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Abstract

The paper examines the influence of aging on buckling strength loss for aluminum alloy 5182 beverage can ends. In the experi-
mental study, aging took place naturally and artificially. For the buckling strength testing, a special experimental technique was
used, which was based on measuring the internal pressure leading to the destruction of the beverage can ends. The experimental
results show that the beverage can ends indicate a significant time-dependent buckle strength loss. For example, a year of aging
can end at 20°C leading to a decrease in its strength by 5%. Half of this decrease occurs in the first 3—4 weeks. The aging phe-
nomenon also got worse with increasing temperature. It has been found that increasing the aging temperature to 40°C results in an
8% reduction in buckling strength after 4 weeks of aging. The whole life cycle, from its production to the processes it undergoes
and storage time, was analyzed. At the same time, tests were carried out for both the input material and the product itself. On this
basis, the mechanical properties and their change depending on time or temperature were examined. All specimens made from
can end stock (CES) were also found to not show the same drop of mechanical properties as for the buckling of finished ends. The
obtained experimental allowed the development of an empirical mathematical model that makes it possible to predict the buckling
strength of the can end depending on the conditions of aging and temperature of testing. The present study showed the importance
of temperature conditions used in can filling lines in the determination of resistance to changes in buckling for the ends.
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1. Introduction

Aluminum alloys are used for a wide range of appli-
cations in various industries (Cayless, 1990; Hosford
& Duncan, 1994; McMahon et al., 2017). The unique
combinations of properties provided one of the most
versatile applications, from the automotive industry
(Gong et al., 2019) through the aerospace industry to
beverage packaging (Kaufman, 2000).

In the last few years, the can-making industry has
become a very fast-growing one. The main product of
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this industry is two-piece aluminium cans, consisting
of cans and ends (Hosford & Duncan, 1994). These
two products have long been made of aluminium al-
loys (Hoyle & Setlak, 1996; Yang et al., 2020; Zhu
& Starink, 2008).

It is known that the mechanical properties of
these alloys affect the technology of forming during
production (Wedrychowicz et al., 2021). In the work
by Baran et al. (2022), it is experimentally shown
that the destruction of the material of the can during
the production process is associated with the chemical
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composition of the starting material. However, after the
production of the can, the question of its mechanical
properties under the internal pressure of the contents
becomes very important.

Easy-open ends are an important part of the bever-
age industry, which have been made with can end stock
(CES) AAS5182 alloys for a long time (Hoyle & Set-
lak, 1996). The main function of the ends is to provide
a safe closure and an easy opening (Courbon, 2000).
The history of easy open ends started early. Today
can-making industry utilizes the same technology as it
did in the past but with some changes in the innova-
tion aspects. In recent decades, there has been a trend to
reduce end diameter and metal gauge and thus reduce
costs (Yamazaki et al., 2007, 2011). In addition, reduc-
ing the amount of material used is an effective method
of reducing environmental impact (Han et al., 2010).
New lightweight ends have a different shape compared
to the long-standing industry standard B64 end devel-
oped by Alcoa. Modified geometry of the ends would
allow for the use of lighter gauge metal even if the ba-
sic diameter of the end remained unchanged. However,
all these down-gauging improvements have to ensure
the same properties for the ends, mainly in buckle re-
sistance to the internal pressure within the can. Tech-
nology over the years has allowed for the manufacture
of much lighter ends that must withstand the same pres-
sure. In general, most ends are produced with a guaran-
teed minimum strength to resist an internal pressure of
620 kPa (90 psi) (DeWeese et al., 2008).

The pressure inside the container depends upon
the drink type and temperature change. The internal
pressure causes a strain on the end which induces ten-
sile stresses in the end panel of the beverage can, which
in extreme cases may lead to buckling (Yamazaki et al.,
2005). Additionally, beverage can ends indicate a sig-
nificant time-dependent buckle strength loss. Studies
have shown that the time from the production date of
the packaging also affects changes (deterioration) in the
mechanical properties. In that case, the canned bever-
ages visible on store shelves should not only be consid-
ered in terms of the expiration date for the content itself
but also the packaging.

