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Abstract

Drawing process of thin walled tubes used to fabricate catheters and stents for medical appli-
cations was studied. Medical use needs accurate dimensions and a smooth finish of the inner and
outer surfaces. This paper deals with 316L stainless steel tubes which are manufactured by means
of cold drawing with or without inner plug (mandrel drawing and hollow sinking, respectively). To
improve the quality of the finish of the tubes, numerical modelling can be used. In this way, a ther-
momechanical study of the drawing process is proposed to determine experimentally the physical
parameters. This study proposes to evaluate the different parameters of the constitutive equations,
of the thermal and friction models using specific experimental tests or using an inverse analysis on
the drawing process. These parameters are validated by analysing other tube drawings. Finally the
importance of physical parameters fit on drawing limits is emphasised, using a Cockcroft-Latham
failure criterion.

Keywords: medical device, tube cold drawing, precision metal tubing, friction,
thermomechanical modelling, forming limits

1. Introduction

Medical instruments, like catheters and stents, are produced by means of thin-walled tubes of
small diameter [1, 2]. Accurate dimensions and very smooth finish of the inner and outer surfaces
are two important required qualities for medical instruments. These properties are the results
of the quality of the process. Tube drawing process consists in pulling a tube through a conical
converging die. Thin-walled tubes are manufactured with this process, reducing progressively inner
and outer diameters together with wall thickness.

Drawing process has been analytically studied for several years. Different approaches can be
quoted; the first approaches used revolution cones. A first study [3] analysed the deformation of a
tube into a conical die but without taking into account the friction. Later, the friction for a die-less
drawing was considered [4]. Next, the same type of approaches were developed for polygonal tubes
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[5]. Many other studies highlighted different points as the repartition of Cockcroft-Latham failure
criterion [6], the repartition of the stress into the section [7], the optimisation of a new floating
plug [8] or the energy vanished by friction [9].

All these analytical equations lie on simple constitutive equations and do not take into account
all the phenomena. In this way, finite element method was used to treat this type of problem.
Different studies were proposed, highlighting the importance of physical parameters. The consti-
tutive equation of the material is often an elastoplastic constitutive equation [10, 11, 12, 13, 14, 15]
but few details are given for the parameter fit. Moreover, drawing processes often generate high
strain rates [16] and the constitutive equation parameters are fitted on quasi-static experimental
data without taking into account the strain rate. Additionally, the deformation of the material
generates temperature evolution that should be considered for the modelling of steel material nor
shape memory alloys. A last crucial point is the friction between the die and the tube, many
authors [6, 17, 18, 14] point out its importance, but very few details are presented to explain the
choice of this friction parameter. with the exception of a recent study [15] which used an inverse
analysis of tube drawing process to determine the friction coefficient.

At the sight of the importance of the physical parameters of a tube drawing modelling and the
lack of literature data, a complete study is proposed in order to present a method to obtain all the
physical parameters to well describe an industrial process. This paper focuses on cold drawing,
without inner plug and with mandrel, of stainless steel 316L tubes of small diameters (typically of
the order of some millimetres). These processes generate temperature variations that are usually
not taken into account in tube drawing studies. Experimental measures are realised on drawing
benches to evaluate drawing forces and temperature elevations that are generated during different
drawing tests. Moreover, it is proposed to evaluate the different parameters (friction coefficient,
contact conductivity, inelastic heat fraction) from dedicated experimental tests or by means of an
inverse analysis on the industrial process modelling.

This paper is organised as follows. The tube drawing process is explored in section 2. A set of
experimental tests was firstly carried out in order to acquire mechanical and thermal data during
the drawing process. In section 3, the physical problem to model is presented. In section 4, first
the material properties implied in the process, such as the anisotropy, the rate-dependence and the
temperature-dependence are studied. Shear and tensile tests were performed to determine the 316L
stainless steel mechanical behaviour. Second, the convection heat losses and the ratio of plastic
work converted into heating were determined by thermal tests. Then, the numerical model is
depicted in section 5. Moreover, an inverse analysis is carried out on one drawing test to determine
the parameters that have not been determined by simple tests i.e. the friction parameters and
thermal conductivity. Finally, in section 6 the influence of the physical parameters on forming
limit is studied.

