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Extrusion of Viscoplastic Material
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Nomenclature W,; Dissipated energy rate by shear
#; Effective yield stress. dv; Velocity discontinuity
0o; Effective yield stress atunit strain rate V: Volume of flow-field
¢; Effective strain rate W,; Total energy rate
m; Viscosity coefficient on; Normal pressure
r; Shear stress L; Land length

m; Friction factor

R,; Radius of an initial billet

R;; Radius of an extruded billet

vo; Entering materialvelocity

v;; Leaving material velocity

a; Semi-cone angle of an extrusion die

7,0, ¢; Spherical coordinate system

7o, 7;; Radii at entrance and exit in sper-
ical coordinates, respecuively

U;; Material velocity components

Iy, I's, I's, I'y; Discontinuity surfaces

¢;; Strain rate components

W,; Internal energy rate of deformation

* Member, Ajou University

Do, D;; Diameters at entrance and exit, re-
spectively

1. Introduction

Avitzur (1) had analyzed by the upper
bound method the axisymmetric extrusion
of ideal material (obeying Mises yield law)
which is not strain-hardening and neglects
elastic deformation. The steels of hot forging
at 1200°C—1300°C are viscous following the
law;

Gz=god™ (1)

Rossard (2) using hot torsion test found
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that the viscosity coefficient is 0.14—0.24 at
the hot working temperature range for the
usual chemical components of the forging
steels. Using an upper bound solution the
necessary working pressure for the process
is calculated with an assumed flow-field
which is similar to the real one. In order
to simplify the calculation the following
assumptions have been made; (1) The extr-
usion die is considered as rigid (without
deformation) (ii) Strain-hardening and elastic
deformation are neglected (iii) Friction is

taken as 'c::ﬁ:/%, The influences of visco-

sity, die angle, reduction of area are exam-
ined. The difference of the working pressure
between the analysis by eq. (1) and that by
constant effective stress at an averaged st-
rain rate in the deformed volume is deter-
mined. An experimental study was conducted
and compared with analytical prediction.

2. Analysis

A kinematically admissible flow field is
proposed (Fig. 1 and Fig. 2). There are 3
zones in which the flow-field is continuous.
In the zones 1 and III material flow velocity
is uniform and has an axial component
only. By the volume constancy,

vo=v; (R;/Ro)* (2)

Deformation has not started in zone 1

Fig. 1 Geometry of the process.
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Fig. 2 Assumed flow-field.

which is seperated by I'; from zone II. The
surfaces " and s are assumed to be sph-
erical and concentric with radius 7, and r,
fron the apex O in spherical coordinates.
The velocity components are;
U,=v= v c080/r*, Uy=U,;=0 (3)
There are tangential velocity discontinu-
ities at the surfaces and;
On the surfaces I';, dv=v;sinfd (4)
On the surface I';, do=w,sind  (5)
The velocity discontinuities on the surfaces
I's I'y ave;
On the surface I's, Jv=uv,r cosa/r®
(6)
On the surface I'y, dv=v; (7
The internal energy of deformation and
the dissipated energies at the discontinuity
surfaces are calculated. The normalized wo-
rking pressure is calculated from the total
energy (see Appendix) as;
o= zmsin'"a(_%-)m{(l—-%é—sinza)§+1}~

a~—sina cos a
2 4/ 3'sin‘a

(2 (R R
U3 TRy )f(“) + <1+R03m)}

‘7-‘4 m
+ R (12C052a+sin2a>m/2( Uy >
_mEl Rf
372
famy. | COS QA _Eff L
sinma {3 s R03m>+E} )

The influences of the die angle a and the
reduction of area are shown in Fig. 3 and
Fig. 4 where the normal pressure increases
with @ and reduction of area which is sim-
ilar to the case for an ideal material. The
influence of viscosity is shown in Fig. 5.
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Fig. 3 Variation of working pressure with
respect to die angle.
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Fig. 4 Variation of normalized working pre-
ssure with respect to Rf/Ro.
* Reduction of area=1— (Ro/Rf)?
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Fig. 5 Variation of normalized working pre-
ssure with respect to v;/R;.
* A is the point at which the average
strain rate in the deformed volume is
1 sec!,

‘When the average strain rate in the defor-

ot (R/RY
med volume (—3_‘D“'R0{1j(R//R0)2} (1-cosa)

In

g" f{a) sin®a) is greater than 1 sec™, the

normalized pressure increases with the vis-
cosity coefficient ().

3. Experiment

Twelve specimens were extruded using a
400 ton press. Six were extruded at a 76.6
% reduction of area (D, :62mm D, : 30mm)
and six at a 62.49% reduction of area (D, :
62mm D, : 38mm). Before each operation,
the specimens were preheated 20 minutes at
650°C and then 20 minutes at 850°C. Glass
powder was used as a lubricant which has
a friction coefficient of #i=0.10. This was
determined by a ring test at hot forging
conditions (7). The test material (38C2 in
French standard specification) of 0.38% C
and 0.2% Cr has been analyzed by Rossard
(see Ref. 2) using a hot torsion test (Table
1). Extrusion forces and velocities were me-
asured by load cell and a Displacement Tr-
ansducer (Table 2, Table 3)

Table 1 Characteristics of the material.
Material; 38C2

Temperature ] 900°C 1000°C[ 11oo°c’ 1200°C

8.7 5.9

m 0.12 0.14 0.18 0.20

a‘,(kg/mmzsecm)j‘ 16.1 | 11.3
|

Table 2 Measured forces and velocities in case
of 76.6% reduction of area.