In addition to the above, during storage, trans-
portation, and heat treatment of beverage cans, the
internal pressure changes significantly. Over time and
with temperature changes, the mechanical properties
of the can material itself also change. This is due to
both the aging processes in aluminum alloys and to
the dependence of the strength of these alloys on tem-
perature. For these reasons, the quantitative predic-
tion of the maximum internal pressure that a can will
withstand depending on factors such as time, storage

temperature, and temperature of the can material is
currently an important practical problem that has not
been resolved at present.

Artificial neural network-based prediction models
for aluminum alloys have gained significant traction
and widespread industrial application in recent years.
Numerous studies have focused on developing predic-
tion models for mechanical properties and manufactur-
ing processes (Alibeiki et al., 2012; Lee et al., 2020;
Wang et al., 2015; Zhang et al., 2019). For example,
a paper by Merayo et al. (2020) introduced a comput-
er-aided tool that predicts the plastic behavior, yield
strength, and ultimate tensile strength of metallic ma-
terials. This prediction model uses the alloy’s chemical
composition, parameters of the tempers, and Brinell
hardness as input parameters. Similarly, Sigli et al.
(1996) developed a prediction model within a metallur-
gical simulator to estimate yield strength based on pro-
cess parameters. Their model takes into account factors
such as microstructure, cold rolling reduction, baking
time, and temperature. By considering these variables,
the model accurately predicts the yield strength. These
advancements in prediction modeling using artificial
neural networks have significantly contributed to the
understanding and prediction of mechanical properties
and the behavior of aluminum alloys during manufac-
turing processes.

Several reports in the literature have focused on
the principles of aluminium alloy sheet processing
(Hirsch, 2010) and thermal treatment temperatures
(Wen & Morris, 2003; Wen et al., 2005). Yang et al.
(2018) investigated the effects of the bake softening
and precipitation behaviors of the AA5182-H19 sheet.
Their study showed that the temperature and time of the
coating processes influence the decrease in the strength
and hardness of the alloys. In addition, the study was
closely related to the end’s area as it discussed the
change in the properties of the raw material itself be-
fore its final processing before it is delivered to the can
manufacturer. Picu et al. (2005) investigated the me-
chanical behavior of the AA5182 at temperatures rang-
ing from —120°C to 150°C. The results showed that
dynamic strain aging had an impact on ductility and
strain hardening. In the work by Reid et al. (2001), the
analysis of the buckling of a can with a deformed side-
wall was studied. However, the buckling of an end was
not investigated.

A thorough literature review shows that there is
a lack of studies focused on the evaluation of material
properties of the beverage end made of AA5182, espe-
cially concerning the lifetime when the product is sub-
jected to various processes that change its quality in the
context of buckling resistance.
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The purpose of this work is to experimentally
study the dependence of the strength of the beverage
can ends on the parameters listed above and, on this ba-
sis, to develop an engineering technique for predicting
the maximum allowable internal pressure in the can.
Since the can ends are made to be less strong than the
main material, the strength of this particular element of
the can is investigated in this work. The work provides
data that help in better understanding the influence of
various conditions on alloy properties from the begin-
ning to the end of the entire life cycle of the can end.

2. Materials and methods

The aluminum alloy AA5182-H48 temper, is usually
used in the production process of beverage can ends.
The AA5182 alloy is selected because of its favorable
material properties, such as low density, high corrosion
resistance, and the formability necessary for the forming
of intricate shapes. The nominal chemical composition
of the AAS5182 base materials used in this investigation
is presented in Table 1. The manufacture of AA5182
can end stock includes many steps where the coating
process is carried out in the final phase. The baking
times and temperature of the coating processes depend
on the coating line and type of coatings. Before baking,
AAS5182 coils are H19 tempered, but after baking, that
brings the material to the recovered stage H48. This
process affects the decrease of the strength, hardness,
and the increase of the elongation (Yang et al., 2018).
The can end stock is received precoated with a coating.
This coating on both sides of the coil serves the dual
purpose of corrosion protection of the final product
and as a lubricant during the stamping processes in the
manufacturing process (Leggat & Taylor, 1999).