2. Drawing experiments

The aim of this part is to completely analyse a drawing process by measuring the applied forces
and the temperature variations. In this way, in a first step, the drawing experiments are presented.
In a second step, the instrumentation of the drawing bench are detailed and finally temperatures
and forces measurements realised on the bench are described.



2.1. Tests

First, a cold tube drawing without inner plug (hollow sinking) was performed as presented in
figure 1(a). The outside diameter of one extremity was reduced sufficiently to enter the hole in the
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Figure 1: Hollow sinking process (a) and mandrel drawing process (b)

draw die, so that the jaws of the carrier can grip this end of the tube. Then, the tube was pulling
through the die at constant speed.

Before drawing, each tube was annealed at 1050°C. Different drawings were realised and pre-
sented next. In the first tests, the outer (OD) and inner (ID) diameters of the tube before drawing
were equal to 8.04 mm and 6.91 mm, respectively. The tubes were drawn through a 6.64 mm
diameter tungsten carbide die, with an entrance angle equal to 17.2° and a 1.3 mm bearing. Next,
a second set of tests were carried out on these annealed tubes (OD 6.69x ID 4.95) through a 5.22
mm die with an entrance angle equal to 12.5° and a 1.1 mm bearing. Each tube was drawn at
three different drawing speeds (6.3 m.min~!, 11.4 m.min~! and 15.2 m.min~!). This represents
strain rates about 1 to 10s~! when the tube goes through the die. Details of experimental data
are listed in table 1. Each test was performed at least four times, to analyse the reproductivity of
the experimental data.

Mandrel drawing, presented in figure 1(b), were also performed. The only difference with
hollow sinking is that a medium carbon steel mandrel was put inside the tube. Experimental
measurements were realised in a similar way as hollow sinking. Tubes (OD 10.5x ID 9.0 and OD
8.16x ID 7.05) were drawn through 8.13 and 6.64 mm dies with respectively 7.0 mm and 5.8 mm
mandrel diameters (details of the tool geometries are reported in table 1). Speeds were the same
as in hollow sinking. The strain rates are slightly higher than hollow sinking and are between 1
and 40s~ 1.



Test Initial Tubes Die Mandrel Speed

number Inner ¢ OQOuter ¢ Angle ¢ Bearing o]
mm mm deg mm mm mm m.min 1
Hollow sinking
1 6.47 8.04 172 6.64 1.3 / 6.3
2 6.47 8.04 172 6.64 1.3 / 11.4
3 6.47 8.04 172 6.64 1.3 / 15.2
4 4.95 6.69 12.5  5.22 1.1 / 6.3
5 4.95 6.69 12.5  5.22 1.1 / 114
6 4.95 6.69 12,5 5.22 1.1 / 15.2
Mandrel drawing

7 9.0 10.5 33.0 8.13 0.3 7 6.3
8 9.0 10.5 33.0 8.13 0.3 7 11.4
9 7.05 8.16 22.0 6.64 24 5.8 6.3
10 7.05 8.16 22.0 6.64 2.4 5.8 11.4
11 7.05 8.16 220 6.64 2.4 5.8 15.2

Table 1: Characteristics of the different tests. 1 to 6 : hollow sinking, 7 to 11 : mandrel drawing.

2.2. Measurements

The bench was equipped with load and thermal sensors. A load cell located between the die
and the die-holder was used to obtain the drawing force. A pyrometer (IP140), fixed after the die
exit, recorded the time evolution of the temperature at a spatial point located 20 mm after the die
exit (cf. figure 1). In order for the temperature measurement to be accurate, a calibration of the
emissivity parameter of the tube material at the die exit must be performed. For that purpose, the
temperature of a tube covered by lubricant was controlled by a fluid circulation (Julabo cryostat)
at different temperatures, in the range of 60-130°C. Figure 2 shows temperature value given by the
pyrometer calibrated with an emissivity of 0.15 as function of the true tube temperature. In the
following, the tube temperature measurement are corrected using the calibration results.

