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Abstract

Structural aluminium tubes have very important industrial applications, particularly in
automobile industry. Tube drawing process is wildly used to reduce the outer and
inner diameters of tubes. An important issue in the tube drawing process to obtain
variable wall thickness is how to determinate and predict its formability limits.
Previously published works generally deal with the formability limit of conventional
tube drawing based on experimental analysis, analytical method and finite element
method. However, in the case of variable wall thickness tubes, there is a lack of
knowledge and data in order to predict their limit of formability. In the present study,
both theoretical and experimental methods are proposed for estimating the formability
limit of the variable wall thickness aluminium tubes used for the transportation
purposes. A modification of a conical mandrel was proposed and a special control
system for mandrel displacement during the process was used to carry out the drawing
tests. During the drawing process, the tube pulling axis was controlled at constant
speed while the mandrel was moved to achieve the continuously variable wall
thickness. The formability limit in term of minimum wall thickness and maximum
area reduction was obtained before tube rupture. These values are useful data for the
determination of the extent of deformation during a drawing process that a material
can experience without failure. The maximum drawing stress ratio was also
determined experimentally. Further, an extension of an upper bound solution
developed in previous publications is proposed to predict the drawing stress field. The
maximum drawing stress ratio was used as a criterion for fracture analysis. It was
shown that the analytical model with its new extension combined to the fracture
criterion predicts quite well the thickness and area reduction limit. The experimental
studies were completed by examining the microstructure and strain field at the limit
state.

Keywords: Tube drawing, variable thickness tube, Formability limit, Upper bound
solution, AA 6063.



1. Introduction

Metalworking processes can be classified essentially in two different categories. The
first one is sheet metalworking process, which is characterized by a plane state of
stress that falls in the range from the uniaxial tension to the equibiaxial tension. The
second category is bulk metalworking process which usually produces three
dimensional stress states. There are different types of process to be included in the
bulk metalworking process such as: forging, rolling, extrusion and drawing. Altan et
al. (1983) mentioned that in the range of drawing operations, tube drawing process
had major industrial applications. Kim et al. (2007) studied the tube drawing process
for manufacturing of automotive steering input shaft. Alexoff (2004) mentioned that
tube drawing process is one of the mostly used processes for reducing diameter and
wall thickness of tubes. Moreover, Guillot et al. (2010) focused on the production of
variable thickness aluminium tubes for reducing weight to strength ratio. They
estimated that with applications of this kind of tubes in transportation purposes, the
weight of structures can be reduced up to 25%. Bihamta et al. (2010a) presented
numerical studies of variable wall thickness aluminium tubes using finite element
method. Bihamta et al. (2010b) optimized the production of variable wall thickness
aluminium tubes and evaluated effect of tube initial geometry on the minimum

possible final thickness.

Komori (2003) reported that in sheet metalworking processes, the forming limit
diagram indicates the combination of major and minor in-plane strains beyond which
necking or fracture occurs. Since the deformation of the material in the experiments
for developing forming limit diagrams is similar to the deformation of the material in
the sheet metal industries, obtaining the forming limit in various strain paths is useful
for industrial applications. Banabic et al. (2000) showed that in bulk metalworking
processes, the forming limit diagram indicates the combination of axial and
circumferential strains beyond which cracks initiate in compression of a circular
cylinder. However, since deformation of material in the experiments for getting the
forming limit diagram is not always similar to the deformation of material in the bulk
metal industries, obtaining the forming limit in various strain paths is not always
useful in industrial applications. Thus, several researches have been developed in

order to predict and determine the formability limit in each special bulk metalworking



processes, such as in bar drawing (Oh et al. 1979), extrusion (Vujovic et al. 1986),
ironing process (Schmid et al. 1982) and tube drawing (Yoshida et al. 2004). Oh et al.
(1979) studied the workability or, in other word, the formability limit of materials in
bar extrusion and drawing processes based on ductile fracture theory and the
deformation mechanism. Vujovic et al. (1986) proposed a forming limit criterion for
bulk metalworking processes based on the hydrostatic component and the effective
stress. They also established the forming limit curve for bulk metalworking processes
by means of tension, compression and torsion tests. Schmid et al. (1982) described a
practical method for calculating the deformation limit in ironing process of deep-
drawn cups using an energetic stability criterion taking into account the properties of
the material, the tools and the interaction between the two. Hwang et al. (2009)
established the forming limit diagram of tube hydroforming based on the bulge tests.
They also predicted the forming limit curves of the tubes using the Swift’s diffused
necking criterion and Hill’s localized necking criterion. Alexandrova (2003) proposed
an analytical model based on the workability diagram for the prediction of the critical
value of the reduction in an ironing/drawing process. This model provided the mean
stress distribution throughout the tube drawn and used the upper bound method
(Alexandrova, 2001) combining with Hill’s analysis (Hill, 1963) for fracture analysis.
Tong et al. (2009) established a non-mandrel drawing limit graph of magnesium tubes
based on the ductile fracture criterion of the discrete Cockcroft-Latham equation and
the finite element analysis. Recently, they used the same approach to determine the
drawing limit of the AA-6061-T6 tubes (Tong et al. 2010). Yoshida et al. (2004) used
the drawing tests to determine experimentally the drawing limit for one pass for four
types of tube drawing: fixed plug drawing, floating plug drawing, mandrel drawing
and hollow sinking. These works generally studied the formability limit of
conventional tube drawing. However, the previous methodologies are time consuming
in comparison with the methodology presented in this paper. The method proposed in
this paper shown that with just one experiment we are able to determine the limit

thickness for each tube dimension.