The can-making industry has two main standards;
the long-standing standard B64 end and the relative-
ly new lightweight beverage end (e.g. CDL), with the
lightweight ends increasingly being used worldwide.
An example of this may be seen in Figure 1, which
shows a cross-section through a modern 202CDL end.
The manufacturing process of the 202CDL ends is car-
ried out by cold-forming sheets of 0.208 mm thickness
(Filizzola et al., 2021).

Fig. 1. Cross-section through a 202CDL can end

In this work, the ends from materials from three
different suppliers (conditionally named Suppliers A, B,
and C) were studied. The initial sheet material was also
studied. All samples were 0.208 mm thick and made
from commercial can end stock sheets. Chemical com-
position testing and analysis of AA5182 alloy samples
were performed using the X-ray fluorescence spec-
trometer Shimadzu EDX-8100, and results are present-
ed in Table 2. The results of measuring the mechanical
properties of the original sheet material are shown in
Table 3.

Table 1. Nominal chemical composition [wt.%] of the AA5182 alloy (Cayless, 1990)

Unspecified
. . Si | Fe | cu Mn Mg Cr | zn | Ti | otherelements Al
esignation
each total
5182 0.20 | 0.35 | 0.15 0.20-0.50 4.00-5.00 0.10 | 0.25 | 0.10 0.05 0.15 | remainder
Table 2. Chemical composition of the experimental samples [wt.%]
Unspecified
Grade . other
designation Si Fe Cu Mn Mg Cr Zn Ti elements Al
each total
Supplier A 0.048 | 0.175 | 0.053 | 0.352 | 4.432 | 0.086 | 0.022 | 0.011 - 0.799 94.022
Supplier B 0.039 | 0.200 | 0.080 | 0.368 | 4.294 | 0.080 | 0.012 - - 1.144 93.783
Supplier C 0.066 | 0.198 | 0.085 | 0.341 | 4.284 | 0.027 | 0.022 - - 0.174 94.803
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Table 3. Tensile properties of the experimental samples

Tensile Supplier A Supplier B Supplier C
properties AAS5182 AAS5182 AAS5182
YS [MPa] 346 352 353
UTS [MPa] 390 402 410
A[%] 6.7 8 7

Explanations: UTS — ultimate tensile strength; YS — yield
strength; A — elongation

Buckling strength is one of the most critical
parameters that must be met for beverage can ends.
Figure 2 illustrates the buckling strength testing pro-
cess using air pressure to test the ends. To ensure
the keeping of required buckling strength for the
ends, tests are carried out using dedicated equipment

(see Fig. 3).

&

STEP 1

Free end before it is pressurised

= )

STEP 2

Buckling strength test

7

S

STEP 3

Deformed end after buckling

J

The test conditions include all the possibilities that

may exist throughout the lifecycle of the ends:

— Length of storage time which is known as natural

aging (aging can occur at room temperature) — the
impact of long-time storage on buckle strength loss.
Natural aging at various temperatures — the influ-
ence of warchousing temperature on the buckle
strength loss of the ends.

Accelerated aging, which is called artificial ag-
ing (aging occurs at elevated temperature) — is
the influence of high temperatures after the filling
process (e.g., pasteurization, sterilization) on the
loss of buckle resistance. Each of the processes
means heating the product, in properly designed
equipment, to one of the temperatures given in the
following Table 4 and holding continuously at that
temperature for the corresponding specified time.

\

A

Trrrrr et rrr et

The pressure of compressed air

A

Fig. 2. Buckling strength testing process

Fig. 3. Automatic buckle tester for beverage can ends: a) Machine Versatile Technology LD136B; b) the end before testing;
¢) buckling strength test; d) deformed end after buckling
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Table 4. Conditions of typical heat treatment process beverages

oo | Bpeot [ Tonpene | Tine
Pasteurization beer 60-70
Pasteurization ice tea 70-80
Pasteurization energy drink 80-90 10-15

Sterilization coffee with milk |  100-121
Sterilization UHT milk 138-148

The aging phenomenon also gets worse with in-
creasing temperature. The samples were tested under
various temperature conditions, thus simulating the en-
tire life cycle of the product (ends) from their production
to consumption. This means that the can is kept at differ-
ent temperatures during manufacturing and storage.