2.3. Results

The drawing force and temperature measured during hollow sinking test number 1 are plotted
in figure 3. Such evolutions are representative of all other drawings. In a first stage, when the
tube enters in the die, the force increases quickly and reaches its highest value. During the second
stage, the force is almost constant. The drawing force decreases instantaneously in the third stage,
when the tube exits the die. As the first extremity of the tube is removed from the production,
the force peak is not considered. In the following, only the second stage is studied. It is assumed
as a mechanical steady state. The drawing force varies with the tube diameters, as it could be
expected, but not significantly with the tested drawing speed. Results are listed in table 2.

Concerning the external temperature, hollow sinking and mandrel drawing lead to different
responses. In hollow sinking, the external temperature remains constant all along the pass and
does not vary with the drawing speed. In mandrel drawing, the results are different. First, for low
speed the temperature remains constant during the test. But for high speed, the temperature along
the tube is increasing, Figure 4 shows that no steady state is reached. Moreover, the successive
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Figure 2: Calibration curve of the pyrometer for a lubricated tube with an emissivity coefficient of 0.15.
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Figure 3: Results of an hollow sinking test. Drawing force (—) and external temperature (-o-) evolutions. The tube
enters in the die at t = 1 s, and leaves it at ¢t = 20 s.

mandrel drawing tests were realised every two minutes. A rise of temperature was observed after
each test, when the time between tests was short. This was due to the slow cooling of the mandrel
and the die between two drawings, which means that initial conditions were not the same for
each test. As a consequence, the initial conditions are only known for the first drawing, thus the
temperature measures kept for further analysis are listed in the table 2.
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Figure 4: Evolution of the external temperature of a tube during a mandrel drawing for three different speeds:
0 6.3m.min"*, A 11.4m.min~*, 0 15.2m.min .

Test Final Tubes Force Outer
number Inner ¢ Outer ¢ temperature
mm mm daN °C
Hollow sinking
1,2, 3 4.95 6.69 395 + 10 83.0+2.5
4,5, 6 3.38 5.21 381+ 10 81.0£2.5
Mandrel drawing
7,8 7.05 8.16 995 + 25 63.5 £+ 3.0
9, 10, 11 5.90 6.74 740 £ 24 80.0£2.0

Table 2: Experimental results :
four tests)

mechanical and thermal measurements (mean values obtained by means of at least

3. Physical modelling of the drawing

Drawing process involves large plastic strains due to important diameter reductions (about
30%). As a drawing runs quickly, these deformations are reached in a very short time and the
strain rates are of the order of 1-40 s~!. This leads to high temperature increase. To model this
process, first the mechanical study should be done, by means of the local equilibrium equation:

divo = p (1)



where p is the mass density and 7 the acceleration. Second, the thermal equilibrium is realised
by means of the heat equation:

PC% - kLap 0= DPheat (2)
where § = T — T} is the temperature variation, C' the specific heat, k the thermal conductivity and
Pheat the heat sources. Two kinds of heat sources are observed in the drawing operations. One,
limited to the contact areas, is linked to the friction phenomenon. The second heat source to be
considered in the problem is the intrinsic dissipation due to plasticity.

To solve this problem, the constitutive equation of the different materials (316L for the tube,
WC for the die and medium carbon steel for the mandrel) must be determined by taking into
account the influence of the strain rate and of the temperature if necessary. Moreover, as presented
in figure 5 by the representation of a drawing process, some interactions must be determined, as

Fixed die

convection
Constant

speed

Friction and gap
conductance

Axis of revolution
Figure 5: Modelling of the tube drawing process

friction between the tube and the die (and the mandrel and the tube in case of mandrel drawing).
Last, convection phenomena after the die exit have to be modelled.

