2 8 = 120°, 140°, 160°).

Maximum extrusion forces were determined, graphs of the relationship of the extrusion force versus the above-mentioned
parameters were plotted, and the maximum values of metal pressures on the punch, as dependent on the parameters analyzed,
were determined. Also determined during analysis were the sizes of the zones of local increase in temperatures and their
values, which are the result of strain intensification and strain rate intensification, the consequence of which is a reduction in
the forces of metal pressure on the tools and a reduction in the extrusion force.

With the aim of performing the physical modelling of the process, a testing stand was build, which included a tool, whose
operation allows the deformation pattern concerned to be carried out, and a modern testing press, type ZWICK Z100.

The model material for the extrusion of sleeves on the testing stand was lead.

Extrusion operations were performed in the tool, obtaining sleeves of an overall height of H=150+200 mm, an outer
diameter of D, = 50 mm, an inner diameter of Dy, = 40 mm, a wall thickness of 5 mm and a bottom thickness of 5 mm.
Graphs of the relationship of the force P [kN] versus the punch path S [mm] were also plotted and compared with the graphs
from computer simulations.

Keywords: extrusion, strain intensification, single operation of extrusion

W artykule autorzy przedstawili wyniki pracy nad rozwigzywaniem problemu wystepujacego przy produkcji stalowych
tulei giebokich (H/d>2,5) z pelnych wstepniakéw. Podstawowym problemem podczas produkcji giebokich tulei z dnem np.
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przy wykonywaniu tulei poprzez przeciwbiezne wyciskanie jest to ze, stempel pracuje w bardzo trudnych warunkach (wysoka
temperatura i wysokie naciski jednostkowe), co powoduje obnizenie jego trwalosci i czeste uszkodzenia. Z tego powodu
glebokie tuleje produkuje si¢ poprzez conajmniej dwa zabiegi technologiczne. Wiaze si¢ to z koniecznoscia zbudowania dwéch
stanowisk technologicznych (czesto uzywania dwdch pras), co znacznie podwyzsza koszt produkcji, jej pracochtonnos¢ a przede
wszystkim obniza wydajnos¢.

Zaproponowany przez autoréw nowy sposob otrzymywania tulei taczy w sobie znany oraz specyficzny schemat plynigcia
metalu w procesie wyciskania, a jego celem jest spowodowanie: podwyzszenia trwalo$ci pracy narz¢dzi roboczych, podwyz-
szenia wydajnoSci produkcji, obnizenia jej kosztéw, zmniejszenia strat materialu oraz obnizenia wielkosci sit wyciskania.

Analizowany sposéb polega na jednoczesnym przeciwbieznym i wspotbieznym wyciskaniu dajacym w efekcie pétwyrdb
w postaci tulei z trzonem. Sa to znane sposoby obrébki plastycznej pelnych wstepniakéw. Wtasnie te schematy sa zastoso-
wane w nowym sposobie jako pierwsze stadium otrzymywania glebokich tulei z dnem. Drugie stadium w procesie jest dos¢
specyficznym schematem odksztalcenia, polegajgcym na formowaniu gotowej Scianki tulei z powstalego w pierwszym stadium
trzonu. Laczenie ze soba réznych schematéw wyciskania zaréwno w pierwszym jak i w drugim stadium procesu pozwolilo na
podniesienie intensywnosci odksztalcenl a podzielenie strumienia ptynigcia i zmiana kierunku ptynigcia metalu spowodowaty
lokalne wzrosty temperatury w wyniku intensyfikacji odksztalcen,, co wywotalo spadek wartosci sit potrzebnych do jedno-
operacyjnego wyciskania glebokich tulei. Nastepnie poddano analizie ré6zne warianty predkosci procesu, stopnia odksztalcenia
wynikajacego z geometrii ruchomego pierScienia oraz jego jego kata stozkowatosci dla czterech wartosci temperatur i okreslono
ich wplyw na site wyciskania.

