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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the Manufacturing Engineering Society International Conference 
2017. 

Keywords: Cost Models; ABC; TDABC; Capacity Management; Idle Capacity; Operational Efficiency 

1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract 

Electrically-Assisted (EA) technologies are emerging as a new category of forming processes, where the application of the electric field is used 
to assist the material deformation. The contribution of DC / AC electrical fields generally leads to a decrease of the flow stress and at the same 
time an increase of the material formability. However, the effects of the electrical current on the material behavior are still debated, since the 
thermal softening due to the concurrent temperature increase appears to be predominant for the larger ductility showed by the material. The 
present work aims at investigating the electro-plastic effect in AA1050 aluminum alloys sheets under two different states, namely the H24 
tempered and the annealed conditions, by decoupling the electro-plastic and the thermal influence. Smooth specimens were tested along the three 
different rolling directions, applying different values of DC current in temperature-controlled conditions. For sake of comparison, the same tests 
were carried out by using an environmental chamber to reproduce the temperature increase due to the DC current.  
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1. Introduction 

The last decades have seen an increased demand for new 
technologies capable of increasing the complexity of formed 
shapes for different material categories [1]. To meet these 
requirements new technologies were developed such as thermal 
assisted processes in order to increase the formability and to 
decrease the material flow stress [2]. However, other solutions 
have been explored, including the Electrically-Assisted (EA) 
processes that are emerging as a novel category. In these 
processes a Direct Current (DC) or pulsed/Alternate Current 
(AC) is applied to the part to achieve an increase in the material 
formability and a decrease in the material flow stress. In 
literature, several EA processes are proposed, such as rolling 
[3], blanking [4], sheet bending, [5] and microforming [6], but 
since the application of an electrical current is always coupled 

to a temperature increase due to the so-called Joule effect, it is 
not easy to distinguish the thermal effects from the 
electroplastic ones. At now in literature four different theories 
can be found to explain how the application of an electric 
current may contribute to the increase of the material 
formability: the most popular attributes to the presence of an 
electronic wind the increased annihilation of dislocations [7]. 
A second one explains the increased material ductility as a 
consequence of the dissolution of metallic bonds due to the 
increased electron presence in the crystal lattice [8]. A third one 
theorizes the presence of a microscale Joule heating in 
correspondence of the material discontinuities, such as the 
defects at the microscale [9]. Finally, the magneto-plasticity 
theory explains the reduction of the flow stress with the 
interaction between the dislocations and the magnetic field 
generated by the electric current [10]. In all these theories the 
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role of the dislocations seems to be of primary importance, and 
their interactions with the current flow determine the 
electroplastic behavior. Several authors studied the 
electroplastic effect under a wide range of conditions, testing 
different materials with different applied electric currents. The 
effect of pulsed DC or AC current were studied on aluminum 
alloys [11,12], steel [13] and magnesium alloys [14], but 
without the application of an effective cooling system to avoid 
the thermal effects. Other studies are focused on the effects of 
only DC current on titanium alloys [15], steels [16], copper and 
aluminum [17], but without a proper separation of the 
electroplastic and thermal effects. At the same time other 
researchers studied the electroplastic effect on materials with a 
different amount of initial cold working [18] or subjected to 
different thermal treatments [19,20], or the anisotropy effect on 
aluminum alloys combined with DC effects [21]. 

The aim of the present paper is to investigate the 
electroplastic effect when decoupled from the thermal 
softening, taking into account the influence of the initial work 
hardening and rolling direction. The alloy object of 
investigation is the AA1050, provided in two different 
conditions, namely H24 tempered and annealed (O). This allow 
comparing the influence of the electroplastic effect on the same 
material, with the same chemical composition and crystal 
lattice, but with two different initial amounts of work hardening 
and, therefore, different dislocation densities. Tensile tests 
along the three rolling directions with eight different levels of 
applied DC were performed. Thanks to a specifically designed 
cooling system, the material temperature was kept constant as 
much as possible during the test, in order to avoid the material 
softening and increased formability due to the joule heating. 
Furthermore, for sake of comparison, the same tensile tests 
were performed in an environmental chamber without the 
electrical current application, setting the test temperatures as 
close as possible to the ones measured during the EA tests. 

