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Abstract

In this paper the effect of die semi angle on drawing load in cold tube drawing has
been investigated numerically using the finite element method. The equation governing
the stress distribution was derived and solved using Galerkin finite element method. An
isoparametric formulation for the governing equation was utilized along with C° cubic
isoparametric element. Numerical experimentation showed that the results obtained
using the present method is admirable close to the analytical solution and more accurate
than finite difference solution. Having established the accuracy of the present solution
method, parametric studies were carried out to show the effect of die semi angle on the
drawing load for different tube drawing processes. The analysis was carried out using a
Visual Basic.Net program developed by the authors. The results are presented in both
graphical and tabular forms.

1 Introduction:

Traditionally, the design of good quality produetgh excellent surface finish has been based omibthod of trial and
error drawing on extensive experience on the fatiedesigner. In recent years however, rapid anpment in computing
technology has changed this practice. The incrgass® of numerical methods for simulating cold fimgmprocesses has
been observed resulting in reduction of lead tianed elimination of trial and error as well as tleduction of defects free
products. Numerical simulation of manufacturing qgesses has become in the last years an importahtaamprove
drawing processes, reducing lead times and tryand, providing products free of defects and withtoaled mechanical
properties [1]
Alexandrova [2] used an upper-bound analysis tonasé the required power in tube drawing and irgrofirigid, perfectly
plastic material through a conical die. The frintbstresses exerted by the die and the manditsleomaterial have constant
values.
Bihamta et al [3] presented a numerical study domeéhe drawing tubes with variable thickness. Tfeuénce of process
variables on material thinning and formability i8.8mm outer diameter, 2.62 mm wall thickness AA6@&Bninum alloy
tube, were investigated and optimized. Fisher aag [@] carried out a study of the factors affectihg tube sinking process
using an ABACUS based finite Element program. Parhet al [5] formulated a mathematical model far the-less tube
sinking process based on non Newtonian charadtsrisf the fluid medium and applied a finite-diffece numerical
technique to solve the governing equations
In this work, tube drawing processes with a plug arandrel are analyzed numerically using the fiallanent method. The
stress distribution in the tube during the drawopgration is first obtained and subsequently, ffeceof die angle on the
drawing load is obtained.

Nomenclature

H Friction coefficient between tube and die wall

M, Friction coefficient between tube and plug
a semi die angle of the die

B semi die angle of the plug

D diameter ot tube

P, pressure on the die
P, pressure on the plug
h thickness of tube

O yield stress
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MATHEMATICAL FORMULATION

Figure 1 presents a scheme of the tube drawingepso@ differential element of the tube placed leeiwvthe die and the
plug is represented along with the stresses acaimg as shown in figure 2. Supposing that the pssctakes place under
plain strain conditions § << D andD = constant) and that the
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Figure 1: A schematic diagram of the tube drawirarpss (a) with slightly tapered plug (b) with avimg mandrel
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Figure 2: Diagram showing stresses acting on @mifitial element during tube drawing. (a) with Islig tapered plug (b)
with a moving mandrel
pressure on the die; 5 equal to the pressure on the plygpd of value, p, then the force balance providestjuation

(o,dh+hdo, ) D + prD (tana — tanB) dx+ p7D (44 + i, ) dx = ( @)
The decrease in thickness as the element movasgthi distancédx is given by (2)
dh = dx(tana - tang) (2)
Substituting (2) into (1) and simplifying, (3) we obtain
(o,dh+hdo, )+ p.dh{1+—’ul+ﬂ2 }:o ()
tana - tangf

Equation (3) can be rewritten as (5) by noting (#hich represents the value of B for a tube dravgrarcess with a conical
plug. For a cylindrical plug, the value pfequals 0. For a tube drawing process with a mowiagdrel the parameter B is
computed using (4b)

B = Myt Uy (46\)
tana - tang
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B = H— Hy
tana - tang (4b)
hdo, +dh[o, + p(1+B)]=0 ()
Principal stresses are given by (6) approximatety Bresca’s Yield condition is given by
0,=0,,0,=0,=—p (6)
g,+p=0, ()
Equation 5 can now be written as (8) which is tbeegning equation for the tube drawing processsingi(7).
do dh
x = (8)

Bo,-0,(1+B) h

FINITE ELEMENT MODEL

The governing equation in (8) can be re written as
do, Bo, 0, (1+ B)

=0 ©)
dh h h
Multiplying the modified governing equation (9) byweight function wand integrating over the tube, we obtain
127D 1+ B -
17w, (4% - B 7 ))dhdedx= 0 i=1,2...n (10)
00 Dy dh h h