The buckling strength tests were performed using
an automatic beverage can end buckle gauge Versatile
Technology LD136B (Fig. 3). The ends were obtained
through the manufacturing process. Samples were nat-
urally aged at 20°C and were tested on average every
7 days until the end of the entire period. The whole
cycle of the natural aging process lasted 365 days. In
this study, we investigated beverage can ends under
buckling strength. All experiments on measuring the
strength, performed on the testing device, were repeat-
ed 4 or 5 times, followed by averaging the result and
estimating the standard measurement error.

Examples of beverage can end before and after the
buckling test were shown in Figure 4 and Figure 5, re-
spectively.

[ii
19

SEr=lANNo N ENN7) 8h B A0 11 12 93 14 15 18 47 18

Fig. 5. Beverage can end after the buckling test

The mechanical properties of the original sheet
material at different temperatures were examined on
a Zwick250 testing machine equipped with a heating
device; the tensile rate was 5 mm/min. The setup and
examples of samples tested at different temperatures
are shown in Figure 6. The test samples were modified
to be suitable for tensile tests in the temperature cham-
bers. For this purpose, holes were made at both ends of
the sample, and the use of flat fixing clamps allowed
us to perform a tensile test in the environment of set
temperatures. The tensile test samples were cut along
the rolling direction.

| |
s

Fig. 6. Tensile test of the initial sheet material at different temperatures: a) Machine Zwick 250 for tensile tests:
1 —sample, 2 — heating device (shown open); b) selected samples after tests; ¢) deformed zone of the sample after tests at 61°C;
d) deformed zone of the sample after tests at 81°C
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Vickers hardness tests were performed using
a Qness, model Q10A machine with a load of 1000 g
and a loading time of 15 s. A total of five readings were
taken for every aging temperature and an average value
was calculated.

3. Results and discussion
3.1. Model of buckle strength loss

The mathematical model of the buckling strength of
can ends is proposed in this study in the form of the
following equation:

o, (1,t,,t) =6, Rs(1)" " K, (¢) (1)

where: 6,,(T,%,,t) —internal pressure leading to the de-
struction of the end of the can (which corresponds to
its opening under the action of internal pressure) [kPa];
T — material aging time [days]; ¢ — the temperature at
which the material was stored during aging [°C]; ¢ — the
temperature of the can end material at the time of the
test [°C].

The parameter Rs(t) describes the relative change
in buckling strength due to natural aging at a tempera-
ture of 20°C. This parameter is defined as the ratio of
the buckling strength o, (1) after time t to the initial
buckling strength o, measured before the start of the
aging process:

0,,(1)

Oy

Rs(t) = 2

The way to quantify the dependence Rs(t) follows
from its physical meaning and requires the measure-
ment of buckling strength after various periods of aging
at a temperature of 20°C. Such an experiment should be
long-term to cover the possible time interval for stor-
ing the cans. In our work, its duration was 1 year with
a strength measurement interval of about 1 week. In
addition, in this experiment, it is necessary to average
the data of several suppliers (materials from 3 suppliers
were used in the paper).

The effect of aging temperature on its intensity is
proposed to be taken into account by using the correc-
tion factor K (%).

The expression Rs(1)%"% is numerically equal to
the ratio of the buckling strength after aging at tempera-
ture ¢ 6, (1, ¢) to the initial buckling strength o,,.

_ Gb.\' (T’ ts )

Oy

Rs(v)" ) 3)

At a temperature of 20°C, the value of K should
be equal to 1, then Equation (3) is transformed into
Equation (2).