2. Experiments 

In this section, the reference material characteristics are 
presented together with the experimental equipment used to 
test the different conditions explained in the experimental plan.  

2.1. Material 

The reference material was the AA1050, tested in two 
different states, namely the work hardened - partially tempered 
AA1050-H24 and the fully annealed AA1050-O. The AA1050 

is known for its excellent corrosion resistance, high weldability 
and highly reflective finish and it is used for general purposes 
in different application fields such as furniture, heat exchangers 
or chemical plants. Both the materials were provided in sheets 

(1000 x 2000 mm) with the thickness of 1.5(±0.1) mm. The 
microstructure of the material in the two states was observed 
using a LeicaTM DMRE optical microscope. The samples were 
prepared for metallographic observations after cold mounting, 
grinding and polishing using the Keller’s etchant to reveal the 
grain boundaries. Fig. 1 shows a comparison between the 
microstructure of the AA1050-H24 and AA1050-O in the as 
delivery conditions. When fully annealed, the material shows a 
more regular grain distribution than in the tempered conditions, 
since in this case the material was partially thermal treated after 
the mechanical deformation. The sheets have been cut by water 
jet in order to obtain the tensile specimens, whose geometry 
was defined according to the standards ISO6892 [22], having a 
gauge length of 65(±0.1) mm and a width of 12(±0.1) mm. 

2.2. Experimental equipment 

The tensile tests were carried out by using a 50 kN MTS™ 
dynamometer, equipped with special grips developed for EA 
tensile testing. Fig. 2 shows special grips made in polyether 
ether ketone (PEEK) with embedded copper electrodes. The 
PEEK grips ensure the insulation between the MTS frame and 
the specimens, in order to avoid current loses, while the 
embedded copper electrodes are connected to an industrial 
current generator. The current generator can provide a 
maximum power of 60 kW at a tension of 10 V and a current 
of 6000 A, with an accuracy of ±1 A. The experimental 
equipment includes two air nozzles, connected to a 10(±0.5) 
bar air compressor that blows the air on the specimen gauge 
length in order to keep the specimen temperature as closed as 
possible to the room one. The gauge length temperature was 
monitored during the tensile test by using the infrared thermo-
camera FLIRTM A40. At the same time, a pyrometer was used 
to trigger the tensile test loading stage when the measured 
temperature reached an equilibrium condition. Both the 
systems were calibrated taking as reference the temperature 
measured by a k-type thermocouple spot-welded on the 
specimen. Furthermore, the deformation stage was recorded 
with a high-speed camera, in order to evaluate the specimen 
real strain by means of DIC techniques using the software 
GOM Aramis™. In the case of tests without the application of 

Fig. 2: Experimental equipment for the EA tensile tests. 

Fig. 1: Optical micrographs of the AA1050-H24 and AA1050-O in the as 
delivery conditions. 
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the DC current, the dynamometer was equipped with an 
environmental chamber to perform hot test up to 350 °C and 
with an accuracy of ±2 °C. 

2.3. Experimental plan 

Table 1: Experimental plan for the EA tensile tests on AA1050. 

 
The specimens were cut along the three different directions, 

with respect to the rolling one, namely 0 deg, 45 deg and 90 
deg, for both the material states. Then eight different levels of 
DC density were applied for the different directions, all cooled 
by using the air nozzles. Tab. 1 shows the experimental plan 
for the EA tests. These values were selected according to the 
results reported in [23] in order to limit the joule heating. As 
show by Tab. 1, each condition was tested with a repeatability 
of 5, while along the 45 deg and 90 deg directions the annealed 
material was tested for the four different DC densities that were 
considered the most significant. By using an environmental 
chamber some thermal assisted tensile tests were carried out, 
on specimen cut along the rolling direction for three different 
temperatures consistent with the temperatures measured in the 
specimens during the EA tests. Tab. 2 shows the experimental 
plan for both the AA1050-O and AA1050-H24. 