The present study focuses on the formability limit of aluminium tube drawing with
variable wall thickness. These kinds of tubes were studied in the recent works by

Guillot et al. (2010) and Bihamta et al. (2010b) for the automobile and bicycle

industries. The variable thickness tube drawing process is a modification in the tube



drawing methods which enables production of axially variable wall thicknesses. We
designed a conical mandrel (tapered mandrel) with a special displacement control
system of the mandrel during the process. The tube pulling axis was controlled for
constant speed while the mandrel was moved to achieve the continuously variable
wall thickness. The formability limit in terms of minimum wall thickness and
maximum area reduction is obtained before tube rupture. These values are useful data
for the determination of the extent of deformation during a drawing process that a
material can experience without failure. The maximum drawing stress ratio is also
determined experimentally. The aluminium AA 6063-O tubes with outer diameters of
53.98 mm, 63.49 mm and 69.85 mm, with wall thickness of 2.4 mm were used for this
purpose. The critical axial and circumferential strains are determined based on the
final dimensions measurements and compared with the strains determined using
square grid analysis. The microstructure (i.e. grain morphology, grain size, etc.) at the
limit state is also characterized using an optical microscope. The microstructure

changes at the limit state will be discussed later.

Prediction of the drawing stress and the formability limit of tube drawing with
variable thickness are also presented in this paper. An extension of upper bound
solution, established by Um et al. (1997), is proposed for predicting stress of tube
drawing process with variable thickness. The proposed model is combined with
critical drawing stress ratio for prediction of the limited values of wall thickness and

area reduction of tubes.

2. Experimental procedures

Three batches of AA 6063-O aluminium tubes, supplied by Alfiniti, were considered
in the present investigation. Tubes outer diameter and wall thickness are 53.98 mm x
2.4 mm (batch A), 63.50 mm x 2.4 mm (batch B) and 69.85 mm x 2.4 mm (batch C).
Two specimens were cut from two tubes from batch B for the chemical composition
assessment. The chemical composition in wt. % of theses tubes was examined by
optical emission spectrometry (OES) and is given in Table 1. The typical
microstructure, determined by optical microscopy (Olympus/BX51M apparatus), is
shown in Fig. 1 for both transversal (TD) and longitudinal directions (LD). Grains are

equiaxed in both TD and LD directions. The average grain sizes measured from



optical microscopy images are about 87um and 88um for the TD and LD directions
respectively. Uniaxial tensile tests were carried out at room temperature using a
hydraulic testing machine (MTS/ Alliance RT100). Six standard specimens were cut
out from the tubes with 2.4 mm thickness and 12.5 mm wide gauge section. The
gauge length of the specimen is 57 mm. The specimens were stretched up to fracture
point under displacement control at constant speed of 3 mm/min. Based on the load-
deformation curves, engineering stress-strain curve for this material were obtained
and presented in Fig.2. Other mechanical properties of AA 6063-O tubes obtained

from uniaxial tension tests are presented in Table 2.

Table 1. Chemical composition of AA 6063-0 alloy (wWt%)

Al Si Fe Cu Mn Mg Cr Zn

Specimen 1 | base | 0.47 | 0.17 0.01 0.03 0.45 0.003 0.004

Specimen 2 | base | 0.48 | 0.17 0.02 0.03 0.49 0.005 0.004

Figure 1. Typical microstructure of AA 6063-0 for (a) transversal and (b)

longitudinal directions (50X magnification)
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Figure 2. Engineering strain-stress curve of AA 6063-0 alloy




Table 2. Mechanical properties of AA 6063-O tube

Yield strength Ultimate tensile Strain at Elongation, %
(MPa) strength (MPa) UTS, %
AA 6063-O | 44.4+2.7 99.1+0.3 19.7+0.4 30+1.0

Drawing process was realized using a small hydraulic tube drawing machine
illustrated in Fig. 3a. Tube pulling and mandrel pushing cylinders can implement
maximum forces of 335 kN and 135 kN with strokes of 2.1m and 1.5m respectively.
The swaged end of tube was clamped into a self locking tube gripper attached at the
end of tube pulling cylinder. Optical and magnetic encoders were used to detect
position of each axis while electronic pressure gages installed on both sides of each
hydraulic cylinder to monitor the pressure. Fig. 4a and 4b show the images of the die
and the mandrel respectively. Fig. 4c shows the die and mandrel installed in the
drawing machine. The conical semi-angle of die and mandrel are a=10° and p=5.016°
respectively. The distance between the die and mandrel is the dominant factor for
determining thickness of tube with respect to the position of mandrel. But there are
some other factors like springback of tube after drawing which will have effect on the
thickness of tube. Therefore it is necessary to have an initial drawing to get an
estimation of how much is the difference between the nominal thickness (distance
between die and mandrel) and real thickness (thickness after drawing) then in the
calibration step this value will be considered to compensate them by the mandrel
motion. This calibration step provides the axial position of the mandrel as a function
of times for obtaining required tube wall thickness. The mandrel position was
continuously changed to reduce progressively the tube wall thickness up to the tube
failure. During the tests, drawing lubrication was injected inside the tube (mandrel) by
filling the tube with oil, and outside the tube (die), using multi-jets around the tube
and in front of the die as shown in Fig. 3b. The lubricant utilized for all the tests was
Magnus CAL 70-2 drawing oil. The machine operated at a low drawing speed of 6

mm/s. The thickness variation depends on the relative speed of mandrel and tube.