The proposed method for determining the rela-
tionship K (¢) is based on the measurement of buck-
ling strength after aging at various temperatures.
However, such an experiment is difficult to carry out
over a long time interval. Therefore, we were forced
to assume that it is sufficient to study the effect of
short-term aging at different temperatures in order to
take into account the effect of temperature. This as-
sumption will be verified below based on an addition-
al experiment.

In addition to the above factors associated with the
effect of aging during long exposure of the can end, its
buckling strength is also affected by the current tem-
perature of the material. The influence of the current
temperature on the buckling strength is proposed to be
taken into account by introducing the coefficient K| into
Equation (1).

Its physical meaning is the relative change in the
ultimate tensile strength (UTS) of the material at UTS
with a temperature change:

UTsS

K ()=
0= s

“)

where UTS,, is the ultimate tensile strength at 20°C.
At a temperature of 20°C, the value of K is equal to 1.

The numerical dependence of K, can be deter-
mined based on tensile experiments on samples at dif-
ferent temperatures. Such an experiment requires the
use of the equipment shown in Figure 6.

It is assumed in this work that the dependencies
described above can be represented in the form of the
following empirical equations:

Rs(t) =1—aln(t+1) (5)
K (t)=c,+ct, +c,t] (6)
K, (t) = exp(b (1 -20)) (7)

where the empirical coefficients a, b, ¢, ¢,, and ¢, must
be determined based on the experimental data.

Equations (5)—(7) were calibrated using the least
squares method. The calibration procedure takes place
in three stages:

1. An experimental study of the effect of long-term
natural aging at a temperature of 20°C on buckling
strength is carried out. The obtained experimental data
are used in the equation:

Computer Methods in Materials Science
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5, =S [M—l+aln(r+l)j N (8)

mina
G

Values o, (1) are determined experimentally with
an interval of 1-2 weeks. The number of such experi-
ments is #, and the number of the current experiment
is denoted by i. The value of o, is determined once,
immediately after the production process.

2. Experimental studies on the effect of artificial
short-term aging at different temperatures on strength
are carried out. The obtained experimental data are
used to determine the coefficients of Equation (6) by
minimizing the following function:

2
(o, (1,
6[( = [LS)_CO _Clts _CZtszj — (9)

Cp, €, C
o . 5 €6
0 in *

The values 6, (1, t) are determined experimental-
ly in experiment number 7.

3. Tensile experiments are performed on the spec-
imens shown in Figure 6. The goal is to determine the
decrease in material strength (UTC) with increasing
temperature. The obtained experimental data are used
to determine the coefficient b:

2
*( UTS,
Oy = ——exp(b (1—20 - 10
« H(UTSZO xp(b ( ))j > (10)

The values of UTS, are determined experimentally
in experiment number .

In Equations (8)—(10), n is the number of exper-
iments.

3.2. Experimental study of natural aging

Natural aging is a slow process, and its effects may only
become significant after a few months or years. In the ini-
tial study, received ends were naturally aged for more than
one year. The length of the aging period was established
based on the time that typically does not exceed the stor-
age time of filled cans in warehouses or on store shelves.
The buckling strength of ends decreases rapidly during the
first few days and then reaches a relatively stable condi-
tion. The major drop (20-30 kPa) takes place in the first
7-14 days after manufacturing, and it is about 50% of
the total drop in 6 months. Figure 7 shows the buckling
strength as a function of time at a storage temperature of
20°C for 202 CDL ends made from AA5182-H48 supplied
by three different end stock producers. Long storage time,
which lasted one year, has incurred a significant loss in
buckle strength. The largest buckle strength loss was ob-
served immediately after the manufacturing process. The
differences for the series of sharp rises and falls, observed
mainly for supplier C, depend on the geometric parameter
dimensions for tested ends. Some of the geometry param-
eters of ends (e.g. Panel Depth) are influential for buckling
strength loss. The production process based on an 8-out
press delivers at the same time ends with some deviations
of geometry dimensions, depending on tool condition and
setup tools. At the end of this process, the final ends have
random geometry parameters.