4. Physical data

The previous paragraph underlined the different physical parameters that are involved in the
tube drawing process. The quality of a thermomechanical modelling is directly linked to the
precision of the parameters fit. This part proposes different experimental analysis to fit them.

4.1. Modelling of the material behaviour

4.1.1. Shear and tensile tests on the stainless steel

The 316L stainless steel mechanical behaviour was studied by means of tensile and shear tests
performed at several strain rates. The planar simple shear test has proved to be very efficient to
evaluate the mechanical properties of flat samples [19, 20, 21]. The device is designed to impose
a parallel displacement of two lateral grips. The resulting displacement is depicted in Figure
6(a). To perform these tests, annealed tubes were opened and unwound so that plane sheets
were obtained, as shown in Figure 6(b). As unrolling the tubes implies residual stresses in the
samples, no constitutive equation may be quantified with these tests. In contrary, anisotropy of
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Figure 6: Shear samples : (a) Geometry of a deformed shear sample [20] h = 3 mm, e ~ 0.75 mm and L = 30 mm,
(b) Method to obtain shear samples with unwounded tubes.

the unwound tubes is tested. An optical method was used in the present study to observe the
strains. The tests were monitored using a digital CCD camera which observes the sample surface
covered with a black painting and then with a random pattern of white paint speckles. The local
strain field was calculated with the Digital Image Correlation software 7D [22]. First, in order to
test the anisotropy of an annealed tube, some samples were cut and sheared with an angle of 45°
to the tube axis (cf. Figure 6(b)). Three 45° samples and three 0° samples were sheared at a strain
rate of at 107! s~!. The response in the two directions are very close as illustrated in Figure 7,
indicating that the material can be assumed as isotropic.

The shear testing device was able to perform strain rates between 1074 and 3. 107! 571, because
of the limitations of the testing machine whereas drawing process leads to strain rates between 1
and 40 s~!'. To increase the strain rate, tensile tests were realised on another hydraulic tensile
machine MTS which can move up to 2 m/s. This permits to perform the tensile tests in the range
1073 571 to 15 s~!. The results are presented in Figure 8. They show that the stress increase is
about 100 MPa and indicate that quasistatic tests are not appropriate to determine the constitutive
equation in this case.

4.1.2. Constitutive equation of the 316L stainless steel

The drawing experiments emphasised the temperature increase, but the thermal recordings
showed that the tube temperature increase did not exceed 130°C. As the temperature stays lower
than one third of the melting temperature [23] in cold drawing, the material properties do not vary
more than 1% and can therefore be supposed to be independent of the temperature variations.

Previous observations (cf. Figures 7 and 8) indicated that the material behaviour is isotropic
and strain rate sensitive. For drawing studies, Sandru and Camenschi [24] proposed a viscoplastic
constitutive equation of Bingham type for the high speed drawing with floating plug. Concerning
the low carbon steels, different authors [25, 26] show that the Johnson-Cook (J.-C) constitutive
equation was the most adapted law to model their material behaviour at different strain rates. As
the material behaviour is considered temperature-independent, the modified Johnson-Cook law is
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used:

Geg = (A + Bel) <1 +Dn (iﬂ)) , (3)

Eeq

where €., represents the equivalent effective plastic strain, €., and égq are the effective and the
reference plastic strain rates, A, B, D and n are material parameters determined by means of
tensile tests (cf. figure 8), they are listed in table 3, the hardening is assumed as isotropic.

4.1.8. Constitutive equation of the materials of the mandrel and the die

No irreversible deformation was observed on the die and the mandrel even after many drawings.
It is thus considered that their mechanical behaviour stays perfectly elastic during drawing process.
Their Young moduli and Poisson ratios are presented in table 3.

4.2. Modelling of the thermal balance

4.2.1. Thermal material parameters
Thermal properties like conductivity, density and specific heat were easily found in the litera-
ture. The values are presented in table 3 for the three materials concerning the process.

