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This work describes the procedure for the design of a multi-hole extrusion process. For the same sizes of
the holes, the ram force in a single-hole extrusion process is more than in a multi-hole extrusion process.
Therefore, a simplified upper bound and slab method analysis has been carried out for a single-hole
extrusion process. The ram and die pressures obtained from this analysis are used for designing a
multi-hole extrusion process setup. The stresses in the die are computed using the finite element method.
Based on this approach, an experimental setup was fabricated and experimental study was carried out.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Multi-hole extrusion is the process in which the raw material is
pushed through a die having more than one hole. This process is
highly productive for producing parts of smaller length and
cross-section. For the given billet and final product size, the
requirement of the ram force is lesser in the multi-hole extrusion
than in the single-hole extrusion. The process has great importance
for producing micron-size parts.

For the design of a multi-hole die extrusion machine, the mod-
eling of the extrusion process is required. Although the finite ele-
ment method can be effectively employed for this purpose [1–8],
it requires a large amount of computational time besides the
requirement of appropriate software to do the mesh generation
and finite element processing. After the tentative or final specifica-
tions are decided, the design process usually consists of three
stages: the conceptual design, the embodiment or preliminary de-
sign and the detailed design. At the conceptual design stage, the
design concepts are generated. At the preliminary design stage,
the chosen concept is given bodily form. Finally, at the detailed de-
sign stage, the detailed design calculations are carried out and the
manufacturing drawings are generated. At the preliminary design
stage, one needs computationally faster analysis for generating
an optimum design. The generated design at this stage can be fur-
ther fine tuned with rigorous finite element analysis of the process.

In view of this, this article presents a simplified procedure for
carrying out the necessary design calculations for the design of
the extrusion process. The methodology makes use of the upper
bound method, the slab method and the linear-elastic finite ele-
ment analysis. The proposed method is validated by experiments.
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The research on multi-hole extrusion is several decades old. A
brief review of the related work is as follows. Dodeja and Johnson
[9] carried out experiments to cold extrude pure lead, tellurium
lead, pure tin and super pure aluminium through square dies con-
taining up to four holes arranged in different patterns. They pro-
vided empirical expressions for the calculation of the ram force.
Slip-line fields have been proposed for the analysis of the process
[10], although they are limited to plane-strain extrusion of non-
hardening materials. Keife [11] has carried out two-dimensional
upper bound analysis of extrusion through two die openings. The
validation was carried out by extruding plasticine. Xie et al. [12]
have investigated the flow behavior of metal in the extrusion of a
pipe into a porthole-die. They have employed a kind of visioplastic-
ity method. Ulysee and Johnson [13] have presented analytical and
semi-analytical upper bound solutions for plane-strain extrusion
through an eccentric hole and unsymmetrical multi-hole dies. They
have validated upper bound results with the published works from
the literature and with the finite element method results. The sur-
vey of the literature reveals that a simplified analysis of the extru-
sion through the holes in a square die is not available in the
literature.
2. Estimation of ram force by upper bound method

The estimation of ram force is important for the design of the
extrusion machine. The upper bound method provides a conserva-
tive, i.e., the upper estimate of the ram force. However, finding out
an upper bound solution for multi-hole extrusion is complicated.
Experimental investigations by Aggarwal et al. [14] reveal that
the power required for the multi-hole extrusion is always lower
than that for single-hole extrusion, for the same sizes of the holes.
Thus, in the present work, power calculation has been carried out
based on a single-hole extrusion process. This is a conservative and
simplified approach.
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The previous studies on the multi-hole extrusion have indicated
the presence of dead metal zones in the die [6,12,13]. Here, it is as-
sumed that the flow of the metal through a square die having a sin-
gle-hole may be considered as the flow through a conical die as
shown in Fig. 1. The boundary of the dead metal zone acts like
an inner surface of the conical die. The die semi-angle is obtained
by minimizing the total power. For the calculation of the power
through the conical die, the upper bound model of Reddy et al.
[15] has been adopted with a modification to include the effect
of bending of the material of the billet at the entry and the exit.