730
=Supplier A
_ 720 -+Supplier B
© 710 N +Supplier C
4
= 700 W2 . /\&
:uE.o 690 ﬁ\\k‘l\' \ /%\ /
C ' - RN v N "\»—P & H./L\‘ + [ :“‘\ —
5 680 1 —~—_
5 e
v 670 [ Al 1Al T*T [ g I | T |
= I T—w FT < ,T\
S 660 - ! \V
o
650 L
|
640
0 50 100 150 200 250 300 350

Time after manufacturing [days]

Fig. 7. Buckle strength loss at 20°C for 202 CDL ends made from AA5182-H48 supplied by three different end stock producers

The averaging of the data of three manufac-
turers and their reduction to a dimensionless form
according to Formula (2) is shown in Figure 8. Ap-

proximation of the data obtained by Equation (5) by
minimizing the error function (8) is shown in Fig-
ure 8 by the dotted line.
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Fig. 8. Relative buckle strength (Rs) at 20°C for 202 CDL ends made from AAS5182-H48,
averaged over three different end stock producers

3.3. Experimental study of
aging at different temperatures

Studies of the influence of aging temperature on the
loss of buckle strength after artificial aging were car-
ried out for the temperature range of 20-148°C. The
aging time was 15 min. In addition to measuring the
buckling strength, an analysis of the end material
hardness was also performed (Fig. 9). The resulting
decrease in hardness with an increase in the aging
temperature is natural but insignificant (1.6% when
the aging temperature changes from 20°C to 148°C).
The hardness test showed no significant changes be-

130

tween the tested sheets of aluminum alloy. In theory,
the sheet (CES) should not be susceptible to aging,
because after coating it was annealed by the producer
of the coil. The experimentally obtained dependence
of strength on the aging temperature is shown in Fig-
ure 10a. The strength of the end with the change in
temperature of aging changes by about 5%. The latter
proves a sensitivity to temperature aging of buckle
strength greater than that of hardness.

Bringing the experimental data of buckle strength
to a dimensionless form according to Formula (3) and
the results of approximation based on Equations (3)
and (6) are shown in Figure 10b.
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Fig. 9. Vickers hardness of 5182 alloy aged sheets
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g. 10. Buckle strength loss after aging for 15 min at different temperatures for ends made from AA5182 (a)

and corresponding relative buckle strength loss (b)
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3.4. Dependence of
UTS strength on the test temperature

Tensile tests were performed at temperatures between
20°C and 150°C on the setup shown in Figure 6. Ex-
amples of stress-strain curves are shown in Figure 11 as
obtained at 20°C, 60°C, 100°C and 150°C. The irregular
behavior in the stress-strain curves at temperatures, 20°C
and 60°C, in the form of a serrated yielding phenomenon,
is known as the Portevin—Le Chatelier (PLC) effect. The
main factor responsible for the PLC effect is the Mg con-
tent in aluminum alloys. Serrated flow was observed in all
tests performed at temperatures in the range 20°C to 80°C.

450

From each curve, a UTS value was obtained. These
data are summarized in Figure 12a. The reduction of
the experimental results to a dimensionless form was
carried out according to Formula (4). Their approxima-
tion is performed using Equation (7), minimizing the
squared deviations (10). The approximation results are
shown in Figure 12b.

Summing up the results of the calibration of the
model described by Equations (1)—(7), we present the
obtained empirical coefficients:

a=8.964x 107, b=-0.001106; ¢, = —0.5098;
¢, =—0.001148; ¢, = 0.1356.
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Fig. 11. Examples of stress-strain curves during tensile tests of 5182 alloy sheets at different temperatures
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Fig. 12. Ultimate tensile strength (UTS) at different temperatures (a) and relative tensile strength K, (b)

3.5. Model validation

To validate the developed model, an additional ex-
periment was performed to study the effect of aging
time and aging temperature on buckle strength. The
following aging temperatures were used: 4°C, 20°C,
and 40°C. The purpose of choosing 4°C was to test the
model in an extrapolation mode. The maximum aging
time was 28 days. At the end of each week, an experi-
ment was carried out to measure the buckling strength.
The results of the experiment are shown in Figure 13.