Figure 4. Tools utilized for variable thickness tube drawing: (a) die, (b) conical

mandrel, (c) installed die and mandrel in the drawing machine.

After tube drawing, the tube minimum thickness and diameter at regions very close to

fracture line but out of the necked zone were measured. The radial (¢ ) and
circumferential ~ (&,) strains were calculated by & =In(h,/h) and
¢, =In(0OD, / OD,), where OD, and ODy are respectively the initial and final outer

diameters of tube and hy and hy are the thicknesses of tube at the entrance and at the

exit of the die. The axial strain ¢, can be calculated based on the incompressibility
condition: &, =—¢&, —¢&,. Therefore the limit values of the axial and circumferential

strains were determined. These strains present the global or macroscopic strains.
Additionally, for the tubes used for the formability limit experiments, square grids
with an initial size of 3mmx3mm were electrochemically etched on the tube surface
before the experiments. More details on the square grid analysis are available in the
appendix A. Local axial and circumferential strains were measured using the square
grid analysis technique in the region very close to fractured zone of the drawn tubes
but out of necked zone. The average local strains values were compared with the

macroscopic results presented previously.



The samples cut from the tube at the minimum thickness, have been analyzed using
an Olympus BX51M upright microscope coupled to Clemex image-analysis software.
Before optical microscope analysis, samples were mechanically polished using an
automatic Tegrasystem grinding/polishing machine (sequentially 220 grits - 9um -
3um - 0.04pum) then electropolished using a fluoboric acid electropolishing solution

from Fisher Scientific at 30 volts for 120 seconds.

3. Experimental results

3.1. Drawing processes

Fig. 5a shows the drawing and reaction forces on the mandrel from experimental
results of the tubes which belong to the batch A. The tube drawing process with
variable wall thickness has generally two principal steps: tube sinking step (denoted
as 1 in Fig. 5a) and wall thickness reduction step (denoted as 2 in Fig. 5a). Figs. 5b
and 5c¢ show the tube and mandrel displacements used in the tube drawing for tubes
from the batch A. It is well known that during the conventional tube drawing process,
the drawing force increases quickly and reaches a steady state level, as mentioned by
Neves et al. (2005). However, in variable wall thickness tube drawing process, the
drawing force monitored during drawing is almost constant during tube sinking and
increases as the mandrel comes into contact to reduce the wall thickness. The forces
of tube sinking are about 10 kN, 22.5 kN and 31.5 kN for the batches A, B and C
respectively. During the drawing process, the drawing and the mandrel force increase
until the maximum values are obtained. This state is called the limit state or in another
words, the tube formability limit (Fig. 5a). The maximum force of all tubes drawing is
about 35.21 kN, 40.73 kN and 43.74 kN for the A, B and C batches respectively. The
maximum force exerted on the mandrel is about 13.16 kN, 9.79 kN and 5.18 kN for
the A, B and C batches respectively. The outside and inside surface finishes of the
tube using the tapered mandrel are good (inside and outside surface finishes are in the
range of 0.17-0.3um and 0.52-0.62um respectively). The surface finish of initial tubes
is about 0.74um and 0.75um for the inside and outside surfaces respectively. It can be
seen that using a tapered mandrel, better surface finish is achieved. Fig. 6 shows the

fracture of the head of the tube with variable wall thickness.



Formability limit
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Figure 5. Experimental results: (a) drawing force and reaction force on the mandrel,

(b) tube displacement and (c) mandrel displacement

Figure 6. Fracture of the tube head with variable wall thickness

3.2. Microstructure at the limit state

In order to characterize the microstructure of tube at the limit state, several cut
samples from the tubes were observed using the optical microscope. The observations
in the both transversal and circumferential directions of tube were realized for

establishing the anisotropy of drawn tubes.

The limit state of tubes is obtained before the fracture state. Fig. 7 shows a typical



microstructure at the limit state of tube for the tubes from batch A. As it was

expected, grain elongation along the axial direction (LD observations) of drawn tube

was observed (Fig. 7b). The refinement of grains was observed in both TD and LD

directions too. The refinement of grains is observed on the material deformed at large

strain or at the dynamic plastic deformation regime, as reported by Bui et al. (2008).

Here, the grain refinement is also observed at the limit state of variable wall thickness

tube drawing because the materials deformed at very large triaxial deformation which

induces anisotropy in the microstructure and mechanical properties of drawn tube.

Figure 7. Morphology of grains in the drawn tube belonged to the batch A at the limit

state: (a) TD direction and (b) LD direction

3.3. Strain field at the limit state

The critical values of axial and circumferential strains measured by the grid analysis
method are given in Table 3. These measured values are comparable with the values
calculated by the measurement of tube dimensions. As it was expected, high triaxial

strains caused refinement of grains in the drawn tubes as confirmed in the previous

section.
Table 3. Strains at the limit state
g, &, &,
Batch A Square grid 0.519 -0.367 -0.152
Final dimension 0.507 -0.377 -0.130
Batch B Square grid 0.540 -0.224 -0.316
Final dimension 0.517 -0.223 -0.294
Batch C Square grid 0.570 -0.143 -0.427
Final dimension 0.548 -0.158 -0.390