Wstepna analiza procesu polegala na komputerowych symulacjach w programie FORGE®2D. Jako material modelowy
zastosowano stal 45. Proces przeprowadzano z réznymi predko$ciami narzegdzi: (25, 50, 100, 200, 300 mm/s), w temperaturach:
(850, 950, 1050, 1150°C), dla czterech stopni odksztalcenia: (¢ = 0.3, 0.4, 0.5, 0.75) oraz dla katéw stozkowatosci ruchomego
pierscienia: (28 = 120°, 140°, 160°).

Wyznaczono maksymalne sily wyciskania, wykresy zalezno$ci sity wyciskania od wymienionych parametréw oraz maksy-
malne warto$ci naciskéw metalu na stempel w zaleznosci od analizowanych parametréw. W trakcie analizy okreslono réwniez
wielkosci stref wzrostu lokalnych temperatur i ich wartosci, ktére sa efektem intensyfikacji odksztalceni i intensywnosci pred-
kosci odksztalceni, czego skutkiem jest obnizenie sit nacisku metalu na narzedzia i zmniejszenie sily wyciskania.

W celu fizycznego modelowania procesu zbudowano stanowisko badawcze skladajgce si¢ z narzg¢dzia, ktérego dzialanie
zapewnia przeprowadzenie analizowanego schematu odksztalceri oraz nowoczesnej prasy wytrzymalosciowej typu ZWICK
Z100.

Materialem modelowym do wyciskania tulei w przyrzadzie byl oléw. W narzedziu przeprowadzono operacje wyciskania
otrzymujac tuleje o calkowitej wysokosci H=150+200 mm, $rednicy zewng¢trznej D, = 50 mm, §rednicy wewnetrznej D, =
40 mm, grubos$ci $cianek 5 mm i grubosci dna 5 mm. Otrzymano réwniez wykresy zaleznosci sily P[kN] od drogi stempla S

[mm] i poréwnano je z wykresami z symulacji komputerowych.

1. Introduction

Deep sleeves, and particularly bottomed sleeves, are
very often elements for the construction of agricultural
and aviation machines, and they are also used in the
armaments industry for making shells and hydraulic and
pneumatic cylinders.

A sleeve can be called deep, when the following
condition is satisfied: H>2,5D,,.

The simplest method of producing a deep sleeve is
to join the bottom to the cut-off tube length by welding.
This technology is, however, burdened with two major
drawbacks:

— the joining of the bottom with the tube length does
not assure the uniformity of construction of the element,
its tightness and strength in case of being subjected to
large loads resulting from high pressures at low temper-
atures;

— the cost of making rolled tube in a rolling mill is
by approx. 50% higher compared to making the hollow
product by the extrusion method.[3]

The production of deep sleeves by the indirect ex-
trusion method has a substantial engineering limitation:

— the longer punch path, the longer is the contact

of the stock with the container bottom, which results
in large zones of metal over-cooling in the location of
forming the sleeve bottom, and hence a great increase
in the extrusion force and the unit pressures of metal on
the punch.

Therefore, the production of deep sleeves is recom-
mended to be effected through at least two technologi-
cal operations, which requires the use of two production
stands, e.g. in the case of drawing of the pre-extruded
“cup” through the tapered drawing die. In that case,
inter-operation stock heating-up treatments are also rec-
ommended, which substantially increases the production
cost and decreases productivity.

The proposed method allows the operation of ex-
truding deep-bottomed sleeves in a single technological
treatment without having to apply any treatments en-
hancing the plastic properties of the metal.

2. The essence of the process and assumptions for
the theoretical analysis

The method under consideration includes two stages
that are characterized by the following features:



— Stage I consists in the utilization of the known
scheme of simultaneous indirect extrusion and
co-extrusion (also referred to as the mixed or com-
bined extrusion), as a result of which a semi-finished
product is obtained, which is a sleeve with a stem.
The metal stream flows in two directions, with part
of the volume of the deformed preform flowing in the
ring space and the remaining part flowing backward
to the upper punch to form part of the sleeve already
in the first stage.

— Stage I is the final phase of forming the deep sleeve,

a)

)

which consists essentially in the deformation of the
stem formed in the first stage of the process. The ring,
sliding down to form a free space in the container,
gradually releases the stem metal which, under the
action of the punch, is carried towards the recipient’s
walls and, at the same time, the sleeve wall of the
preset thickness of formed. The sleeve bottom thick-
ness depends on the setting of the distance of the
punch from the movable ring. A process scheme is
illustrated in Fig. 1.

b) c)

Fig. 1. Schematic diagram of the production of sleeves by the mixed extrusion method using a movable ring in the container.

