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Abstract

This paper deals with an ing the open die extrusion (ODE) of three materials of varying
physical properties and mechanical properties. Two geometrical configurations (solid and tube) and two methods (by direct and
indirect techni were idered to ine the infl of these variables in the ion and of heat in the
deformation zone with the objective of ensuring a greater achievable strain. Studies reveal that solid configuration supports the
retention of heat as against tubular configuration. Low thermal conductivity. density, specific heat and high flow stress which
characterise 99Ti make this ial an didate for ODE as opposed to AISI 1020 steel and aluminium, which fail to
meet all the above physical and mechanical properties. The indirect technique reduces the friction factor and thus enables greater

strains to be achieved. © 1997 Elsevier Science S.A.
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1. Introduction

Open die extrusion (ODE) is an economical route to
extrude solid and hollow parts, since this technique is
h ised by the eli of the in the
tooling. The force component arising due to the work-
piece and the wall is eli ensuring
more efficient force/energy management in cold extru-
sion processes. This technique borders with the hydro-
static extrusion process and thus its potential in the
conventional status has to be exploited. The disadvan-
tage of this technique is seen in terms of difficulties in
achieving greater strains, and in handling greater ratios
of billet length to diameter, per push. The possibility of
buckling or upsetting of the unsupported billet for
greater strains (therefore a greater punch pressure)
forms a limitation of the technique.
Recent publications of the present authors [1,2) have
shown that by exploiting the generation and retention
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of the adiabatic and frictional heating in the deforma-
tion zone, greater strains are possible as opposed to
theoreticaily predicted strains, concerning the open die
extrusion of solid rods. The transformation of cold to
warm conditions in the deformation zone should be
ensured in-situ whereby the punch pressure can be kept
lower than the flow stress of the unsupporied billet.
This helps in arriving at greater strains in the ODE.
Resorting to the inverted type of extrusion, a higher
relative velocity between the work material and the die
is ensured and thus the friction factor is reduced. The
possibility of reducing the punch pressure further can
be aimed at. The decreased punch pressure with respect
to the flow stress of the material at the die entry favours
ODE.

The generation and retention of the adiabatic and
frictional heating are dependent on the physical and
mechanical properties (such as specific heat, density and
flow stress), whilst the surface area to volume ratio in
the deformation zone is another parameter affecting the
retention of the heat in the deformation zone.
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Fig. 1. Experimental set-up for ODE. (1) Hard plate: (2) strain gauge:
3) load cell; (4) sleeve: (5) mandrel: (6) hollow billet: (7) die ring: (8)
shrink ring; (9) bolster; (10) LVDT.

2. Scope of the paper

The present paper is devoted to the examination of
the generation and retention of the heat in the deforma-
tion zone for direct and indirect extrusions (relative
velocity) of commercially pure titanium, AISI 1020 steel
and ially pure al (varying physical
and mechanical properties). Besides the above, the in-
vestigation is also focussed on extruding solid and
hollow bodies (geometrical variable) to enumerate the
role played by the surface area to volume ratio.

Earlier work [3] on the conventional extrusion of
99.9Ti revealed that the lower the resident temperature,
the better the condition of heat generation in the defor-
mation zone. Thus, in the present work, the resident
forming temperature was confined to 303 K (cold-
working temperature). It was reported in Ref. [3] that
the forming speed (strain rate) had little influence in
reducing the punch pressure until a strain of 0.4 for the

Table 1

Flow equation properties estimated from solid and ring compression
tests

Metal K (MPa) " ’ S, (MPa)
99Ti 1100 0.34 0.14 3%
CP A! 180 0.21 0.14 55
AISI 1020 steel 815 027 010 270

26=30" d¢ =20.9
2 =30" dg =217

~180 24215 dg =217
150
8120
Material C.P.Titanium
& 90 holdg = 1.5
60 do = 24mm
30

Forward Tube

FE A M S W
o 3 6 9 12 15 18 21
Stroke, mm

Fig. 2. Typical punch force-stroke diagram for forward tube extru-
sion.

work material 99.9Ti extruded at cold-working temper-
ature, both for tubes and solid rods. Thus, the influence
of the strain rate in the present work assumes less
importance, as the strains involved presently are low.