The dotted lines in this figure show the results of the
buckle strength calculation according to Equation (1).
Comparing the results of the calculation and the experi-
ment, we can conclude that the accuracy of the calcula-
tion is significant and comparable to the standard error
of the experiment.

Additionally, the dependence of the yield stress of
the end material under the same conditions was inves-
tigated. However, the results showed (Fig. 14) that the
observed change is within the measurement error, that
is, it is not statistically significant.
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4. Discussion

In the process of analyzing the obtained experimental
data, several important observations can be made.

A study of the dependence of hardness (Fig. 9) and
yield stress (Fig. 14) on temperature and aging time
showed that the observed changes in these values are
not statistically significant. At the same time, the study
of the buckling strength of the same material using the
setup in Figure 3 yields a statistically significant result.
From this, it can be concluded that the applied meth-
od of testing the influence of aging on buckle strength,
based on the destruction of the ends with the help of
internal pressure, is much more sensitive to changes in
material properties due to aging than standard hardness
and tensile tests.

A quantitative analysis of the influence of long-
term aging at a temperature of 20°C showed that after
a year, the decrease in the buckling strength of the end
is about 5% (Fig. 8). Half of this decline occurs in the
first 3—4 weeks of aging.

The strength behavior of the AA5182 alloy after
cold deformation is attributed to the characteristics of
its aging process. Recent studies (Filizzola et al., 2021)
have shown that this alloy experiences a reduction in
strength over time following the cold stamping process.
This is due to the dissolution of second-phase particles,
which would otherwise increase the material’s strength
through aging hardening. This process is accelerated
with an increase in temperature. Moreover, excessive
aging time may result in stress relaxation, leading to
a further decrease in strength. Both the dissolution of
second-phase particles and stress relaxation are diffu-
sion processes. As is well-known, the rate of diffusion
processes is high initially but decreases with time. This
explains why the tested strength in Figure 8 decreases
rapidly in the first days of aging (in our case, the first
7—-14 days).

Comprehensive studies of the microstructural
changes in the AA5182 alloy during holding at elevated
temperatures were conducted in (Filizzola et al., 2021).
The results confirm that the holding method used re-
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duced the number of second-phase particles, which de-
creased the strength of the alloy.

We conducted similar microscopic experiments
using an optical microscope to verify the aging mech-
anism in the AAS5182 alloy after cold stamping under
the conditions employed in our study. Figure 15 dis-
plays the microstructure of the material before aging
(Fig. 15a) and after aging (Fig. 15b). These images
confirm the findings reported by the authors in refer-
ence (Filizzola et al., 2021), revealing a significant de-
crease in the number of inclusions in the microstructure
following the aging process.

In addition, considering the substantial decrease
in strength observed after 7-14 days, we also exam-
ined any changes in the size of beverage can ends

during this time. For this purpose, the tests were con-
ducted using the automatic shell inspection gauge To-
rus Z401. This gauge enables measurements of char-
acteristic dimensions of beverage can ends (Fig. 16).
The final value for each test was determined as the
average of five samples. The inspection involved
eight selectable points on each end. Table 5 presents
the results of the geometric parameter dimensions of
the specimens after the aging test. Errors were esti-
mated by calculating the standard deviation based on
a sample that included 40 measurement results. The
obtained results indicate that the changes in dimen-
sions were not statistically significant and the studied
aging processes occur without a significant change in
the shape of the can end.