Temperature J 1100°C f 1200°C [ 1300°C
Force (tons) 154.5 138.5 90.5
Velocity (mm/sec) 360 380 380

Table 8 Measured forces and velocities in case
of 62.49% reduction of area.

Temperature 1100°C 1200°C l 1300°C

Force (tons) 122.5 93.2 74.6

Velocity mm/sec 370 380 386
4. Results

(a) Comparison between analytical results
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and experiment. Because the friction between
container wall and slug was not considered
in the analysis, the forces were measured
at the end of the steady state condition of
the extrusion. The influence of deforming
velocity on friction between the deforming
zone and the die wall were assumed to be,

r=ﬁ~j%, since the effective stress is a fu-
nction of deformingvelocity (eq. (A14)). The
required analytical forces were calculated for
each reduction of area using experimental
data and material characteristics from ROS-
SARD(2) at two temperatures (1100°C and
1200°C) (Table 1). There was very good
agreement between analytical and experim-
ental results except for one case(1100°C, 62.
49% reduction of area) as shown in Table 4.

Table 4 Comparison between analytical force
and experimental one.

Temperature 1100°C 1200°C
Rs/R, 0.6129] 0.4839 0.6129] 0.4839
vs/R; (sec~?) 25.9 51.3 26.6 54.1

7 0.10 0.10 0.10 0.10
m 0.18 0.18 0.20 0.20

a 55° 65° 55° 65°
F(a) 1.02677] 1.04384| 1.02677| 1.04384
L/Ry 0.0 0.0 0.0 0.0
an/oo 4.7918 | 7.2816 | 5.0986 | 7.8500
Force (tons) 125 191 91 139
Test force(tons) | 123 155 93 139

(b) Comparison between classical method
and eq. (8)

Normalized pressures were also calculated
for one for an ideal material and the other
using the averaged effective yield stress for
a viscous material in the deforming volume.
About 10% difference between the latter and
eq. (8) was found at each test condition. as
shown in Table 5 Therefore the velocity
distribution effect in the deforming zone can

not be neglected.

Table 5 Comparison between classical method

and eq-(8)
Temperature ’ 1100°C i 1200°C
R;/Ro jo 6129[0. 48390. 6129i0. 4839
a 57 65 55°  165°
A;/by eq-(8) 479 7.28 25.10 t7.85
R;/R, 0.61290. 48390. 6129(0. 4839
a 5> 65° [55°  i65°
B; on/oo for an ideal 1 \ i
glater}al 2.09 .13 2.00 4.13
i onfoe for a=ogE™ . = !
average 5.03 7.87 (5.71 8.55
PR~ H H :
AT

5. Conclusion

(i) The chracteristics of viscoplastic model,
a=got”, are well adapted to hot extrusion.

(ii) The deformation rate of each point in
the deforming zone must be considered.
The averaged effective yield stress is less
preferable.

(iii) The normalized pressure increases with
a, m and L as in the case of ideal mat-
erial.

(iv) The normalized pressure increases with
m at ¢ average >1 sec™ and decreases at
& average <] sec™

Appendix

A. Analysis by upper bound
In the zone IlI, R==7,8inf, dR=r, coshds

V=21RdRy,=2xv,7 *sinfcosfdd  (A1])
In the zone II, V=—2arsinfrdfU, (A2)
From eg. (A1) and eq. (A2)

U,=—~v,r/ cosd/r? (A3)

(a) Internal energy of deformation (W)
At the zone II, there is the symmtry of
¢ axis.

U
€n=*aa—r—r,esa=U1/7', €=U, /1= — (8, + o)
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1 U,
€ra=—27— 38 E4p=€,4=0 (A4)

Applying eq. (3) into eq. (A4)
€,r== — 28957 — 2844 == 20;7,°COSO/ 73

s,,,:%vfr,”sinﬁ/r% £9p=E,3=0 (As)
And then the effective strain rate;

N

= 7%— (E,,z + 8552+ €¢¢z+ 28”2) tr2
2 .
=7f—.— :; (12cosf-+sin®) 72  (As)

The internal energy W;:JvaédV'

=J‘Vﬂoém+ld 14
where dV=2=rsinérdédr

. 4—'2"!4'1 14 Rf Rf2m+2
Wit e~ e

sin™a. { (1 ——251n2a) GEES 1} f (@) (A7)

where f(a) = %sinza

1+\/_1_1_
N S Y
A/11-12

]

3¢ osa+\/1——51n“a

(b) Dissipated energy at the discontinuity
surfaces

Woa={ cdvd A+ [ ravad (A8)
ri ra
where r= Vi =73 (V3
(12cos%+sin%g) »* (A9)
dA=2zr;*sinfdf (A10)
Wiya= {(1-— sm~a)”‘/2+1}(a——sm acos a)
1+m +m. E-m’ 7’/ i
1/- ﬂdov/'l Yy {l+(;;.> } (AII)
And then I'i'-m:J tdvds {A12)
. rs
where ds—.»zn(dR/sina)R (A13)
W
TzW%ﬁ v, —Rﬁ-sm’"a
(12cos*a-+sin%a)™? (A14)
W= 2nmao v A msin™lacosa (12cos®a

3m3(1+m) 72

+sin) m/zRf2m+2(~L - J_) (A15)

Rf!m ROSM
And also W:4=[r4 rdvds (A16)
h =M, U 2
where r 7575 .m.mm(lzcos o
+sin2a) "2 (A17)

i 2niio .
W=t/ "Ry sinma (12cos*

+sin%a) ™% L (A18)
(c) Total energy and normalized extrusion

pressure

W=W,+ Wt Wt W, (A19)
o= Wt/ﬂ'Ron’oUo (A20)

2]
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