10




3.4. Formability limit of aluminium tube drawing with variable wall thickness

The drawn tubes were cut into two parts to achieve better measurement of thickness
distribution in the axial direction of tube. The results presented in Fig.8a show the
variation of the wall thickness measured on the tube after drawing processes in axial
direction of tube. The minimum thickness achieved immediately before tube breakage
are 1.65mm, 1.93mm and 2.05mm for the A, B and C batches respectively. Fig. 8b
shows the corresponding wall thickness reduction. The limit values are 32.17%,
20.02% and 14.2% for the A, B and C batches respectively. In Fig. 8c the
corresponding area reductions were presented. The limit values are 39.83%, 40.58%
and 42.48% for the A, B and C batches respectively. The limit thickness and limit
area reduction were calculated and reported in Table 4. The maximum drawing stress
is obtained by dividing the maximum axial drawing force over minimum tube area.
The average of maximum drawing stress is about 150 MPa. The drawing stress ratio

over initial yield stress i.e. o, /Y is about 3.4 for all tubes whatever the outer diameter.

This value can be considered as a forming criterion for AA 6063-O tube. This
criterion is independent of tube outer diameter. It is function of mechanical properties
of material as suggested by Rubio et al. (2006), of geometry and type of die and
mandrel as suggested by Yoshida et al. (2004), and process parameters (i.e. friction
coefficients and temperature conditions) as suggested as Semiatin and Jonas (1984).
In the next section, an extension of an analytical model is proposed for determination
of drawing stress. By using the critical value 3.4, the formability or in other words

minimum achievable tubes thickness can be predicted.
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Table 4. Summary of the experimental results for AA 6063-O tubes

Initial outer Initial F nand-max Fgraw-max Final outer | Minimum | Maximum area | Maximum thickness Cdraw Odraw/ Y
diameter thickness (kN) (kN) diameter thickness reduction reduction limit (MPa)
(mm) (mm) (mm) (mm) (%) (%)
Batch A 53.98 24 13.16 35.21 473 1.65 39.83 32.17 150.49 3.39
Batch B 63.49 24 9.79 40.73 473 1.93 40.58 20.02 148.14 3.34
Batch C 69.85 24 5.18 43.74 473 2.05 42.48 14.2 151.40 3.41

13



4. Analytical methods for studying the aluminium tube drawing formability limit

While techniques of tube sinking, tube drawing with a mandrel and tube drawing with
floating plugs are well known processes, the modification of a conical mandrel
proposed in this paper for producing variable thickness aluminium tubes is quite new;
therefore numerical and/or analytical methods are necessary to control and optimize

the process.

Many analytical and numerical studies about different shapes of drawn tubes have
been published since fifty years ago. Various aspects of tube drawing processes have
been analytically evaluated using energy, slab, and upper bound methods. Rubio et al.
(2006) applied upper bound method to analyze the energy of thin-walled tube drawing
processes in conical converging dies with inner plugs, based on the assumption that
the process occurs under plane strain and Coulomb friction conditions. Rubio (2006)
compared the results obtained by both slab and upper bound methods based on the
same assumption in the former cited paper. Wang et al. (2008) proposed a new
mathematical model by modifying the conventional slab model developed by Rubio
(2006) and mentioned that the modified slab method is useful to predict the behaviour
of the high-reduction-ratio drawing process with a floating plug. Um et al. (1997)
proposed an upper-bound solution for axisymmetric tube drawing through a conical
die with a fixed tapered plug. In the present investigations, the same type of die and
mandrel was used. Therefore, the analytical model based on the upper bound

methods, obtained by Um et al. (1997), is applied.

Figure 9. The schematic view of the tubes drawing process

In metal-forming processes such as rolling, extrusion, tube drawing etc., the plastic
strain is very large compared to the elastic strain. Therefore, the material behavior can
be described like the fluid flow as mentioned in Venkata Reddy et al. (1996). Under

these conditions the strain rate can be defined in terms of velocity. In this paper, the

14



tube material is assumed to be isotropic, incompressible and follows a plastic
behavior. The Lévy-Mises equation was used as the constitutive law for relating the
stresses and strains of tube material (see appendix B for more detail).

A schematic view of axisymmetric tubes drawing process with conical die and
mandrel is shown in Fig. 9. The process variables related to the geometry are: (i) the
die semiangle, a; (ii) the mandrel semiangle, B; (iii) and the tube cross-sectional area

reduction, r:

(M

where Ay and Ay are the initial and final areas of the tube, respectively and can be

calculated as follows:

A= (R ~(R,~h,)’ | 2)

2 2
Ay :”[(Rf) _(R.f_hf) } ®)
where Ry and Rt represent the initial and final outer radii of tube, respectively and hy

and hy are the thicknesses at the entrance and at the exit of the die respectively.

In accordance with the upper-bound theorem (Avitzur 1979), the total energy

consumption I should be minimized for the actual velocity distribution. The total

energy consumption in the case of tube drawing is:
I =W, + W AW 4 W, (4)

where WH , Wf“ , Wfﬂ , W, are the rate of energy dissipations due to homogeneous

deformation, at the outer interface, at the inner interface and due to internal shear,
respectively. These energy dissipation rates were obtained from analytical solutions

proposed in Um et al. (1997) and presented with more detail in the appendix B:

. 2Y
W, =—%=0+y,+ )’02)1/2A0Vo lni (5)

5 A
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. @ i +Rt—R.t+r “Rt+R.t—7, |
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f
sin2a | 1+¢ Rf —7; 11—t Rf — 7
. 277 [ _ R +Rt—R,t+r “Rt+Rt—7, |
W = ‘i Av | -1, R Rit—Rt+r, L] 1nR0 Rit+R;t—1; 7
sin2f3 _1+t (R, —ro)t 1-¢ (R, —rp)t |
. 2 > R2+R,r +r’
3 \/g Ro(Ro +r0) Rf(Rf +rf)

where 7=tan B/tana ; Y the yield strength; ry and r¢ are inner radii of the initial and

final tube, respectively; v, the incoming velocity of the tube; v, outgoing velocity of

the tube; r”and 7/ are shear stresses at the interface between the die - tube and

between the tube — mandrel, respectively.