Taking line 1–2 (Fig. 1) and the axis of symmetry as the two
stream lines and assuming that all the stream lines are straight,
the suitable assumed velocity field is

Vz ¼
V1R2

1

R2 ; ð1Þ

Vr ¼ �
V1R2

1r

R3 tan a; ð2Þ

where V1 is the ram velocity, R1 is the radius of the billet, R2 is the
radius of extruded product, a is the die semi-angle, and R is the ra-
dius of the cone at location z, the r–z coordinate system being
shown in Fig. 2. The power of deformation in the assumed conical
portion is given by

_Wd ¼ _W i þ _W f þ _Ws; ð3Þ

where _W i is the internal power of deformation in the conical zone
having continuous velocity, _W f is the friction power and _Ws is the
power loss due to velocity discontinuities at Sections 1-1 and 2-2
shown in Fig. 1.

The internal power of deformation in the continuous velocity
zone is given by

_W i ¼
Z L

0

Z R

0
ry _eeq2prdrdz; ð4Þ
Fig. 1. Schematic diagram of flow of the metal through a square die.

Fig. 2. Enlarged view of the upper half of the conical portion.
where ry is the flow stress of the material, _eeq is the equivalent
strain-rate, and L is the length of the conical die. Further

_eeq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3
ð_e2

rr þ _e2
hh þ _e2

zz þ 2_e2
rzÞ

r
; ð5Þ

where

_err ¼
oVr

or
; _ehh ¼

Vr

r
; _ezz ¼

oVz

oz
; _erz ¼

1
2

oVr

oz
þ oVz

@r

� �
: ð6Þ

For a strain-hardening material, the flow stress may be assumed
to be related to strain in the following manner:

ry ¼ Ken
eq; ð7Þ

where K is the strength coefficient of the material, n is the strain-
hardening exponent, and eeq is the equivalent strain defined by

eeq ¼ ðeeqÞi þ
Z t

0
_eeqdt; ð8Þ

where ðeeqÞi the initial equivalent strain due to bending of material
at the die inlet and t is the time. The initial equivalent strain is cal-
culated by the following expression [16]:

ðeeqÞi ¼
2ffiffiffi
3
p tan

1
2

tan�1 r
R

tan a
� �� �

: ð9Þ

Knowing that along a stream-line

dt ¼ dz
Vz
¼ dr

Vr
: ð10Þ

Eq. (8) can be written as

eeq ¼
2ffiffiffi
3
p tan

1
2

tan�1 r
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tana
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þ
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The internal power dissipation in the continuous velocity zone
is found by numerically integrating Eq. (4).

The frictional power dissipation at the surface of the dead metal
zone is given by

_W f ¼
Z R1

R2

ryffiffiffi
3
p Vz

cos a sin a
2pRdR: ð12Þ

The power dissipation due to velocity discontinuities at Sec-
tions 1-1 and 2-2 is given by

_Ws ¼ 2
Z R1

0

ryffiffiffi
3
p 2pr2V1

R1
tan adr: ð13Þ

The power dissipation due to friction at the billet–container
interface is given by

_WFc ¼
mðryÞ02pR1LcV1ffiffiffi

3
p ; ð14Þ

where ðryÞ0 is the yield stress of the material, m is the friction factor
at the billet–die interface and Lc is the billet length outside the as-
sumed conical deformation zone.

The total power is given by

_W t ¼ _Wd þ _WFc: ð15Þ

The ram force can be obtained by dividing the total power by
the ram velocity. The value of the die semi-angle a is obtained
by a one-dimensional optimization procedure for minimizing the
total power. The average ram pressure is calculated as

Pavg ¼
_W t

pR2
1V1

: ð16Þ
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3. Determination of die pressure distribution by using slab
method

The estimation of die pressure distribution is important for the
design of the die. Slab method is used for the estimation of die
pressure distribution in the dead metal zone. Equations of axial
and radial equilibrium of a slab are written by assuming that the
stresses are uniform over the cross-section. The schematic diagram
of axial and radial equilibrium of a typical slab is depicted in Fig. 3.
Since the boundary of the dead metal zone acts like the inner sur-
face of the conical die, the friction between the dead metal zone
and the flowing material is equal to the shear strength of the mate-
rial. Thus, in the conical region the value of the friction factor m is
taken as 1.