1) preform, 2) container, 3) ring, 4) punch, 5) fixed punch

The preform in the form of a cylinder (1) is placed in
the container (2) on the sleeve (3) which, in the initial
stage, is immovable (Fig. 1a). Under the action of the
punch (4), the metal of the preform (1) flows in two di-
rections: into the gap between the walls of the container
(2) and the punch (4) and into the opening of the tool
sleeve (3). At the moment of contact of the preform met-
al with the face of the pusher (5) (Fig. 1b) the ring (3)
starts moving down in accordance with the movement of
the punch (4) and at the same speed. The pusher (5) at
this stage is immovable and the punch (4) keeps moving
down (Fig. 1b). The process is finished upon reaching
the specified distance “t” between the face of the punch
(4) and the pusher (5) equal to the sleeve bottom thick-
ness. Then the blank (6) is removed from the container
by the pusher (5) (Fig. 1c) [2]. Figure 2 and 3 shows a
sample variant of the shape of tools used for computer
simulations.
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Fig. 2. Dimensions and shape of the punch of an angle of @ = 90°
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Fig. 3. Dimensions of the movable ring for the degree of deformation
in the first process stadium equal to € = 0.5; 26 = 120°, 140°, 160°.

The assumed process parameters for computer sim-
ulations:

— the inner diameter of the movable ring, Dy, = 41
mm(e = 0.3), 38 mm(e = 0.4), 35 mm(e =0.5), 30 mm(e
=0.75);

— tool advance speed, V = 25, 50, 100, 200, 300
[mm/s];

— initial process temperature, Ty = 850, 950, 1050,
1150 [°C],

— movable ring cone angle, 28 = 120, 140, 160[°C].

The model material was steel 45 in the form of rolled
preforms of dimensions of $p48X75 mm.

Fig. 4a. Distribution of temperatures in Stage I for the following
parameters: 2« = 90°, Ty = 850°C, V = 25 mm/s,e = 0.4, 2 § = 120°

3. Results of the theoretical process analysis

The analyzed sleeve extrusion scheme in the first
stage is characterized by the two-directional flow of the
stream. Part of the deformed metal flows countercurrent-
ly and the other part concurrently along the movable ring
channel.

Two zones of local temperature increases are formed
— in the punch head zone and in the zone of metal contact
with the ring wall. The temperature of the metal flow-
ing within the ring channel increases, depending on the
process speed and the degree of deformation (ring diam-
eter), which has a substantial influence on the course of
the second stage of the process, in which the formation
of the sleeve from the preformed stem takes place.

The characteristic zones of the most intensive strains
and the highest local temperature increases, and the ef-
fect of the variable parameters of deformation degree and
process speed on their formation, for sample variants, are
shown, respectively, in Figs. 4, 5 and 6 and Figs. 7 and
8.
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Fig. 4b. Distribution of temperatures in Stage II for the following
parameters: 2a = 90°, Ty = 850°C, V = 25 mm/s,e = 0.4, 2 § = 120°
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Fig. 5a. Distribution of deformation temperatures in Stage I for the
following parameters: 2 = 90°, Ty = 850°C, V = 100 mm/s,e = 0.4,
26 =120°
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Fig. 6a. Distribution of deformation temperatures in Stage I for the
following parameters: 2a = 90°, T, = 850°C, V = 100 mm/s,e =
0.75, 2 g = 120°

Fig. 7a. Distribution of strain intensities in Stage I for the following
parameters: 2@ = 90°, Tp = 850°C, V = 100 mm/s,e = 04, 2 8 =
120°
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Fig. 5b. Distribution of deformation temperatures in Stage II for the
following parameters: 2« = 90°, T = 850°C, V = 100 mm/s,&e = 0.4,

24 = 120°
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Fig. 6b. Distribution of temperatures in Stadium II for the following
parameters: 2a = 90°, Ty = 850°C, V = 100 mm/s,e = 0.75, 2 8 =
120°
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Fig. 7b. Distribution of strain intensities in Stage II for the following
parameters: 2« = 90°, Ty = 850°C, V = 100 mm/s,e = 0.4, 2 8 =
120°
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Fig. 8a. Distribution of strain intensities in Stage I for the following
parameters: 2 = 90°, T = 850°C, V = 25 mm/s,e = 0.75, 2 8 =
120°

The most important in this process is to maintain the
temperature of the metal flowing into the ring channel
at the level Ty or to increase it. The stem temperature is
decisive to the final process conditions.