Two shear stresses,7, between two sliding interfaces can be defined using two
different assumptions. If Coulomb type assumption is used, the shear stress is
proportional to the pressure, p, between the surfaces in contact according to the
expressionz = up, where the proportional coefficient, #, is called Coulomb friction
coefficient. If the partial friction hypothesis is used, the shear stress, 7, is assumed to
be proportional to the shear yield stress, k, and given by 7=mk, where m is the
partial friction coefficient (0<m<1). The partial friction coefficient m, was referred as
the frictional shear factor, can take the value m=0 for a frictionless interface and m=1
for sticking friction, as mentioned in Schey (1983). Altan et al. (1983) mentioned that
in cold forming of aluminum alloys, the values of m vary from 0.05 to 0.15 using

conventional phosphate-soap lubricants or oils.

In this paper, we used the partial friction hypothesis between the die-tube and between

tube-mandrel interfaces with values m”and m” respectively. These shear stresses
may be expressed as:

% =mk )

1

o =mlk (10)

1

16



Y . . .
where k = —1is shear yield stress of tube material.

NG
More details on this model are available in Um et al. (1997).

The upper-bound on the drawing stress is then determined as (Um et al. (1997)):

oAy, =0 Ay, =T (11)
Finally, we can define the drawing stress from Eqgs. (4-8) and (11) as follow
R’ +R 2 R*+R,r+r’
O'Z:2—Y(1+y0+y§)l/zlni+ZLtana o PRt | By T
\/5 Af 3\/5 RO(R0+ro) Rf(Rf"_rf)

2r7 I +Rt—R t+r —~Rt+R,t—r, |
+ _Tl ! lnR0 &, LA ! lnR0 &, LS (12)

sin2¢ | 1+¢ R, —7, 1-¢ R —r,
Lot [ -1 RFRi-Ryivr, 1 R-Ri+Rit-r, |

sin283| 1+t (Rf—rf)t 1—¢ (Rf—rf)t

The solutions given in the conventional model were generally applied to a static
geometry (without motion of mandrel). During the variable wall thickness tube
drawing process, the position of mandrel is moving (as shown in the Fig. 5¢). The
related geometries (i.e. inner radius, wall thickness of tube at the exit of die) were
subject to change during the process. The next section presents this model adapted to

the case of variable thickness tube drawing process.

5. Application of the model and discussions

This section reveals the abilities of the extended model to determine the drawing

stress and the formability limit of variable thickness tube drawing.

5.1. Application of upper bound method to determine drawing stress in the variable

thickness tube drawing process

During tube drawing process, the conical mandrel moves inside the die. The thickness

at the exit of the die is reduced and the cross sectional area reduction increases
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progressively. For the model application, a linear variation of wall thickness is applied
for the simulation of tube drawing, but there is no limitation on the rate of change of
the wall thickness. The analytical model of the variation of wall thickness can be
obtained by fitting the experimental tube wall thickness versus time curve (Fig. 10). A
linear function y=-1.2778*x+2.7464 was found. This linear function of tube wall
thickness corresponds to the tube and mandrel displacements shown in Figs. 5b and c.
Fig. 11 shows the drawing stress evolution versus normalized time. A normalized
time is defined as the ratio of present time to the total time of tube drawing process. In
the first step of computation, we tried to identify the friction coefficients at mandrel-
tube and die-tube interfaces by calibrating the results of the analytical model and
measurement by iterative process. The calibrated friction coefficients are determined
when the drawing stress from upper bound method and from the experimental tests
are approximately the same (Fig. 11). The obtained partial friction coefficients are
m®=0.13, m”=0.13 for the die-tube and tube-mandrel interfaces, respectively. In the
finite element model presented by the Bihamta et al. (2010a and b) they used
Coulomb friction coefficient in their studies, but here our formulations were based on
the partial friction coefficient (m). The used friction coefficients in this study is in
good correspondence with the suggested values for the m for the aluminum alloys

cold forming in Altan et al. (1983).

u=10",3=5.016"

—s— Exp.(batch A) |
—Fit

—
E 21}
E
2!
g
£19 y=-1.2778*x+2.7464
] R2=0,997
1.8}
1.7}
16|
15}
1.4 L 1 L L J
0 0.2 0.4 06 0.8 1

Normalized time (Sec./Sec.)
Figure 10. Variation of tube wall thickness (batch A) versus normalized time during

single pass drawing process
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w=10°,=5.016",0D=53.89mm
180 . . - : . :
—a—sigma-exp.(batch A)

160! —e—sigma-the.

140+

120+

o, (MPa)
g

02 03 04 05 06 07 08 08 1
Normalized time (Sec./Sec.)

Figure 11. Evolution of tube drawing stress versus normalized time (batch A)

Fig. 12 shows the drawing stress evolution versus normalized time for different outer
diameters. It is clear that the drawing stress in the tubes at the exit of the die increases
during the process. The predicted values for the tubes with larger outer diameters are

higher than the smaller ones for the same normalized time.

a=10%,3=5.016°
300 . : .