Equation (10) can be simplified to give
do, Bo, o,(1+B)

27w, ( ydh= 0 (11)
s, “dh h h

D D D 1+ B

P 9% gn =% w B gno v 220 B) oo ¢ (12)

Da dh Da h Ba h

Where (,, h, ) is the domain of the element along the radiaation.
The stress acting on an element can be approximatad (13) from which (14) can be obtained

a,(h) =201y (h) (13)
dUX L dl/’,-e(h)
an 59 -

In (13) and (14),l,l/je is known as the interpolation function. Setting theight function equal to the interpolation fuoaoti
(12) can be rewritten as shown in (15).

hy n d W e n

[l or v mh—= 8o ¢, %, (h)
Ra =1 dh j=1

Equation (15) can be re written as shown in (16ictvinepresent the finite element model for the tdbewing governing
equation.

dh- [ o, (1 By’ (H)dh= (15)

n hp dy® hy,

2 f[l/ff(h)h e Bwiel//f(h)}af: [, (1+ B)g *(h)dh (16)
=1 n, n,

In matrix form, the finite element model can bétten as shown in (17)

{Ki{aot={F7} (17)

{Ki‘f} is known as the stiffness matri{<Fie} is called the load vector, ar{d?f} the nodal degree of freedom which is the

stress in the wire

Solution Methodology

The domain of the wire under plastic deformatiordigided into a number of finite elements. Elemémtquations are

developed by numerically integrating the weak farfrthe governing equation shown in (16) using ttgeass points four

gauss points for Gcubic isoparametric elements. This gauss quadratile provides sufficient accuracy for the intégra
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without incurring unnecessary computing time argbveces. The expression for the stiffness matrowshin (16) are cast
in the parent form and to make it solvable usirggloposed quadrature method, the parent elementaapped to the real
elements. Equation (18) is the resulting expresfiothe stiffness matrix and load vectors after itansformation

[KGJ=Ii{wf(<’)h(<‘)%§‘t)%+v(ﬂB)(wf(f)wf(f» I*(£)d ()

(18)
The expression for the load vector is given by
e -1 e e
R =["Twr (&)@ +B) e (8)d(€) o
In (17) and (18),%is known as the jacobian of the element compusingthe expression shown in (20)
n d(//
= D,(&)— (20)

The element stiffness integral and load vectorsearaduated iteratively using a number of presetb&@auss points and
weights according to the expression

+

1 n
[1(&)dé=> w1 (&) (21)
-1 1=1

The respective element stiffness matrices are ddednby enforcing continuity of nodal stresses. Boeindary condition
imposed is that there is no longitudinal stresshat entry with no back pull. The interpolation ftinos for € cubic
isoparametric elements are given by

vi(©)= o[ e+ 3)(e- 3]0 v @)= 2 (e~ 3y

ws(f):%(6+l)[f+§](f—1)- m(fﬁ%(&@[&%)[&—%} (22)

Numerical Results and Discussion

In order to employ the proposed method developdbdrpreceding sections for determining the eféédhe die semi angle
on the drawing load, the accuracy of the soluticgthod is first established. The analytical solutiorthe tube drawing
process shown in (9) assuming elasto plastic misdkehown and hence comparison can be made. Théolobtained
using the present method using increasing mestitgdeéins C° cubic isoparametric elements and the analytickition is
shown in Table 1. The values of the parameters tisedhe simulation are = 0.15, y = 0.18,a = 14, p = 10,
0=1.4KN/mnf

Table 1: Results obtained using & cubic isoparametric elements, finite difference, rd the exact solution.

Location Stress (N/mr) Stress (N/mr) Finite Difference Stress (N/mr)
(D)mm 3 elements 6 elements Solution using 10 Exact
C° cubic C° cubic grid points
1.000000 1.436200 1.436202 1.436202 1.436202
1.055556 1.360479 1.360478 1.357776 1.360479
1.111111 1.269343 1.269349 1.268742 1.269350
1.166667 1.160701 1.160691 1.158441 1.160691
1.222222 1.032203 1.032210 1.031412 1.032211
1.277778 0.881440 0.881445 0.879696 0.881445
1.333333 0.705749 0.705754 0.705149 0.705754
1.388889 0.502310 0.502317 0.501275 0.502318
1.444444 0.268117 0.268130 0.268135 0.268131

