
A
u

L
L

a

A

R

R

3

A

K

I

B

A

F

F

S

1

D
u
i
s
1
e
K
O
t
c
a
a
c

r

0
d

j o u r n a l o f m a t e r i a l s p r o c e s s i n g t e c h n o l o g y 2 0 5 ( 2 0 0 8 ) 347–352

journa l homepage: www.e lsev ier .com/ locate / jmatprotec

nalysis of the manufacturing process of beverage cans
sing aluminum alloy

uis Fernando Folle ∗, Sergio Eglan Silveira Netto, Lirio Schaeffer
aboratory of Mechanical Transformation (LdTM), Faculty of Engineering, Federal University of Rio Grande do Sul, Brazil

r t i c l e i n f o

rticle history:

eceived 27 June 2007

eceived in revised form

1 October 2007

ccepted 20 November 2007

eywords:

roning

a b s t r a c t

The parameters involved in the beverage cans manufacturing process have been analyzed

by many authors. These parameters are used to determine the quality of the raw material

before it is used to manufacture the cans. It is shown that the strain-hardening exponent

together with the forming limit curve can predict whether the sheet metal will have a good

drawability throughout its length. It is also shown how much others parameters such as

angle of the ironing die, friction coefficient and clearance between punch and ironing die

influence the ironing force and consequently the manufacturing process.

© 2007 Elsevier B.V. All rights reserved.
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on this curve, the flow curve is obtained that will supply the
train-hardening exponent

. Introduction

eep drawing and ironing are the most frequently used man-
facturing processes to produce thin-walled cans. Due to their

mportance these processes are currently the subject of many
tudies (Rubio et al., 2006; Campion, 1980; Chang and Wang,
997; Danckert, 2001; Penteado, 2002; Courbon, 2003; Gotoh
t al., 2003; Hackworth and Henshaw, 2000; Jianjun, 1994;
ammerer et al., 1995; Kampus and Kuzman, 1995; Ragab and
rban, 2000; Yanran et al., 1995). Danckert (2001) shows that

here is a thickness reduction rate in which the ironing pro-
ess becomes unstable. This leads to a variation of thickness
long the can in the circumferential direction. These problems
re generally solved in the industry by trial and error, with

hanges in the material geometry.

Over the years, can thickness has diminished without
eduction in mechanical resistance followed by added density
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(Courbon, 2003). However, there are related problems such as
the reject rate of defective cans during manufacturing, where
for a given roll coil, there is a higher rate than for others. This,
however, from the manufacturer’s point of view is very difficult
to predict, since there is no normalized method or equipment
for this purpose.

2. Experimental procedure

The strain-hardening exponent, strain-hardening coefficient
and plastic strain ratio were obtained using a tensile test to
construct the stress curve versus true strain (DIN, 1991). Based
values of the strain-hardening exponent and strain-hardening
coefficient. The plastic strain ratio (r) is obtained with the
same test, measuring the longitudinal and transverse dis-
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Table 2 – Strain-hardening coefficient (MPa)

C at 0◦ 359 ± 6.9
C at 45◦ 365 ± 6.9
C at 90◦ 381 ± 7.1

mation of cans at the end of the roll coil is worse (center when
the roll coil is rolled up), which may cause a greater number
of defective samples. The strain-hardening coefficient values,

Table 3 – Strain-hardening exponent

Region of roll coil Left Middle Right

Beginning 0.101 ± 0.003 0.190 ± 0.005 0.137 ± 0.004
Middle 0.095 ± 0.005 0.098 ± 0.002 0.101 ± 0.003
End 0.097 ± 0.003 0.086 ± 0.014 0.079 ± 0.001

Material: Roll coil 2.

Table 4 – Strain-hardening exponent

Region of roll coil Left Middle Right

Beginning 0.171 ± 0.005 0.172 ± 0.001 0.136 ± 0.010
Middle 0.102 ± 0.003 0.097 ± 0.005 0.092 ± 0.003
End 0.077 ± 0.004 0.083 ± 0.002 0.070 ± 0.003

Material: Roll coil 3.