3. Experimental

3.1. Specimen preparation for extrusion and
L‘on.‘_vresxian tests

The work materials cited in the above section were
prepared for experimentation as follows. The as-re-
ceived 99.9Ti of 40 mm diameter was forged to 30 mm
diameter and annealed at 973 K for 2 h. (A special
coating of Glass 8221 was given to eliminate the harm-
ful effect of N,, H, and O, whilst heating the rods prior
to the hot forging.) AISI 1020 steel and CP aluminium
were annealed at 1123 and 673 K, respectively, for | h.
The led rods were hined to 24 mm diameter
and 36 mm height, with regard to solid billets for
extrusion: 24 mm outer diameter (0.d.), 10 mm inner
diameter (i.d.) and 36 mm height, with regard to hollow
billets for extrusion. Cylindrical specimens of 25 mm
diameter, height 37.5 mm and ring specimens of
(0.d.):(i.d.;height = 6:3:2 were prepared to enable the
compression tests from which the flow equation and
coefficient of friction could be obtained. These data
were ial for the putation of th ical forces
concerning the ODE, besides the limiting upsetting
stress. Four different die angles of 12, 15, 25 and 30°
were used for extrusion strains of 0.15, 0.25, 0.28 and
0.43 (for solid rods), and 0.18, 0.25, 0.35, 0.45 and 0.54
(for tubular extrusions.) MoS, paste was used as lubri-
cant. The tool set up for extrusion studies is shown in
Fig. 1. The experiments were done on a 1000 kN
hydraulic press. For direct extrusion, the die was made
stationary and the workpiece was pushed into the die,
whereas for indirect extrusion, the dic was moved and
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Fig. 4. Actual punch pressure against die included angle for: (a) rods: and (b) tubes.

the workpiece was pushed against the movement of the
die. Force-stroke diagrams were registered with a load
cell, an LVDT and an X-Y plotter.

4. Results and discussion

4.1. Compression test

The strength coefficient K, the strain hardening expo-
nent #, and the coefficient of friction y estimated in
compression tests are entered in Table 1 for the three
work materials.

4.2. Extrusion tests

A typical punch force—stroke diagram is presented in
Fig. 2. The presence of a peak through force (common
in conventional extrusion with a container) is conspicu-
ously absent, characterising the ODE process. The
maximum load divided by the area of the cross-section
of the billet under the punch gives the actual punch
pressure. Typical punch pressure dependence against
strain and dic angle is shown in Figs. 3 and 4 for solid
and tubular configurations. When the actual pun:h
pressure reaches the flow stress value, the limit of the
pure ODE process is said to have been reached. The
corresponding strain is supposed to be the achievable
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iimit strain for the ODE. Reference to the above figures
reveals that the optimal angle at which the actual punch
pressure is minimum is 25° for a solid rod and 30° for
a tube. Figs. 5 and 6 show the punch pressure depen-

dence on die angle and strains as obtained from
theoretical calculations (see Appendix A) using the
compression test data. Comparison of Figs. 3 and 6
reveals that the actual pressures are lower than the
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theoretical pressures, the adiabatic heating and fric-
tional heating in the deformation zone being responsi-
ble for this favourable difference.

4.3. Adiabatic heating and frictional heating for solid
and tube ODE

The temperature rise due to adiabatic heating for rod
and tube ODE is given by:

and the temperature rise due to friction at the die-billet
interface is:

_ MonVg cos aDt4
ATy, = oCV

These two temperature aspects transform the isother-
mal extrusion intc an in-situ warm extrusion which is
responsible for the observed lower values of punch
pressure. In the tube extrusion, another source of heat-
ing arises due to the billet—mandrel interfacial friction.
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Thus, the contribution of the heat rise in tube extrusion
is expected to be more effective in reducing the punch
pressure. For the heat rise discussed above to be effec-
tive, it should be retained in the deformation zone.

For a given strain, the temperature rise due to adia-
batic heating is the same for both solid rods and tubes.
Due to the geometrical differsnce between the two, the
mass of metal in the deformation zone for the tube is
less than for the rod, as can b seen from Fig. 7. Hence,
the advantages of heat increase in the tubular extrusion
are readily seen. However, for a given angle and there-
fore for a given geometry, the surface area is more for
the tube than for the rod, as can be seen in Fig. 8. The
surface area assumes significance from the point of view
of heat loss from the deformation zone through the
tooling. Further, there is also heat conduction through
the unsupported billet, the sleeve and the mandrel
above the deformation zone (see Fig. 1). In the case of
tubular extrusion, due to less mass, uniform heating of
the entire stock is facilitated, as opposed to localised
heating in the solid extrusion. It is thus observed from
Fig. 9(a) and (b) that the punch pressure is greater for
tube extrusion than it is for the solid geometry, which is
against the expected trend.