4.2.2. Heat sources
A major part of the plastic work is dissipated into heat. The remaining part of the plastic work
contributes to the storage of internal energy through the creation and rearrangement of crystal
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Material 316L. WC Medium carbon steel
Young’s modulus (GPa) 192 650 210
Poisson’s ratio 0.3 0.2 0.29
A (MPa) 242 / /
B (MPa™!) 1295 / /
D 0.02 / /
n 0.61 / /
el (s 0.5 / /
Thermal conductivity (W.m=t.K~1) 16.3 10 50
Density (kg.m™3) 7900 15000 7900
Specific heat (J.kg=1. K1) 500 234 500
Convection (W.m 2. K1) 8 / /
Inelastic heat fraction fep) / /

Table 3: Mechanical and thermal properties of the stainless steel 316L, of the tungsten carbide of the die (WC) and
of the Medium carbon steel of the mandrel.

imperfections, especially dislocations, but also point defects, stacking faults and twins. This is
known as the stored energy of cold work. Starting from the definition of the stored energy of cold
work, the inelastic heat fraction is defined as the ratio of the rate of generated heat to the plastic
work rate and is called 5. Depending on the authors, its value is traditionally assumed to be a
constant taken between 80% and 100%. Nevertheless, many experimental investigations devoted
to plastic deformation have shown the dependence of the inelastic heat fraction on strain, strain

10



rate and temperature [29]. Rosakis et al. [28] found that 8 depends strongly on both strain and
strain rate for various materials. For example, for an aluminium, for a plastic strain rate of 1571,
B oscillates around an average value of 0.65, while for a plastic strain rate of 3.103s7! its average
is roughly 0.8. In conclusion, the inelastic heat fraction § must be determined by representative
tests of the drawing.

High strain rates tensile tests (¢ = 1s™!) were realised on 316L tube samples (diameter 6 mm,
thickness 0.5 mm) on a hydraulic high speed MTS tensile machine. Temperature fields at the
surface of the sample were recorded during the test with an infrared camera (Cedip Jade III).
These fields were uniform in the transverse direction and almost uniform in the axial one. A
simplified one dimensional thermal model was then used to estimate the heat sources for a spatial
point located in axial position x at current time ¢ as proposed in 2D [27] and also used to study
localised phase transformations in NiTi tubes [30]. The problem was assumed to be adiabatic and
the heat sources were estimated using;:

pheat(t) ~ pcae(am (4)
t
Up to maximum load (Consideére criterion) the test can be assumed to be uniform. The volumic
plastic power (ppiast) is uniform and can be computed from the mechanical response recorded
during the test [31]. Assuming volume conservation during plasticity, the volumic plastic power
can finally be estimated with the following relation:
Pplast = F‘g (5)

where F is the force, Vj is the initial volume of the specimen and U is the cross head velocity.
Figure 9 displays the volumic plastic power, the volumic heat power and their ratio 8 measured
during a tensile test at a strain rate of 1 s™!. It appears that 3 is strain dependent. Starting at
about 40%), it increases slowly up to about 90% at maximum load (g, = 0.2).

4.8. Thermal and mechanical contacts

4.3.1. Friction behaviour

Friction is a highly complex phenomenon. A commonly used technique to study contact prop-
erties is the pin-on-disk test. As the name implies, such apparatus consists essentially of a pin in
contact with a rotating disc. This test is standardised [32]. However, in bulk metal forming, ring
compression test is widely used for evaluating friction coefficients [33, 34]. The effect of material
properties, strain-rate sensitivity and barrelling on the behaviour of friction calibration curves ob-
tained from the ring compression test was investigated [35]. Although this test is widely used, the
use of generalised friction calibration curves is impossible as each material and process condition
needs a new test curve. Other approaches based on inverse methods are also proposed (see [36]
for example). Such class of method is chosen in our study to estimate a Coulomb model. It is
presented in the part 5.2.