Table 5 – Strain-hardening coefficient

Region of roll coil Left Middle Right
348 j o u r n a l o f m a t e r i a l s p r o c e s s i

placements to obtain the respective longitudinal (ϕl) and
transversal (ϕb) strains, which will be described below.

In the tensile test, the ratio between force (F) and instanta-
neous area (A) is flow stress kf, Eq. (1):

kf = F

A
(1)

To measure the longitudinal displacement, the INSTRON
2630-100 series Clip-on Extensometers sensor was used. This
sensor has a precision of ±0.06% FRO, which is connected to
the test specimen for the purpose of obtaining strain ε of the
material. With this value the true strain ϕl, can be found in
the longitudinal direction which is used to construct the flow
curve Eq. (2)

ϕl = ln(1 + ε) (2)

During the tensile test that determines the flow curve,
the transversal displacement sensor INSTRON 2640-010 (static
type) was used. This sensor has ±0.2% FSD of error and was
also used to connect in the same test specimen. According to
standard SEW 1126 (1984) and the results obtained with this
sensor, the strain (ϕb) is reached. Through these two sensors
the value of anisotropy r can be determined with Eq. (3).

r = ϕb

ϕb + ϕl
(3)

3. Results and analyses

3.1. Strain-hardening exponent

The value of the strain-hardening exponent and of the strain-
hardening coefficient is obtained based on standard SEW 1125
(1984). Strips were taken from the beginning, middle and end
of each roll coil to make the test specimens. Experiments were
performed to determine the strain-hardening exponent and
the strain-hardening coefficient on the right, middle and left
side of the sheet metal at 0◦, 45◦ and 90◦ compared to the
direction of rolling. It was make three valid experiments per
region. Using Eqs. (1) and (2), the flow curve is constructed and
the adjusted Eq. (4) is the one that adjusts best to the curve
mathematically.

kf = Cϕn (4)
where n is the strain-hardening exponent and C is the strain-
hardening coefficient.

Tables 1 and 2 show these constants calculated for each of
the rolling directions and the mean value which is used in Eq.

Table 1 – Strain-hardening exponent

n at 0◦ 0.210 ± 0.005
n at 45◦ 0.224 ± 0.006
n at 90◦ 0.227 ± 0.006
nmean 0.221 ± 0.006

Material: Roll coil 1.
Cmean 368 ± 7.0

Material: Roll coil 1.

(4). These results were made from a roll coil (called roll coil 1)
that presented an excellent formation of the cans, throughout
its length, and therefore no measurements were performed at
the beginning and end.

After data on roll coil 1 were collected, new experiments
were performed with samples collected from roll coils 2 and
3. Strips were extracted from these roll coils at the beginning,
middle and end. With these strips tensile tests were performed
to determine the strain-hardening exponent, Tables 3 and 4,
and strain-hardening coefficient, Tables 5 and 6.

From the results in Tables 3 and 4 it is seen that there is
a hardening gradient along the roll coil, since a decrease is
observed in the direction of its end. This denotes that the for-
Beginning 361 ± 16 421 ± 13 390 ± 18
Middle 382 ± 19 386 ± 22 379 ± 20
End 385 ± 10 379 ± 21 358 ± 10

Material: Roll coil 2.

Table 6 – Strain-hardening coefficient

Region of roll coil Left Middle Right

Beginning 375 ± 28 382 ± 25 379 ± 26
Middle 470 ± 14 429 ± 25 389 ± 22
End 378 ± 20 381 ± 10 377 ± 15

Material: Roll coil 3.
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Table 7 – Anisotropy with 20% strain

r at 0◦ 0.852 ± 0.026
r at 45◦ 0.914 ± 0.024
r at 90◦ 0.892 ± 0.005
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r 0.893 ± 0.019

Material: Roll coil 1.

ables 2, 5 and 6, did not present significant variations, there-
ore the study did not focus on this.

.2. Plastic strain ratio

sing the longitudinal and transversal sensors specifically to
easure displacement in the direction of length and width,

trains were measured in the three rolling directions, where a
eighted mean is shown. Applying Eq. (3) to a 20% strain, the
nisotropy of the material is defined as seen in Table 7.