Axial and radial equilibrium of the slab gives

R
drzz

dz
� 2ðrzz tan aþ ðry=

ffiffiffi
3
p
Þ þ p tan aÞ ¼ 0; ð17Þ

rrr ¼
ryffiffiffi

3
p tan a� p: ð18Þ

Assuming rrr ;rhh and rzz to be the principal stresses and rrr ¼ rhh,
the von-Mises yield condition leads to

rzz � rrr ¼ ry: ð19Þ

Eliminating rrr from Eqs. (18) and (19) leads to

p ¼ ryffiffiffi
3
p ð

ffiffiffi
3
p
þ tan aÞ � rzz: ð20Þ

Substituting p from Eq. (20) into Eq. (17) and integrating along
the die length, the following expression for rzz is obtained:

rzz ¼
2ffiffiffi
3
p

Z z

0
ry
ð1þ tan2 aÞ þ

ffiffiffi
3
p

tan a
R

( )
dz� Pavg: ð21Þ

The values of ry and Pavg obtained by the upper bound method
are used to find rzz by integrating above equation at any section.
Since ry varies over the cross-section, the average value is used
for a cross-section. The die pressure p at any section is then ob-
tained by putting the value of rzz in Eq. (20).

4. Design of the ram and the die

The ram is subjected to compressive load and may fail by buck-
ling or compression. The mode of failure of the ram depends upon
the slenderness ratio. Slenderness ratio of the ram is defined as the
Fig. 3. Axial and radial e
ratio of the length to the least radius of gyration. If the slenderness
ratio is high, the ram is considered a column and the failure mode
is buckling, whereas if the slenderness ratio is small, the ram is
considered a compression member and the failure mode is yield-
ing. For a column, the minimum load at which buckling starts is
called the critical load of buckling and is given as [17]

Fcr ¼
np2EI

l2 ; ð22Þ

where n is the end-condition constant, E is the modulus of elasticity
of the ram material, I is the least moment of inertia about the axis,
and l is the length of the ram. For a low slenderness ratio, the ram is
designed based upon the compressive strength of the ram material.
In general, for steel, if the slenderness ratio is less than 30, the fail-
ure occurs due to compression.

The stresses in the die are computed by finite element analysis
using the ANSYS package. The contours of the von-Mises stress are
plotted. This analysis helps in deciding the wall thickness and the
number of holes at the bottom of the die.

5. Observations on the experimental setup

This section describes the test of the materials used in the
experiments, the experimental setup and the various other aspects
of the experiments. To estimate the mechanical properties of the
material used, testing of the material was carried out. Firstly, com-
pression tests were carried out to investigate the hardening behav-
ior of the billet material. Subsequently, tensile test of the die steel
(H-13) was carried out to estimate the strength of the die steel. The
extrusion machine setup was fabricated and experiments were
carried out to study the process. First, the experiments were car-
ried out using a single-hole die with various billet lengths to esti-
mate the friction factor at the die–billet interface. Afterwards, the
experiments on multi-hole extrusion process were carried out to
investigate the variation of the ram force.

In the present model, lead metal alloy has been used as the bil-
let material. In order to characterize the hardening behavior of the
lead metal alloy, compression tests were carried out in a universal
testing machine (Instron 8801). A cylindrical specimen of diameter
15 mm and length 30 mm was used for the compression test. To
reduce the influence of friction, the specimens were lubricated.
The yield strength of the lead metal alloy was found to be
30 MPa. Following relation was fitted for the hardening behavior:

ry ¼ 54:59ðeeqÞ0:14 MPa: ð23Þ
quilibrium of a slab.



Fig. 4. The bottom piece of the multi-hole extrusion die.
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The material used for fabricating the die, the ram and the base
plate is die steel (H-13). Tensile test of the die steel specimen was
carried out. The yield strength of the die steel was found to be
700 MPa and the ultimate strength 1050 MPa.