—+— OD=53.98mm(balch A)
—+— 0OD=56.00mm

—a— OD=58.00mm

—=— OD=60.00mm

—e— 0OD=63.50mm(batch B)
—8— QD=66.00mm

200 || —*—0D=69.85mm(batch C)

250}

150+

o, (MPa)

100}

50+

02 03 04 05 06 07 08 08 1
Normalized time (Sec./Sec.)

Figure 12. Evolution of drawing stress versus normalized time for the tubes with

various outer diameters.

5.2. Application of upper bound method to determine the formability limit of variable

thickness tube drawing process

The formability limit of tube drawing is determined when the drawing stress ratio is
equal to 3.4. This limit has been plotted on the Fig 13. The wall thickness and the area
reduction limits can be determined using the intersection between horizontal line and

the drawing stress ratio curve for different tube dimensions (batches A, B and C) as
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shown in Fig. 13a and 13b. Fig. 14 shows the comparison between predicted and
experimental values. The values are presented with more details in Table 5. There is a
very good agreement between the theoretical and experimental results; the maximum

differences are 2.8% and 4.8% for minimum thickness and maximum area reduction

respectively.
w107 fn5.016" w107, fn5.016°
7 : ; : 7
{al | ——oD=5388mmibatch A) ——0De53 S8mmibach A) | (B)
—=—00=56 O0mm ==—0D=56.00mm
6 = O0=58 00mm 6 == OD=58 00mm
~=— OD=50.00mm —=—0D=60.00mm
=o—0D=63.50mm(batch B) =—e—00=63 50mmibatch B}

—8— 0056 O0srin 5 —8— OD=66.00mm
== 0OD=65 85mmibatch C) == 0D=68 85mmitatch C)

o 18 1.7 18 18 2 21 22 23 24 n10 0 (1] To
hy (mm)

e 40 50
Area reduction (%)

Figure 13. (a) Evolution of drawing stress ratio versus wall thickness and (b) area

reduction for tubes of initial fixed thickness hy=2.4mm and of various outer diameters

w107 fu5.016" # 107, fn5 0167
70 - 22 -

{a) ——The. —— The. &)

o Exp o Eup

it 21
— a
=2 —
o E

E —
= =18
g ey | ot — £

g gs
£ 3
g e

g
s 16
Wi s s s w62 64 6 6 W0 S 8 s m e 62 64 66 68 W T
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Figure 14. Comparison of analytical (the.) and experimental (exp.) values of

formability limit: (a) area reduction limit (b) thickness limit

Table 5. Comparison between predicted and experimental values of formability limit

Batch A Batch B Batch C
Minimum | Maximum | Minimum | Maximum | Minimum | Maximum
thickness area thickness area thickness area
(mm) reduction (mm) reduction (mm) reduction
(%) (%) (%)
Experimental 1.65 39.83 1.93 40.58 2.05 42.48
Theoretical 1.66 38.87 1.98 38.71 2.11 41.23
Difference (%) 0.60 2.47 2.53 4.83 2.84 3.03

20




Fig. 14b shows that for a fixed initial tube thickness, the smaller diameter tubes can
be drawn with smaller thickness limit than larger ones. However, when the
formability limits of tubes with different initial thickness were compared, it is not sure
that the smaller diameter can be drawn much more than the larger ones. Thus, the
proposed model can be applied to predict the effect of both initial tube outer diameter

and thickness on the formability limit.

Figs. 15a and 15b show the evolution of drawing stress ratio versus wall thickness and
area reduction for the tubes of initial fixed outer diameter OD=53.98mm and of initial
thickness varying in the range of 2.4 to 3.0mm. The horizontal lines present the

position of formability limit (i.e. o, /Y =3.4) and the intersection between horizontal

lines and the drawing stress ratio curve gives the thickness and area reduction limits.
The Fig. 16 shows the evolution of formability limit as function of initial tube wall
thickness for the tube of OD=53.98mm. It was found that for a fixed tube outer
diameter, the tubes with smaller thickness have the smaller area reduction and
thickness limits reduction.

«=10°p=5.016" a=10%,p=5.016"

—.—h0= 2 ammibatch A) |
—+—h =2.5mm |

—a—h, =2 6mm
—.—h0=2.?mm
—e—h, =2 Bmm
—e—h0=?.9mm

—y—h g=3.nmm

16 18 2 22 24 28 0 e
hI {mm) Area reduction (%)
Figure 15. (a) Evolution of drawing stress ratio versus wall thickness and (b) area

reduction for OD=53.98mm and various initial tube thicknesses

4=10°,3=5.016° 4=10° §=5.016"
55 - 2
(2) ——The. [——The. (b)
o Exp, O Exp.
/-\50 1.8+
g g
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Eas T8
.g £
3 g
g 40 o g1
g -] g
35 16
305 24 25 26 27 28 29 3 83 24 25 26 27 28 20 3
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Figure 16. Evolution of formability limit: (a) area reduction limit (b) thickness limit as

function of initial tube thickness for the tube of OD=53.98mm
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Tables 6 and 7 predict the variation of area reduction and thickness limits of tubes as a
function of initial tube thickness and outer diameter. It was suggested from the Table
7 that for the tubes with initial wall thickness from 2.4mm to 3.0mm and outer
diameter from 53.98 to 69.85mm, the minimum thickness of drawn tubes can change
from 1.66mm to 2.23mm. This datasheet may be useful in the choice of initial tube

dimension to produce the variable wall thickness tube with the required dimensions.