Fig. 15. Microstructure of the AA5182 alloy before (a) and after aging (b)

Curl diameter

— Countersink

Curl height —

— Overal height

/|

Curl opening —= L Panel depth

Curl opening

Fig. 16. Nomenclature of the geometric parameters dimensions for beverage can end

Table 5. Geometric parameters dimensions of the specimens after the aging test [mm]

Geometric parameters 0 days 7 days 14 days

Countersink 6.336 +£0.032 6.341 £0.032 6.343 £0.032

Panel depth 2.051 £0.026 2.048 +£0.025 2.050 +£0.026
Curl diameter 59.285 +0.032 59.281 +0.031 59.282 +0.033

Curl opening 3.054 +0.058 3.052 +0.058 3.059 +0.059

Curl height 2.012 +£0.021 2.008 +£0.020 2.010 +£0.021
Inside curl diameter 57.915 +0.056 57.909 +£0.053 57.927 +£0.060

Overal height 6.559 +£0.032 6.562 £0.032 6.564 £0.032
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On the other hand, as the aging temperature in-
creases, the effect of aging time on buckle strength in-
creases sharply. Thus, the same 5% decrease in aging
strength at an aging temperature of 148°C is achieved
during the aging time of 15 (Fig. 10b). At 40°C
per month of aging, the decrease in strength is 8%
(Fig. 13). At a low temperature (4°C), no statistical-
ly significant changes in the buckling strength due to
aging were recorded (Fig. 13). Thus, the experimental
results confirmed that aging can significantly weaken
the strength of the end of a can during storage in a hot
climate. A quantitative prediction of this phenomenon
is necessary for production practice.

Another interesting observation is related to the ef-
fect of temperature on the mechanism of sample defor-
mation under tension. When the samples are stretched
at temperatures below 60°C, slip bands appear on the
surface of the sample (Fig. 6¢). An increase in tempera-
ture above 80°C fundamentally changes the mechanism
of deformation (Fig. 6d). The observed effect is also
visible on the stress-strain curves (Fig. 11). The curves
for low temperatures contain nonmonotonic segments.
The curves for high temperatures are perfectly smooth.

Without going into the physical interpretation of
this phenomenon, we note only its practical aspect in the
context of the problems under consideration. The fact is
that the temperature range of 60—80°C is quite achiev-
able at different stages of processing and storing cans
of drinks. This means that the noted anomalies may be
of importance in the development of technology for the
production and use of beverage cans. So far, we can-
not draw practical conclusions from the described phe-
nomenon, except for the quantitative dependence shown
in Figure 12. However, since this effect is only ob-
served during significant plastic deformations when the
strength condition is already compromised, we believe it
has minimal impact on the strength of the can end.

As for the end buckle strength engineering model
developed in the article, we confirmed its performance
by validation based on comparison with an independent
set of experimental data. Thus, it became possible to

quantitatively predict the strength of beverage cans de-
pending on the time and temperature of aging, as well
as the temperature of the can at the time of testing. This
technique can be directly used by can manufacturers
to predict the maximum allowable internal pressure in
a can depending on the factors listed above.

5. Conclusions

The paper is devoted to the study of the influence of ag-
ing processes on the strength of the aluminum beverage
can ends. The main novelty of this study lies in sim-
ulating the complete lifespan of a beverage can ends,
starting from the finishing of the production process.
The tests conducted in this research elucidate the influ-
ence of different combinations of time and temperature
on the alterations in the resistance to buckling of the
can ends. This investigation sheds light on the mechan-
ical behavior of beverage can ends over time and offers
valuable insights into the impact of diverse environ-
mental conditions on their structural integrity.

It is experimentally shown in the work that at 20°C,
a year of aging leads to a decrease in strength by about
5%. Half of this decline occurs in the first 3—4 weeks
after manufacturing. Increasing the storage temperature
significantly enhances the effect of aging. For example,
the storage temperature increased from 20°C to 40°C
gave a two times higher drop in buckle strength in the
first 7 days. In addition, a decrease in strength by 8% was
observed per month of aging. This research provides in-
sights into buckling strength loss for beverages can ends
under the influence of aging. The proposed engineering
mathematical model is an efficient tool to quantitative-
ly predict the decrease in the buckling strength of the
end with time, aging temperature, and test temperature,
which may be suitable for use in practice. This model
has proven to be a useful tool for predicting the buck-
ling strength for beverage ends without the need for
time-consuming tests, which can be the best way to cut
down on complaints for can makers producing ends.
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