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Summary

Tungsten wires for lamp filaments sometimes develop longitudinal cracks of substantial
length during processing, mainly during wire drawing. In this work the drawing process
is analysed with a finite element model to determine the factors that are responsible for
these so-called splits. The material behaviour of tungsten is described using a
viscoplastic material law containing internal variables. Special attention is paid to the
residual stresses in the wire after passing through the die. These residual stresses are
used in a fracture mechanics analysis of a split wire.

Keywords

Tungsten, Wire Drawing, Splits, Finite Elements, Viscoplasticity, J integral.

1. Introduction

To produce lamp filaments having a diameter of about 40 um, the sintered tungsten
rods are rolled, swaged and drawn through several drawing dies. During the drawing
process splits can occur. These are cracks extending in radial direction from the
surface towards the centre of the wire and over long distances in longitudinal direction

[1].



The hypothesis in this paper is that the expansion of the splits is driven by the
circumferential residual stresses after the die, when the wire cools down and becomes
more brittle. Therefore the aim of this work is to develop methods for calculating the
residual stresses reliably and to identify ways to reduce them and thereby to minimize
the risk of splits. For this purpose a finite element model for the drawing process is
developed (Section 2) and applied to study the effects of material properties and
process conditions (Section 3). In Section 4 the computed residual stresses are used
in a fracture mechanics analysis of a split.

2. Modelling

2.1 Viscoplastic Material Law

A viscoplastic material law with internal variables of the Chaboche-Jiang type [2,3] is
applied for modelling the drawing process. The viscoplastic strain rate is given by
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The equivalent strain rate depends on stress and internal variables according to
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with <x>=x, if x>0 and <x>= 0 otherwise. The evolution equation for the isotropic

hardening variable, R, is:

R=B(Q-R)p (2.6)

The kinematic hardening variable, called backstress ¢, obeys the evolution equation:
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The first term in the brackets describes strain hardening, while the second describes

dynamic recovery. The model contains the following parameters: stress exponent n,
viscosity K, initial yield stress k, ratcheting exponent ¥, and the parameters Q, B, r,

and ¢ appearing in the evolution equations for the hardening variables.

The total strain rate tensor €' is a sum of the viscoplastic and the elastic strain rate:

s tot

N =& +E7. (2.8)
The elastic strain rate obeys Hooke’s law characterized by Young’s modulus E and

Poisson’s ratio v.

This viscoplastic model is implemented as a user material subroutine (UMAT) in the
finite element code Abaqus Implicit (Version 6.4) [4].



2.2 Axisymmetric Finite Element Model

The wire is represented by an axisymmetric finite element model schematically shown
in Fig. 1. As the model should be suitable to simulate several consecutive drawing
steps, it is more convenient to move the die instead of the wire. Consequently, the
following boundary conditions were chosen: symmetry conditions along the axis of the
wire and at the lower end of the wire and an applied stress o, at the end of the wire to
represent the backpull force during the drawing process. The investigated wire
(ro =1.8 mm, /=10 mm) is discretized by 10x240 axisymmetric CAX4 elements.
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Fig.1 Schematic view of the axisymmetric model of the drawing process and boundary
conditions.

3. Simulation of the Drawing Process

To explore the influence of the material and process parameters on the residual
stresses a systematic study was performed. Two consecutive drawing steps were
modelled in all cases.

3.1 Reference case:
The input parameters for the reference case were chosen as follows:

Material parameters (parameter set 1): E = 350 GPa, v = 0.297, n = 18, K = 350 MPa,
k=120 MPa, =0, Q=250 MPa, B=1,M=1, ') =200 MPa, ¢ = 2.



The initial wire radius is 1.8 mm which is reduced to 1.35 mm and 1.0 mm in the first
and second step, respectively. The drawing angle is 8°. The downstream drawing
speed is 50 mm/s in both cases. A back pull stress oy, of 30 MPa is applied. Friction is
modelled as Coulomb friction with u=0.05 at small stresses, but the shear stress in
the interface is limited to a maximum shear stress 1,a2x, Which has the value 45 MPa in
the reference case.

The residual stresses after the first and second reduction are shown in Fig. 2. There
are tensile stresses in the outer part of the wire, while the centre is under compression.
There is little difference between the two steps except for the stresses in axial
direction.
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Fig. 2 Residual stresses in the reference case after the first (solid lines) and second
drawing step (dashed lines).



3.2 Influence of Backpull and Friction

Figure 3 shows the residual stresses in circumferential direction for backpull stresses
0, 60, and 90 MPa together with the reference case (30 MPa). An increase of the
backpull stress by 30 MPa leads to a reduction of the residual tensile stress by 20 MPa
at the surface of the wire. This holds for both drawing steps.
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Fig. 3 Circumferential residual stresses for different back pull stresses.

Figure 4 shows the residual circumferential stresses in the wire computed for pu = 0.1
and Tmax = 30 MPa, 45 MPa and 60 MPa.
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Fig. 4 Circumferential residual stresses for material set 1 with an increased friction
coefficient u = 0.1 with different maximum shear stresses.