Table 6. Area reduction limit (%) for tubes of different wall thicknesses and outer

diameters

hy (mm)

24 2.5 2.6 2.7 2.8 2.9 3.0

53.98 38.87 40.50 41.33 42.74 44.05 44.66 45.81

56.00 37.78 39.49 40.41 41.89 43.26 44.53 45.16

oD 58.00 37.33 39.09 40.70 41.60 43.01 44.32 45.54

(mm) 60.00 37.57 39.34 40.98 41.91 43.34 44.66 45.89

63.50 38.71 40.49 42.13 43.10 44.52 45.84 47.07

66.00 39.38 41.16 42.80 44.31 45.72 47.02 48.24

69.85 41.23 42.95 44.56 46.04 47.42 48.71 49.91

Table 7. Thickness limit (mm) for tubes of different wall thicknesses and outer

diameters
hy (mm)

2.4 2.5 2.6 2.7 2.8 2.9 3.0

53.98 1.66 1.68 1.72 1.74 1.76 1.80 1.82

56.00 1.76 1.78 1.82 1.84 1.86 1.88 1.92

(0))) 58.00 1.84 1.86 1.88 1.92 1.94 1.96 1.98
(mm) 60.00 1.90 1.92 1.94 1.98 2.00 2.02 2.04
63.50 1.98 2.00 2.02 2.07 2.09 2.11 2.13

66.00 2.04 2.07 2.09 2.11 2.13 2.15 2.17

69.85 2.11 2.13 2.15 2.17 2.19 221 2.23

Whole formability limit of tubes presented in this paper is for the case of fixed die
(with semi-angle «=10") and mandrel (with semi-angle £ =5.016"). The
formability limit of initial tube geometry can be determined analytically as shown in
Tables 6 and 7. However, the experimental studies realized by Yoshida et al. (2004)
suggested that the formability limit depends strongly on the geometry of die and
mandrel. It was also suggested that the thickness limit presented in the Table 7 can be
reached the smaller values when the optimal die and mandrel geometries were used.
The optimization of die and mandrel geometries is not the objective of this study.

However, this paper suggested that the minimization of drawing stress ratio for
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increasing the formability of tube during process may be used as one of the

optimization objectives.

As mentioned in the introduction section, several previous researches were developed
to study the formability limit of constant wall thickness tubes. Tong et al. (2009) and
Tong et al. (2009) used the ductile fracture criterion of the discrete Cockcroft-Latham
equation combined with the finite element analysis to establish the drawing limit
graphs of magnesium and aluminium tubes, respectively. These graphs give the
possible initial tube thickness and tube diameter for a definite final tube without
failure. For the first time, the present study investigates the formability limit and
provides the influence of initial tubes geometry on the formability limit in the case of

variable wall thickness tube drawing process.

6. Conclusion

A new experimental methodology to investigate the formability limit of single pass
tube drawing process was proposed. Tube drawing tests were performed on
aluminium tubes for determining the formability limit. A development of upper bound
solution, combined with a maximum drawing stress ratio forming criterion, was
proposed. The following results were obtained:

- The moving conical mandrel can be used in the tube drawing process to
produce tubes with variable wall thickness and the minimum wall thickness
will be obtained when the tube reaches to its formability limit.

- A microstructure change (i.e. grain refinement and elongation) is observed at
the limit state of tube.

- The wall thickness limits of AA 6063-O tubes in a single drawing pass are
different for various initial outer diameters. However, their area reduction
limits were always about 40%.

- The analytical model based on the upper bound method predicts the drawing
stress in tube drawing process correctly.

- The experimental studies of tube drawing with various outer diameters
confirmed the results of theoretical consideration and the proposed formability
criterion can be used to determine the tube formability.

Finally, the forming criterion proposed in this study can be used to optimize die and

mandrel geometries. With that criterion, new aluminium tubes will be drawn with
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high thickness reductions. These tube will be hydroformed for automotive and bicycle

applications.
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Appendix A

Local strains can be measured using the square grid analysis technique. The grid
patterns, consisted of electrochemically-marked orthogonal lines spaced 3 mm, were
made on the tube surface. When the tube deforms during drawing process the grid

patterns deform too (see Fig. 17).

(a) :

LEI -

deformations| |,

(b)

—

Figure 17. (a) Illustration of the deformation of grid patterns on the tube surface. (b)

Grid pattern before (on initial tube) and after (on drawn tube) deformation. The local

axial and circumferential strains were measured at the limit state (between two

parallel solid lines)
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The local axial and circumferential strains can be generally determined as:

L,

e :_[%zlnﬁ (A.1)
i Z L,
L

£ = jf e (A.2)
7 € L,

In the present work, the local axial and circumferential strains were measured via

Autogrid, an automated strain measurement system equipped with four cameras. Only

the strain values at the limit state were considered to calculate the average local

strains values (Fig. 17b).