Moreover, it is considered that the whole generated energy created by friction is converted into
heat. In a first approach it can be considered that the energy is equally transferred to the tube
and to the die.

11
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Figure 9: Evaluation of the inelastic heat fraction (o) by means of the ratio of the heat power (—) and the plastic
work rate (——), for a tensile test at 107! s71.

4.3.2. Conwvection heat transfert coefficient

As proposed in a forging process [37], the same methodology was used to determine the con-
vective heat transfert coefficient. A tube was placed in a oven until its temperature reaches 180°C.
Then it was put outside of the oven and its natural cooling was recorded with a thermocouple. A

finite difference scheme enabled to solve the heat equation and to find the convective heat transfert
coefficient: h =8 W.m™2. K1

4.8.83. Thermal gap conductance

A last contact parameter is the thermal gap conductance which can depend on several param-
eters. The dominant ones are the kind of contacting materials, the macro- and micro-geometry of
contacting surfaces, the temperature of the materials, the interfacial pressure and lubricant and/or
surface contaminants and the thickness of the interfacial layer. A review of existing experimental
methods for the thermal contact conductance measurement under conditions that replicate metal-
forming operations is presented in [38]. The typical experimental equipment for measuring thermal
contact conductance under steady-state conditions consists of two geometrically identical cylinders,
which are in contact at their flat surfaces, and are subjected to an axial force. Axial heat flow is
achieved by applying a heat source at one free end of the cylinders while a heat sink draws the
heat across the interface from the opposite end of the other cylinder. Thermal conductance is then
derived from the temperature measurements. Unfortunately, to the best of our knowledge, there is
no published results for the 316L stainless steel in the 20-120° temperature range. This parameter
will be identified by means of an inverse analysis proposed in the part 5.2.

5. Finite Element Analysis

The aim of this part is to perform numerical simulation of hollow sinking and mandrel drawing.
First, the laking parameters (friction coefficient and thermal conductance) are identified by means

12



of a finite element inverse analysis on experimental data of one industrial drawing test. Second,
the different drawings listed in table 1 are simulated with the identified parameters.

5.1. Model

Finite element models were built in the industrial Finite Element software Abaqus/Explicit.
As material behaviour, geometry and loading conditions are considered as axially symmetric, an
axisymmetric model was used. 4-node thermally coupled axisymmetric quadrilateral, bi-linear
displacement and temperature, with reduced integration and with hourglass control elements
(CAX4RT), were chosen. At least 8 elements are used in the thickness of the tube, all elements
are chosen to be close to a square in non deformed configuration. This mesh was chosen to ensure
a good accuracy of the results without being too time consuming. It ensures results that are inde-
pendent of the mesh even if in singular points, some differences can be noted. From a mechanical
point of view, the steady-state condition is the dominating phase in tube drawing. However, as
the model is coupled in temperature and displacement, a transient analysis was used. Besides,
the lubrication was supposed homogeneous and constant during the process. Thus, variations in
lubrication were not taken into account and only a constant Coulomb coefficient was used to model
friction.

Boundary conditions chosen for the model are those presented in figure 5. Dies are fixed and the
tube is drawn at a constant speed equal to the mean velocity measured during the experiments. The
displacement boundary conditions are applied on the extremity of the tube or on the mandrel when
it is used. Thermal losses are imposed on the tube surface with the natural convection exchange.
Tubes and tools are initially at room temperature. Heat generated by friction is distributed equally
between the tube and the die. A constant gap conductance is defined between the tube and the
die.

Abaqus Explicit software needs a constant inelastic heat fraction 5 whereas experimental results
showed that it evolves (cf. Figure 9). A mean 3 (noted 3) was then computed in order to obtain
the same heat energy as in the non constant case:

ty

_ ty
ﬁpplast (M, t)dt = / B(t)pplast(Ma t)dt (6)
0 0

and so:

t
fof B(t)pplast(M, t)dt
z
fof pplast(M, t)dt
where M is a material point and ¢y a time. Choosing a point M and a time ¢y where plastic strain

increased up to maximum load (about 0.2 noted in Figure 9) led to a constant value equal to 0.6
for .