At the minimum speed of 25 mm/s, the stem temper-
ature is uniform and stays at the level of TO throughout
the process, with small zones of over-cooling of around
20°C in the zone of metal contact with the ring. By
increasing the speed fourfold, a temperature increase by
about 70°C was obtained, and with 300 mm/s — even

o 25 mm/s
“o. 50 mm/s
“ol 100 mm/s
075 “». 200 mm/s
e 300 mm/s

Unit pressure of metal on the punch

0,3 0,4 0,5
deformation degree €

Fig. 9a. Unit pressure of metal on the punch from process Stages I
and II for the variable parameters of V, & and for Ty = 850°C
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Fig. 9c. Unit pressure of metal on the punch from process Stages I
and II for the variable parameters of V, & and for Ty = 1050°C

Fig. 8b. Distribution of strain intensities in Stage II for the following
parameters: 2a = 90°, Ty = 850°C, V = 25 mm/s,e = 0.75, 2 8 =
120°

by 250°C in the zones, where the greatest deformations
occur in the second stage.

With the change of the deformation degree, there
are no such distinct temperature changes, as in the case
of indirect extrusion. This causes a two-directional be-
haviour of metal stream flow.

Figure 9 shows values for the dependence of the
maximum unit pressure on the deformation degree and
process speed, averaged from Stages I and II, for initial
temperatures of Ty = 850, 950, 1050, 1150 [°C].
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Fig. 9b. Unit pressure of metal on the punch from process Stages I
and II for the variable parameters of V, € and for Ty = 950°C
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Fig. 9d. Unit pressure of metal on the punch from process Stages I
and II for the variable parameters of V, ¢ and for Ty = 1150°C



The average unit pressure from the both stages is the
greatest for £ = 0.3 and € = 0.4. In the first stage, the
pressures are comparable for every value of €. The large
stem diameter creates a large surface of friction between
the metal and the ring walls and causes the formation of
a higher deformation resistance; for € = 0.5 and € = 0.75,
on the other hand, the degree of cross-section reduction
is the principal cause of the increase in pressures on
the punch. In the second process stage, the pressures for
e = 0.3 and € = 0.4 are still high, but in the case of
€ = 0.5 and 0.75 the small stem diameter causes a drop
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Fig. 10a. Graphs of the relationship of the extrusion force P [kN] as
a function of the punch path S [mm] for: Ty = 850, 950, 1050, 1150
[°C], V =25 [mm/s], 2 B = 120°, ¢ = 0.3
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Fig. 10c. Graphs of the relationship of the extrusion force P [kN] as
a function of the punch path S [mm] for: Ty = 850, 950, 1050, 1150
[°C], V =25 [mm/s], 2 B = 120°, ¢ = 0.5

It can be inferred from the graphs of the force-path
relationship shown above that the mildest energy and
force conditions occur in the process for the deforma-
tion degree of € = 0.75. In principle, over the entire
punch path under the stationary state of metal flow, a
gradual decrease in the extrusion force was noted. This
decrease is the most pronounced in the second stage of
the process. At € = 0.3 and 0.4, a rapid increase in the
force occurs in the second stadium, which is the cause
of momentary metal upsetting in the ring chamber. The
forces in the second stage are greater also due to the
relatively large stem diameter. The maximum extrusion

291/

in the forces and pressures. The small diameter of the
formed stem does not require so high force to be used in
order to deform the stem and produce the sleeve. Hence,
after averaging the maximum pressures from the both
stages, it can be seen that the greater £, the smaller are
the pressures on the punch.