A higher friction coefficient and a greater 1., reduce the residual stresses (compare
Fig. 2 and Fig. 4). Apparently the frictional shear stresses render the plastic strains in
the die more homogeneous, which reduces the residual stresses. As Fig. 4 shows, the
influence of tTmax On the residual stresses is more pronounced in the second drawing
step, probably since the stress level is higher due to hardening, and therefore the
limitation of the frictional forces by Tmax is more relevant, while in the first drawing step
the limit is hardly reached.

3.3 Influence of Hardening on the Residual Stress State

The influence of the hardening rate is investigated by repeating the calculations with
two other material parameter sets:

Parameter set 2: E = 350 GPa, v = 0.297, n = 18, K = 350 MPa, k = 120 MPa, y =0,
Q=450 MPa, B= 0.5, M =1, " = 450 MPa,c"" = 0.8.

Parameter set 3: E = 350 GPa, v = 0.297, n = 18, K= 350 MPa, k = 120 MPa, y =0,
Q=250 MPa, B=0.15, M = 1, #"’ = 400 MPa, c" = 0.27.



The initial yield stress is the same in all three parameter sets. At small strains
parameter set 2 gives a hardening rate similar to the reference case, but later it har-
dens more strongly. Parameter set 3 gives a much smaller hardening rate.

The resulting residual stresses in circumferential direction are given in Fig. 5 after the
first and second drawing step.
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Fig. 5 Residual circumferential stresses for different hardening rates (initial yield stress is
the same).

At the end of the first step parameter sets 1 and 2 lead to nearly the same stresses as
they have approximately the same initial hardening rate. After the second drawing step
parameter set 2 leads to slightly greater residual stresses because of the higher
hardening rate. Parameter set 3 with its low hardening rate shows very low residual
stresses after both drawing steps.



3.4 Influence of Other Parameters

The effects of the remaining parameters on the residual stresses are summarized as
follows:

Drawing velocity (40, 50, 60, 100 mmy/s)

Up to a speed of 60 mm/s the residual stresses are hardly affected, since in this range
the material is practically rate insensitive (at least for parameter set 1). An increase of
the speed to 100 mm/s leads to significantly lower residual stresses, but also to an
increase of the drawing force. We did not find an obvious and convincing explanation
for this.

Drawing angle (4°, 6°, 8°)
A smaller angle leads to smaller residual stresses and, in this sense, is favourable.
Degree of deformation (¢ = 0.4, ¢ =0.5, ¢ =0.6)

A larger reduction in diameter favours a homogeneous deformation, which leads to
smaller residual stresses. However, there is a limit, as with increasing reduction the
drawing force increases and eventually approaches the yield strength (limit of
drawability).

4. Fracture Mechanics Analysis

For various geometries of a split the J integral at the crack tip is now determined from
the residual stresses calculated in the previous sections. The analysis in this section is
linear elastic. First the residual stresses computed for the reference case (Fig. 2, after
first reduction) are transferred to a 3D model as initial stresses. Then the nodes on the
pre-defined crack plane are doubled, the node pairs being bonded outside the crack
and released inside the desired crack contour in order to mimic crack growth.

Figure 6a shows the crack-free wire with the initial circumferential stress distribution,
while Figs. 6b-d show the type of rectangular crack configurations which were studied.
The cracks have a depth a (in radial direction) and a length b (in longitudinal direction).
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Fig. 6 Circumferential stress in the crack-free wire (a) and for various rectangular cracks
(characterized by its depth a and its length b).

As Fig. 6 shows, the circumferential stresses at the longitudinal crack front first
increase with increasing crack depth, but then decrease. With increasing crack depth
the stress concentration at the radial crack front increases continuously.

The J integral is evaluated along the whole front using an option available in ABAQUS.
Figure 7 shows the J integral along the longitudinal crack front (denoted by b in Fig. 6)
as a function of the crack depth. For shallow cracks (small a) it increases nearly
linearly with increasing crack depth. Later it decreases, because the crack front
approaches the region that was originally under compression.
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Fig. 7 J integral at the longitudinal crack front denoted by b in Fig. 6.

Figure 8 shows the variation of J along the radial crack front denoted by a in Fig. 6 as a
function of the radial coordinate marked in Fig. 6¢. For the selected rectangular crack
geometry the J integral increases towards the wire surface. As one would expect,
deeper cracks lead to higher values of the J integral.
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Fig. 8 J integral at a radial crack front for various crack depths a.



As Fig. 8 shows, the J integral assumes values of the order 450 J/m®. This
corresponds to a stress intensity factor K, = 12 MPaVm. The critical stress intensity
factor (fracture toughness) lies in the range of 8 to 14 MPa'm [5,6] at room
temperature and rises to about 20 MPay'm at 400°C [6]. Hence the stress intensity
factors caused by the calculated residual stresses are just sufficient to drive an existing
split in the cold part of the wire.

5. Conclusions

The hypothesis in this paper is that longitudinal cracks (splits) in tungsten wires are
caused by the residual stresses after the drawing die. A finite element analysis of the
drawing process with a Chaboche-type plasticity model shows that the residual
stresses are beneficially influenced by a greater backpull stress, higher frictional forces
in the die, and a lower flow stress level of the material. However, if one raises the
backpull force and the friction, one also raises the drawing force so that the risk of wire
rupture grows. A typical task of numerical process optimization is to avoid both, rupture
and splitting.

A linear elastic fracture mechanics analysis shows that the residual stresses lead to a
stress intensity factor at a typical split geometry of around 10 MPa\vm.
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