B =

(7)

5.2. Inverse analysis

An inverse analysis was carried out using the data of the first experiments in order to identify the
friction and thermal parameters. These parameters are not easy to fit and are strongly dependent
on process (lubrication, tool surfaces, ...). It is thus better to identify them on drawing benchs.

This parameter identification strategy is based on two remarks. First, once the constitutive
equation is determined, the drawing force depends mainly on the friction coefficient. Secondly,
the external temperature depends both on heat generation (plasticity and friction) and thermal

13



exchanges (in the tube, in the die, at the interface and at the outer surfaces). Hence the heat
induced by the plasticity remains constant. After a first step, where the friction coefficient is
chosen in order to obtain the measured drawing force, a second step is proposed to identify the
thermal conductance. As parameter identification is decomposed into two steps without identifying
several steps at the same time, an inverse analysis is carried out.

5.3. Results

First, the friction and thermal parameters are fitted on experimental tests, on an hollow sinking
for the friction parameter - test n°1, and the thermal parameter on a mandrel drawing - test n°7
(cf. table 1). Thermal gap conductances were assumed to be the same between the die and the tube
and between the tube and the mandrel. The obtained values are respectively 0.07 for the friction
parameter and 100 kW.m~2.K~! for the thermal gap conductance. These values are then used
to simulate the other drawings, with the hypothesis that the friction coefficient and the contact
conductance are the same for all the tests.

The different tests presented in table 1 are simulated. The predicted force and the external
temperature are compared with experimental results in figure 10. As expected, the drawing force
is quite well described.
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Figure 10: Comparison of the experimental results o with finite element simulation ¢ for (a) the drawing force and
(b) the temperature rise.

For the temperature predictions, only the first test is presented for each bench test series. It
appears that the external temperatures predicted by the model underestimate (about ten degrees)
the measured ones. This difference can be due to different hypotheses of the model. As no
experimental thermal measure could be done, it was supposed that heat generation by friction
was decomposed into two equal parts into the tube and the die. By imposing all the heating
going into the die or into the tube, the temperature variation changes are only about 2 or 3
degrees. An important point, that was not tackled in the study is the influence of the lubrication
with the thermal effect of the lubricant used during the drawing. Moreover, it is very difficult to
identify the proper boundary conditions for an industrial process. Nevertheless, the results are
very encouraging as many parameters were experimentally determined, and force prediction are
very good. The figure 11 presents the value of the triaxiality ratio for the tube inside the die for
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Figure 11: Triaxiality ratios inside the tube for an hollow sinking and a mandrel drawing.

an hollow sinking and a mandrel drawing. It appears that the loading state is very heterogeneous
in the tube. The triaxiality profiles are quite similar at the beginning of the drawing process i.e.
the bottom of the figure, whereas the triaxiality ratios are different when the tube is near the
exit of the die, i.e. top of the figure. This is due to the presence of the mandrel which applies a
force inside the tube. Thus for mandrel drawing, the loading state is quite equivalent to uniaxial
extension whereas it is very heterogeneous for the hollow sinking. This means that they cannot be
considered as the same experimental test. They are two complementary experiments that can be
used to test some criteria.