Figure 10 shows approximated graphs of the rela-
tionship of the extrusion force P [kN] as a function of

the punch path S [mm] from the computational program
Forge®2D.

extrusion force P, [kN]

< 850°C[1]
< 950°C[2]
™ 1050°C[3]
> 1150°C[4]

0 10 20 30 40 55 65 75 85
punch path S, [mm]

95 105 115 125 135 145

Fig. 10b. Graphs of the relationship of the extrusion force P [kN] as
a function of the punch path S [mm] for: Ty = 850, 950, 1050, 1150
[°C], V =25 [mm/s], 2 B8 = 120°, ¢ = 0.4
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Fig. 10d. Graphs of the relationship of the extrusion force P [kN] as
a function of the punch path S [mm)] for: Ty = 850, 950, 1050, 1150
[°C], V =25 [mm/s], 2 B = 120°, € = 0.75

force which was noted during extruding the sleeve in
the movable ring amounted to 800 [kN] in the second
process stage for £ = 0.3. Obtaining such a sleeve by the
indirect extrusion method requires the application of a
force of approx. 1070 kN.

4. The tool for the physical modelling of the process
The testing stand for physical modelling is com-

posed of a specially designed extrusion tool and an elec-
tromechanical press of a pressure of 10 kN. The model
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Fig. 11. The tool for the physical modelling of the process 1. plate, 2.
mandrel, 2. connector, 4,5 ring drive, 6. ring, 7. preform, 8. container,
9. punch guide, 10. punch, 11. plate connecting the punch with the
columns, 12. columns, 12. tool bracing columns

material for extrusion was lead in the form of rolled
preforms.

Fig. 11 shows a schematic diagram of the tool for the
extrusion of the sleeve in the contained with a movable
ring.

5. The construction of the tool

The tool is mounted on the plate (1) and stiffened
with the columns. The function of the container bottom
is performed by the punch (2). The stock (7) is deformed
by the punch (10) which travels up to the specified dis-
tance of its head from the ring (6). Then the disk (11),
through the columns (12) and the assembly of the ele-
ments (3), (4) and (5), causes the ring (6) to move at the
same speed as the punch. After the appropriate speed
between the punch and the mandrel has been attained,
the process will be ended.

The graphs of the relationship of the force P [kN]
as a function of the path S [mm], as read out during the
extrusion tests on the instrument, are shown in Fig. 12.

30
25
20

extrusion force P, [kN]

—— £=0.3
-o- £=0.4
o £=0.5

30 45 60

75 90 105 120

135 . £=0.75

punch path S, [mm]

Fig. 12. Graphs of the relationship of the extrusion force P [kN] as a function of the punch path S [mm] for: € = 0.3, 0.4, 0.5, 0.75

The graphs for the extrusion of the lead sleeve are
shown in Fig. 12. They are very similar in shape to the
graphs obtained by computer simulations. For the de-
formation degree of £ = 0.75, the same decrease in the
forces is visible as in the second stage of the process.
Similarly visible are rapid increases in the forces for
smaller deformation degrees of & = 0.3 and 0.4, result-
ing from the upsetting of the lead in the ring channel.

6. Conclusions

Comparison of the maximum values of metal pres-
sures on the punch in the order of 1100 MPa and the
maximum extrusion force on the level of 1070 kN for
indirect extrusion by the presented extrusion method,

where the maximum pressure was 850 MPa and the
extrusion force was 800 kN, demonstrates how big a
difference does exist in the energy and force parameters.
The reduction of the unit pressures on the punch by
10% results in an increase in punch life, as expressed in
the number of extrusion cycles, by approx. 25% [1]. In
the case analyzed, the difference between the indirect and
the presented method of extrusion amounted to 20+25%,
which means an increase in punch life by 50+60%.
The root cause of this phenomenon is the intensifi-
cation of strains by the division of the metal flow stream,
thus causing local temperature increases and metal flow
velocity increases, which, as a consequence, resulted in
a reduction in the pressures on the punch and in the force



necessary for the single-operation extrusion of deep bot-
tomed sleeves.

The constructed tool made it possible to produce
a sleeve stamping from the model material and to ob-
tain graphs of the P[kN]-S[mm)] relationship, similar in
shape to the graphs from computer simulations. This also
proves that the model material, that is lead, reflects in
this case the flow behaviour of steel 45.
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