Appendix B

The rate of energy dissipations due to homogeneous deformation, at the outer
interface, at the inner interface and due to internal shear can be calculated as (Um et

al. 1997):

B.1. Energy dissipations due to homogeneous deformation

The plastic deformation work increment per unit volume dw is calculated by:
dw = 0,6+ &y + 03,65 +2(0,,8, + 01,6y, +03,83,) (B.1)

There is no shear strain in the homogeneous deformation. Therefore, the

homogeneous deformation work per unit volume, dw,, , is
dwy =016+ 0péy + 03363 (B.2)
In the case of tube drawing, Eq.(B.2) can be expressed as:
dw, =0,6,+0,6 +0.8, (B.3)

where o,, o, and o, are the axial, radial and circumferential stresses, respectively.
and ¢,,&, and ¢, are the axial, radial and circumferential strains, respectively. The

Lévy-Mises equations can be expressed as:
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e =2di| o, ~ 2O (B.4)
3L 2]
2 i o +0. |

de, =§dﬂ o, ——* 5 < l=—(1+y,)de, (B.5)
2 i o +o |

de, =§dﬂ o, —— 2 “=yde, (B.6)

The circumferential, radial and axial strains can be expressed as:

R, +r;
& =In——~— (B.7)
Ry +1,
R. —
e =ln 2" (B.8)
R, —1,
and
22
E,=—€.—¢& = In R02 ’bz (B9)
T
It follows that:
R, + e
Y, = de, — s /ln R°2 +r02 (B.10)
de, R, +r, R +r;
The Eq. (B.3) becomes:
1 2 2 2 2 2
dw, :gdﬂ[(aa ~0,) ' +(c,-0,) +(0,-0,) ]zgdﬂao (B.11)

where o, 1s the uniaxial yield stress. The homogeneous strain can be expressed as:

2

= T[(dg“ ~de,) +(de, —de,)* +(de, —de,)’ ]% (B.12)

dey,

Substituting Eq. (B.4-6) in to Eq. (B.12):

de, =i3(1+ Vo + yoz)%dga =§d/100 (B.13)

NG
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And it follows from Egs. (B.11) and (B.13) that:

2% (14 y, 4 y,) A de, (B.14)

N

dw, =de, o, =

Therefore:
20, A 20, Y| A
w, = 1+y, + 2e == 2(A+y, + 2]n| 2 B.15
o \/5( Yot Yo )?éE, \/5( Yot Yo) A, (B.15)

The rate of energy dissipation due to homogeneous deformation is given by:

WH = 2\7%) (I+y, + YOZ)% AV, ln(%] (B.16)

B.2. Energy dissipations due to internal shear

At the entry, the rate of energy dissipation over a differential ring area, dA, at any

arbitrary y is:

dW,=2x y dy kv, =27 k ]I/i,_(j tana y* dy (B.17)

where k is the shear yield stress of tube material.
The rate of energy dissipation over the entire area at the entry is:

Ry 3_ .3
: 2 R —
W,=2xk Y0 tana Iyzdy:—ﬂ k vy —2 " tang
R, ) 3 R,

=£konow tan o (B.18)
3 R,(R, +1,)
where A, =z (R} —1;)is the initial cross sectional area of the tube.
At the exit, the rate of energy dissipation over a differential ring area at any arbitrary
y’ is:
dw, =2z ydy'k v;(y,) =2r k ;—; tana y* dy (B.19)

where v is the horizontal velocity of a particle at the exit. Therefore, the rate of

energy dissipation over the entire area at the exit is:
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: Vy K 2 r 1y
W. =27k - tana Ay =Zr kv tan
pm2mk g e [y =Sm kv

R*+R,r, +r’
:zk A v,—L—LL L tana (B.20)
3 R,(R +1;)

It follows from Egs. (B.19) and (B.20) that the total rate of energy dissipated along

these two discontinuities is:

2 2
. 20 R} +Ryr +1r7 R, +R.1 +r1,
_ OAOVOtana 0 070 0+ S S S S

= 21
"33 Ry(Ry+1r) R (R, +71) ®:2D

B.3. Energy dissipations due to outer interface at the inner interface

A ring slab whose outer and inner radii are R and r at some arbitrary position in the

deformation zone is considered. The outer and inner contact areas of the slab are

dr/sin o and dr/sin 3, respectively. The rate of energy dissipation de“ at the outer

interface is:
AW} =27R——1{v (B.22)

where 7/ and vy, are the shear stress and velocity of a particle at the outer interface
at position x, respectively. The velocity is related to the horizontal velocity v :

Vi) =V, /cosa (B.23)
Constancy of volume requires:

v, (Rz—rz)zvo(Ré—rOz) (B.24)

It follows from Egs. (B.23) and (B.24) that:

Vo (Ro2 _’2)2)

Voey = 70— B.25
3@ (R2 —rz)cosa (B-23)
Therefore, the rate of energy dissipation at the outer interface is given by:
. 27 TV, (R =17 ) B
awe =0 (& ~r) [ RaR (B.26)
simacosa (R —-r )
It follows from the geometry that:
tan S
= R—R, )+, B.27
oz R Re) 1 (B27)
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The combination of Egs. (B.26) and (B.27) gives:

o 2m Tl (R -1 ) R RdR
dwe =— (R °)j —— ————  (B29)
sinacosa 7 (1= )R* +26(R,t —r, )R+ (2R, r, — R} = r7)
. “ +Rt—R 1+ —Rt+Rt—r
W;=2Tj AWO[ LRt Re-Retvry 1 R-Ri+R, f} (B.29)
sin2a | 1+t R, —r, 1-¢ R, —r,
Wheretztan’g
tan o
Similarly, the rate of energy dissipation at the inner interface is given by:
. A -1, R +Rt—R;t+r R,—Rt+R -
Wf:szAOVO Ly Rt Re=Ryttry 1 R=Re+ Ryt (B.30)
' sin2f | 1+¢ (R, —rp)t 1-t (R, —rp )t

where 7/ is the shear stress at inner interface.
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