.3. Forming limit curve

or the Nakajima test it was used a hemispheric-type punch
ith a 50 mm radius for the experiment. In order to reduce

riction as much as possible, a 7-mm-thick of polyurethane
ushion was used according to work made by Silveira Netto et
l. (2003) and reference ISO (1997). The polyurethane is used
ike a lubricant and prevents the contact between the punch
nd the sheet metal in order to get better the strain distribu-
ion in the sheet metal.

Fig. 1 shows the measurements performed, after the exper-
ments, for test specimens taken from the beginning, middle
nd end of the roll coil. Under these points, a polynomial is cre-
ted which is the FLC. The curve for the beginning and middle
f the roll coil is the same.

Analyzing these results it is seen that the continuous curve
or the end has a lower limit than the others regions, showing
hat at the end of the roll coil the drawability of the material
s not a good as at the beginning or at the end.

. Influence of various parameters on the

roning force

he following analyses are from of the equation that calcu-
ates the force in the ironing process. The influence of the

Fig. 1 – Forming limit curve. Material: Roll coil 3.
Fig. 2 – Influence of the ironing die angle on force.

parameters die angle, friction coefficient, strain-hardening
exponent, clearance between the punch and the ironing die
and limit of drawing are separately varied while the other
parameters stay constant.

The ironing force is calculated by Eq. (5) described by
Schaeffer (1999).

F = kfmA1ϕA

(
1 + �

˛
+ 2˛

3ϕA

)
(5)

where kfm is the mean between radial stress before and after
the corresponding ironing stage, A1 is the cross-sectional area
of the can after ironing, ϕA is the main strain involved, ˛ is the
ironing die angle and � is the friction coefficient.

For the all calculation, except for the influence on the force,
the coefficient of friction was adjusted to 0.02 according of the
studied made by Chang and Wang (1997).

4.1. Influence of the ironing die angle on the force

On entering the first ironing die, the material thickness has not
yet been reduced, and therefore does not show any strain. As
the material passes through the ironing die, there is a sudden
rise in the ironing force up to the value indicated in Fig. 2,
where force is plotted in relation to the reduction of thickness.
In subsequent ironings force continues to increase up to the
value of maximum thickness reduction.

Fig. 2 shows the influence of the ironing die angle on the
ironing force compared to the reduction of thickness. A small
variation in force can be seen for a considerable increase in the
ironing die angle, where this variation reaches almost zero at
the last ironing.

4.2. Influence of the friction coefficient on force

As can be seen in Fig. 3, the friction coefficient between the
material and the ironing die significantly influences the iron-
ing force, and at every stage of ironing this difference increases
further. This shows that the greater the force applied to the
material, the greater the influence of friction on the process.
The limit of drawing was calculated and shown in Table 8 for
each stage of ironing with different friction coefficients arbi-

trated, where it can be perceived that it increases as the ironing
stages advance. It can also be seen that the limit of drawing
for the third ironing and friction coefficient of 0.10 is greater
than 0.866, which, according to literature Rubio et al. (2006),
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Fig. 3 – Influence of the friction coefficient on force.

Table 8 – Limit of drawing relating to the friction
coefficient

Friction
coefficient

1st ironing 2nd ironing 3rd ironing
0.02 0.32 0.42 0.60
0.08 0.43 0.56 0.83
0.10 0.47 0.62 0.91

can cause micro fissures inside the material, diminishing its
quality.

4.3. Influence of the strain-hardening exponent on
force

The strain-hardening exponent is a very important parameter
for the sheet metal forming process. The higher its value, the
greater will be the resistance of the material and the greater
the absorption of strain, but the more force will be needed to
press and ironing the material. This is shown in Fig. 4 where
can be seen that the greater the strain-hardening exponent,
the more force will be needed for ironing.