4.4. Influence of materials

The ratio of the punch pressure to the upsetting
stress (for optimal angle) (P,/S,) against strain for the
three materials is presented in Fig. 10(a)~(c). If the
P,/S, ratio reaches unity, the pure ODE process termi-
nates and the combined upsetting and extrusion process
sets in, defeating the merits of the pure ODE process.
Comparison of Figs. 9 and 10 reveals that the differ-
ence in punch pressure (P,) between rod and tube is
more for aluminium and steel than for titanium. Refer-
ence to Fig. 10 reveals that at a strain of 0.30, the
percentile difference concerning the P,/S, ratio for
tubes and rods is 54% for aluminium, 48% for steel and
15% for titanium. The corresponding values in the
inverted technique (please refer to Fig. 11(a)-(c)) are
43, 41 and 5%, respectively. The difference in punch
pressure is maximum (between solid and tube) for
aluminium due to the lower heat generation and reten-
tion in the deformation zone (high specific heat, low
flow stress and high thermal conductivity), despite its
density being the lowest amongst the three materials
investigated. Concerning the titanium which has low
specific heat, density, thermal conductivity and high
flow stress, the heat generation and retention is maxi-
mum. The figures for steel lie between those for the two
materials. Table 2 contains the physical properties of
the three materials. The product pC is also maximum
for steel compared to the other two materials.
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4.5. Comparison of direct and inverted techniques

The difference in the P,/S, ratio has been observed to
be lower for the inverted technique with respect to the
direct technique, as can be seen from Figs. 10 and 11.
The achievable strains for the inverted technique are
more than those for the direct technique, since the

friction factor reduces with increasing relative velocity.
For a relative velocity increased by a factor of 2 in the
case of 99Ti, a 33% reduction in friction factor is
attaincd, resulting in a 37% reduction in punch pres-
sure. The comparable values for AISI 1020 and com-
mercially pure aluminium are observed to be: a 13%
reduction in friction factor and a 16% reduction in
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Tabls 2

Physical properties

Metal 1/pC pem™) Cd (kg'K)~ 4(WmK~
) 1)

99Ti 042 451 518 16.4

CP Al 0408 270 913 2303

AISI 1020 0.303 7.85 420 63

punch pressure; a 12.5% reduction in friction factor and
a 15% reduction in punch pressure, respectively.

5. Conclusions

Open die extrusion i igati on iall
pure titanium, AISI 1020 steel and commercially pure
aluminium (varying physical and mechanical proper-
ties) by direct and indirect techniques (relative velocity)
for solid and tubular configurations (geometrical vari-
able) to the heat g d and d in the
deformation zone, with the objective of increasing the
achievable strains, reveal the following:

(1) The influence of heat increase is greater for solid
rods than it is for tubes, since heat loss and heat
generation are neutralised in the case of tube extrusion.
The greater ratio of surface area to volume in the case
of tubular geometry is responsible for the above.

(2) Material with low density, thermal ductivity,

Greek letters
semi-die included angle
B 0.95, a constant factor
& extrusion strain (4,— A4,)/4o
i thermal conductivity
n friction factor
P density
oy stress normal to surface
0,  mean flow stress, see flow equation
ao/Sy yield stress/: ting stress in
see flow equation
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specific heat and high flow stress will be an excellem
candidate for open die extrusion. This is sut

Appendix A

The tt ical punch p lcul (an ex-
ample) for the open die extrusion of 99Ti is furnished in
this appendix. The t ical expression used is

by 99Ti with respect to the other two materials.

(3) Increased relative velocity contributes to reducing
the punch thereby ing the achievabl
strains. This effect is observed to be pronounced in
99Ti.

6. Nomenclature

A die-billet interface area in the deformation
zone

Ay initial cross-sectional area of billet

A4, final cross-sectional area of extrude

(o] specific heat

K strength coefficient in the flow equation
n strain-hardening exponent in the flow equa-
tion

P, punch pressure
AT  temperature increase m the deformation zone
AT,y adiabati temperature
ATy, temperature rise due to friction
volume of metal in the deformation zone
Vg ram velocity

based on that in Ref. [4].
(a) For solid forward open die extrusion:

2 2u
P,= ﬂ';m[a' o+ (1 + n 20‘)3]

= 516.77[(25/3)(I1 /180) -+ (1 + 0.28/sin 25)0.25]
=289.95 N mm ™2

where 20 =25°, 4 =0.14, ¢=0.25 and 6,,=516.77 N
mm ~2, see flow equation.
(b) For hollow/tubular forward open die extrusion:

—o 2 2 _E (A
Fo= "““[2 + (l *sin sz)c + (tan a)(A.,)s]
= 516.77[(15/2)(17/180) + (1 + 0.28/sin 30)0.25
+ (0.14/tan 15)(0.78)(0.25) = 344.33 N mm —2

where 20=30° u=0.14, £¢=0.25, 05,=51677 N
mm 2, (4,/4,)=0.78.
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