The results obtained for different meshes &f ddbic isoparametric elements are shown in Tablkelohg with finite
difference results. The table shows that for a noé€hcubic isoparametric elements, the finite elatrsolution is admirably
close to the exact. In particular, the solutionvayges completely at locations with diameter 1.@)0166667, 1.277778
and 1.33333. At all other points; the error in timte element solution using 6 cubic isoparamegéiements is 0.000001.
Pointwise comparison of the errors shows that dlpltlae finite element solution for a mesh of sixbic elements is more
accurate than a 10 grid point finite differenceutioh with a maximum error of 0.000001 obtained o finite element
method compared to 0.002703 for the finite diffeeemethod.
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Parametric Studies

The C cubic isoparametric element has been shown toupedairly accurate results for the tube drawingragion.
Consequently, all parametric studies were carrigdusing this element type. Figure 3 shows thecefiéthe die semi angle
(o) on the drawing load required for the plastic defation process. The die semi angle used for timeilation is in the
range ¥o<15 which covers the range used by Neves et al 8] mumerically simulated the variation of drawintigess with
die angle using die semi angle in the range<45 using the upper bound method.
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Figure 3: Variation of drawing load with semi die angle for different values of die semi angle.

The base parameters used for the simulatiomgrel.4kN/mnf, p = 10, and a mesh of six’@ubic isoparametric elements.
The simulation was carried out for two sets oftfoic coefficients between the die-tube and plugetidterfaces. Figure 3
shows the variation of drawing load as a functibdie semi angle for die — tube coefficient of fian () equal 0.05 and
plug — tube coefficient of friction g equal 0, representing tube drawing without a @lnd coefficient of friction equal 0.05
at both interfaces representing a tube drawingga®evith a conical die. It can be observed thatitagving load increases
with increasing friction between the die — tubesifdce and plug — tube interface. This findingaasistent with the finding
put forward by Neves et al [1] who applied the uppeund method to analyze the tube drawing prodessa cylindrical
plug B = 0. Figure 4 shows the variation of drawing legth die semi angle for tube drawing process wittylindrical plug
(B=0) and conical plug using the following parametegs= 1.4kN/mnf, 1°< a < 14°, g, = 0.05, 4 = 0.05 and a mesh of six

C° cubic isoparametric elements for the simulatione Tonical plug was simulated with two instanceseshi angle of the
plug namely 8and 8.
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Figure 5: Variation of drawing load with die semi angle for different semi angle of plug.
Figure 5 shows that the drawing load required tdpce 84% reduction in area equivalent to drawirtgbe of 16mm
outside diameter and 1.5mm thickness to 11mm aatdidmeter and 1mm thickness is greatest when draitin a
cylindrical plug. The drawing load is observed &rikase with increase in the plug — tube semi dogle given tube — die
semi angle. However, the increase in drawing lo&t decrease in plug — tube semi angle for a gdiensemi angle is
greater for lower die semi angles. It may be caeilifrom the forgoing that the work done and cousatly power
requirement needed for tube drawing operation as®e with decrease in plug — tube semi angle dgorem drawing speed.
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Figure 6 shows the comparison of drawing load fitwetdrawing with a cylindrical moving mandrel andydindrical plug

under similar conditions. Specifically, the follmg instance of process parameters were used #ssithulationg, =
1.4kN/mnf, 1°< o < 14°, 4, = 0.05, ¥=0.05 and a mesh of si¥’ €ubic isoparametric
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Figure 6: Drawing load as a function of die semi agie for tube drawing with cylindrical plug and

cylindrical mandrel
Numerical computation shows that for a given diabe semi angle, a greater drawing load is reqdoetube drawing with
a cylindrical plug than with a cylindrical mandrét. addition, for tube drawing with a moving maridtae drawing load is
independent of the die semi angle and dependsamthe flow stressog) and the percent reduction in tube wall thickness
from the entry to the exit. This finding is consist with result derived from analytical solutiontbé tube drawing process
with moving mandrel. The reason for this behavisuhat in a tube drawing process with moving meahdhe friction force
at the mandrel — tube interface is directed towdngsexit of the die and since for a tube drawingcpss with moving
mandrel, the die — tube and tube — mandrel integf@oefficients of friction are typically identictthe value of the parameter
B reduces to zero.

CONCLUSION

A numerical study using the finite element methas been used to analyze the tube drawing operdfio®.equation
governing the elastoplastic deformation processbiegn derived and solved using the finite elemesthod. The solution
obtained using the present method has been sholwa samirably close to the analytical solution witlesh refinement
using € cubic isoparametric elements. Parametric studies been carried out and the effect of die serlieamy drawing
load has been presented for tube drawing operaiibnand without plug and with a moving mandrelhéds been shown that
drawing load decreases with die semi angle. Tidirig is corroborated by studies carried out by ddegt al [1] who
obtained similar results from experimental and nticaéanalysis of tube drawing. Comparison has bEen made between
the different tube drawing operations based on thgoad.
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