4.4. Influence of the clearance between the punch and
the ironing die on force

In Fig. 5, it is shown that for a greater clearance there is a reduc-

tion in the ironing force and for a smaller clearance there is
increased force, where the greatest influence of the clearance
is in the third ironing. This shows that if there is a misalign-
ment between the punch and the ironing die, there will be a

Fig. 4 – Influence of the strain-hardening exponent on
force.
Fig. 5 – Influence of the clearance between the punch and
ironing die on force.

significant imbalance in force and consequent excessive wear
of the punch and ironing die.

4.5. Influence of the strain-hardening exponent on the
limit of drawing

Maximum reduction (limit of drawing) is given by Eq. (6). The
maximum degree admissible (a) found by Rubio et al. (2006) is
0.866. Values above 0.866 can cause the beginning of micro-
cracks in the material and indicate that the process is not
feasible.

a = �1

kf1
≤ 0.866 (6)

where �1 is axial stress (see Fig. 6) which is the ratio of ironing
force F and the area at the end of the ironing die A1 see Eq. (7)
and kf1 is the radial stress which is the stress corresponding to
the deformation after the present ironing stage. Ironing force
is given by Eq. (5).

�1 = F

A1
(7)

Using the data obtained, a diagram is obtained between the
limit of drawing and the final thickness of the can, varying the
strain-hardening exponent. Fig. 7 shows that:
- to obtain a final can thickness (3◦ ironing) of 0.098 mm
(design condition) there is 0.6 or 60% of limit of drawing if
the strain-hardening exponent is 0.22;

Fig. 6 – Schematic of each stage of ironing (font: Altan et al.
(1999)).
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Fig. 7 – Relationship of limit of drawing, hardening and can
thickness.
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if the strain-hardening exponent diminishes, there is an
increased in the limit of drawing of the material, maintain-
ing the design condition;
if there is a variation in the final thickness of the can
wall, the figure shows which would be the limit of drawing
obtained for known strain-hardening exponent.

Fig. 7 relates mechanical and metallurgical properties and
ool design.

.6. Influence of various parameters considered
ogether

he influence of the previously analyzed parameters on the
roning force is shown in Fig. 8 where they are considered
ogether (in the same graph). As can be seen the largest
nfluence in the ironing force is the friction coefficient. The

learance between punch and the ironing die also had a high
nfluence, however smaller than the friction coefficient. This
hows the importance of a correct lubrication between the
ools and the sheet metal. The strain-hardening exponent and

Fig. 8 – Influence of various
h n o l o g y 2 0 5 ( 2 0 0 8 ) 347–352 351

die angle did not have an influence on the force that could be
relevant.

5. Conclusions

The manufacturing process for aluminum beverage cans is
already technologically very advanced, and therefore it is use-
ful to have the utmost information possible on material and
tooling, in order to optimize it.

The strain-hardening exponent is seen to vary along the
roll coil, diminishing towards the end. This causes more pro-
duction scrap, and shows the importance of this factor in
the quality of the cans produced. Thus, it is possible to per-
form quality control by means of tensile tests in the roll coils
received by the factory, by monitoring the strain-hardening
exponent and thus having a guarantee that the raw material
is of good quality and will generate cans without any defects.

Anisotropy of the material proved very satisfactory, since
it was very close to the unit, i.e., almost isotropic (Table 7).

The calculations of tooling force and analysis show that
the material is not being submitted to the utmost require-
ments, and therefore a graph is constructed (Fig. 7), which
shows that if the manufacturing wants to reduce the final can
thickness, there is a possibility to explore more of the mate-
rial without cause defects. These curves map the possibilities
that, together with the FLC (Fig. 1), can be combined and used
as a possibility by the can manufacturer.

Another important aspect observed was the influence of
the following parameters: ironing die angle, friction coeffi-
cient, strain-hardening exponent and clearance between the
punch and ironing die on ironing force. It was seen that, as
was to be expected, the friction coefficient and the clearance
between punch and ironing die have great influence on the
manufacturing process. The ironing die angle, however, did
not prove to be essential to the process, and did not influence

force very much. The strain-hardening exponent had a simi-
lar influence on each ironing, and, as was to be expected, the
higher its value, the more resistant is the material and the
greater the force needed to strain it.

parameters on force.
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