6. Forming limits in the tube drawing process

One way to improve the manufacturing process is to reduce the number of drawings by op-
timising the section reduction during each drawing step. To do it, one must use forming limits
criteria of the material. Many different forming limit criteria were proposed in the literature [39],
most of them for stamping or moulding, no specific criterion was developed for tube drawing. In a
first approach, the Cockcroft-Latham failure criterion, noted Cprocess [6] is used in this paper. Its
value is evaluated along the tube thickness for different drawings, by means of the integration of
the maximal principal stress o1 on the equivalent plastic deformation during the drawing:

ef
Cprocess = / o1dg (8)
0

where £ is the maximal plastic equivalent deformation reached during the drawing. Plastic equiv-
alent deformation and principal maximal stress are presented in figure 12. It clearly appears that
the profile of stress and strain are very different for hollow sinking and mandrel drawing. The
maximum stress does not appear at the same place in the two cases, as well as, the gradient
of equivalent plastic strain. Moreover, for mandrel drawing, strain and stress distributions are
strongly depending on the die bearing length Ldb (see arrows in figure 12). Evolutions of the
Cockeroft-Latham failure criterion, for the three different drawings and for three different friction
parameter values are presented in Figure 13. The limit value of the criterion was identified by
means of the tensile test realised in Part 4. The curve at 155~ was chosen as it is the closest strain
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rate to those reached during drawing process. It clearly appears that the values for this criterion
are quite different according to the drawing type. For hollow sinking, the loading seems to be the
same on the whole thickness, whereas for mandrel drawing, a heterogeneity is observed. Moreover,
thickness distribution of the criterion is different in these two mandrel drawing processes. The
variations of criteria are larger between inner and outer diameters for the second mandrel drawing
than during the first one. As the section reductions are similar, the main difference between the
two mandrel drawings is the length of the die bearing. The contact properties in the bearing
area modify the plastic strain distribution in and along the tube thickness and thus the forming
limit. It also clearly appears that the values of the forming limit criteria are not proportional to
the friction coefficient values. Thus, a numerical simulation is needed to obtain the forming limit
criteria when the friction parameter changes. The results are quite dependent on the values of
each physical parameter (including the friction parameter, ...), that proves that the identification
of each physical coefficient is a key point for the tube drawing improvement.

7. Conclusion

The paper presented a complete analysis of an industrial drawing process. An instrumentation
of the industrial bench permitted to measure the forces and temperatures during each drawing.
An objective of the paper was to be able to model this drawing process. In this way specific
experimental tests were developed to identify the constitutive equation, the inelastic heat fraction,
the convection heat transfers. An inverse analysis was conducted on one drawing test to identify the
friction parameter and the thermal gap conductance. All these parameters were used to simulate
different drawing tests. Force values were correctly predicted. For the temperature, a ten degrees
difference was observed and can be due to the following hypotheses made in this study. First, the
lubrication was not taken into account and second, it was considered that only half of the heating
was transferred into the tube.

Even if there were some differences in the temperature predictions, the finite element model
allowed to schedule a fine analysis of the local temperature and stress-strain states to evaluate
forming limit of the material for different diameter reductions. The profile of the forming limit
emphasised that, in hollow sinking as in mandrel drawings, the phenomena were quite different in
the inner or outer diameter. Moreover, for two mandrel drawings with two different die geometries
the differences were quite important. A particular attention must be focused on the temperature
variation and on the interface properties of the tube with the tools. These different conditions
affect largely the local behaviour of the material and thus its limit properties, as presented for the
friction parameter. This emphasises that the identification of the whole physical parameters is a
key point of the modelling. Their values directly affect the results of the simulations and should
be experimentally determined.
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Figure 12: Maximum principal stress map (MPa) for test numbers (a) 4 (c) 7 (e) 9; and plastic equivalent strain
map for test numbers (b) 4 (d) 7 (f) 9, for one hollow sinking (a and b) and two mandrel drawings (c to f) realised
with the previously fitted parameters.
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Figure 13: Evolution of the forming limit, along the tube thickness for the three different drawing types : (a) hollow
sinking (tests 4-5-6), (b) mandrel sinking with a long die bearing (tests 7-8), and (c) mandrel drawing with a short
die bearing (tests 9-10-11). For each test, three different values of the friction coefficient (—V—) 0.03, (— o —) 0.07
and (—O—) 0.11 were tested. The horizontal thick curves (—) show the limit criterion identified during an uniaxial
tensile test.
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