The die is in the form of a hollow cylinder of outer diameter 40
mm and inner diameter 20 mm, in which a bottom piece having
the holes is inserted. The bottom piece having 13 holes is shown
in Fig. 4. In this figure, all dimensions are in mm.

5.1. Comparison between analytical and experimental ram forces

Experiments have been carried out using the billet of lengths
30, 25 and 20 mm using the single-hole die. The ram force–dis-
placement curves obtained in single-hole extrusion are shown
with billets of varying lengths in Fig. 5. The value of the friction fac-
tor was calculated using the method suggested by Jooybari [18].
According to this method, the friction factor m is given by

m ¼
ffiffiffi
3
p

2pðryÞ0R1

dF
dLc

; ð24Þ
Fig. 5. Experimental ram force–displacement curve in single-hole extrusion.
where F is the ram force. In the present analysis, the value of the
friction factor was found to be 0.63. This calculated value of the fric-
tion factor has been used in all other calculations.

Fig. 6 shows the plot between ram force and ram displacement
through the multi-hole die for billets of lengths 30, 25 and 20 mm.
The diameter of the billet was 20 mm and the extruded wire diam-
eter was 1.5 mm. The ram force for the same billet length is found
to be less in the case of the multi-hole extrusion than in the case of
the single-hole extrusion. This observation is in agreement with
the observation of Aggarwal et al. [14].

Analytical formulae have been developed to calculate the total
extrusion power through the single-hole die as discussed in Sec-
tion 2. Table 1 contains the comparison of analytical and experi-
mental ram forces for different billet lengths in single as well as
multi-hole extrusions. It is observed that the analytical results of
the single-hole extrusion are about 25% greater than the experi-
mental results. The ram force for the multi-hole extrusion process
is about 50% less than for the single-hole extrusion process. Thus,
the analytical method presented in this paper provides a conserva-
tive estimate of the ram force.
Fig. 6. Experimental ram force–displacement curve in multi-hole extrusion.



Table 1
Comparison between experimental and analytical ram force

Billet length (mm) Ram force (kN)

Analytical Experimental

(single-hole) Single-hole Multi-hole

30 186.31 147.97 100.72
25 182.88 144.55 98.7
20 179.45 140.95 95.3
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5.2. The lengths of the extruded wires from different holes of the die

It is experimentally observed that the length of the extruded
wire is the shortest at the center and is the longest at the holes
on a pitch circle diameter of 14 mm. The typical ratio among the
lengths of the extruded wires from the central to the outer layers
of the holes is 1:2.5:5.5. This may be attributed to the fact that
for the outer layer of the holes, the friction factor is less as com-
pared to the friction factor of the central hole. For the outer layer
of holes, friction occurs due to the sliding of the billet material over
the die surface, whereas for the inner hole, friction is between the
different layers of the billet material itself. The friction factor be-
tween the different layers of material is 1.

6. Conclusions

In this paper, a methodology for the preliminary design of the
multi-hole extrusion process is presented. The estimation of the
ram force is carried out using upper bound method by considering
the process as a single-hole extrusion. This leads to an overestima-
tion of the ram force, which results in a safer design of the die and
ram. Die pressure distribution along the die face has been calcu-
lated using the slab method. A finite element analysis of the die
has been carried out to estimate the distribution of the von-Mises
stresses across the die volume. The experimental investigations
have been carried out by extruding the billets made of lead
through single-hole and multi-hole dies. The experimental results
are compared with the analytical results. To carry out the analysis,
the value of the friction factor is found experimentally. It is ob-
served that the ram force calculated by the proposed methodology
is about 25% greater than the experimental force for a single-hole
extrusion. It is found experimentally that the material encounters
more resistance to flow in the central hole than in the holes away
from the center. This leads to differences in the lengths of the ex-
truded wires, if the hole-sizes are same. In the case of the multi-
hole extrusion, ram force is always lesser (about two-third) than
in the case of the single-hole extrusion. Thus, the multi-hole extru-
sion process can become a productive process for the mass produc-
tion of small sized components.
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