Table 2: Experimental plan for the thermal assisted tensile tests on AA1050. 

Temperature - °C 25 50 75 
Mat. State Roll. dir. Repeatability 

H24 0 deg 5 5 5 
O 0 deg 5 5 5 

3. Results 

This section shows the comparison between the AA1050-
H24 [23] and the AA1050-O behavior under the different 
testing conditions previously reported.  

3.1. Thermo-electrical results 

Fig. 3 shows the maximum temperature along the samples 
for different DC density values in the tested range, measured 
after reaching the equilibrium condition, just before the start of 
the tensile test loading stage. The maximum temperature with 
the cooling system is around 63 (±1.9) °C for a DC density of 
35 A/mm2 while without cooling the sample reach a maximum 
temperature over 400 °C for the same DC value. At the same 

time, for a DC density lower than 25 A/mm2 the maximum 
temperature is lower than 45 °C with a difference from the 
baseline of 20 °C, so low enough to allow neglecting any 
thermal effect. The temperature distribution over the gauge 
length, for the minimum and maximum tested DC densities, 
shows a smooth thermal profile along the deformed length. The 
thermal distributions were analyzed for both the material states 
in the 3 rolling directions and did not show any difference for 
similar levels of the applied DC density. 

3.2. DC results 

The mechanical results of the tensile test carried out on the 
AA1050-H24 are grouped in Fig. 4. In (a) the results carried 
out along the rolling directions are shown, for eight different 
DC densities, from 0 to 35 A/mm2. The engineering strain – 
stress curves prove the low sensitivity of the UTS to the applied 
DC density. Having a high density of dislocations due to the 
pre-strained condition, the AA1050-H24 presents poor 
formability and low work-hardening exponent, which results in 
flat flow-stress curves with a final drop when the fragile rupture 
occurs. The material shows even a lower formability along the 
45 deg (Fig. 4(b)) and 90 deg (Fig. 4(c)) if compared to the 0 
deg direction. It can be seen that for a DC density of 5 A/mm2 
the strain at fracture has a maximum if compared with the 
baseline obtained without the application of any DC, especially 
at 0 deg and 90 deg. However, the relation between the applied 
DC densities and the material strain at fracture is not linearly 
monotonic, and, over 10 A/mm2, the strain at fracture in lower 
than the baseline. The same trend is confirmed for all the three 
rolling directions, even if it is more relevant along the 0 deg 
and 90 deg than along the 45 deg directions. The same 
experimental plan, previously reported in Section 2.3, was 
carried out on the fully annealed AA1050-O.  

Fig. 5 (a) shows the flow stress curves of the AA1050-O 
along the rolling direction. Since in the annealed condition the 
material has a lower dislocations density, the flow stress curves 
present a work hardening behavior and higher values of strain 
at fracture than the H24 condition, but, conversely, lower 
values of both the yield and Ultimate Tensile Strength (UTS). 
The results of the test carried out along the 45 deg (Fig. 5 (b)) 

DC density–A/mm2 0 5 10 15 20 25 30 35 
Mat. state Roll.dir. Repeatability 

H24 0 deg 5 5 5 5 5 5 5 5 
H24 45 deg 5 5 5 5 5 5 5 5 
H24 90 deg 5 5 5 5 5 5 5 5 

O 0 deg 5 5 5 5 5 5 5 5 
O 45 deg 5 5 5 - - 5 - - 
O 90 deg 5 5 5 - - 5 - - 

Fig. 3: Maximum sample temperature for different DC density in 
cooling conditions, and thermal profile along the specimen. 
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and 90 deg (Fig. 5(c)) directions show that the AA1050-O has 
a higher strain at fracture than in the 0 deg direction, for the 
same applied current density. Along the 0 deg direction, is was 
found that the higher the applied DC density the larger the 
decrease of both the flow stress and the strain at fracture. At the 
same time, the tensile tests carried out along the 45 deg and 90 
deg directions showed that the DC density of 5 A/mm2 
maximize the strain at fracture.   

3.3. Discussion – DC results 

Having the two material conditions different flow stress 
behaviors, the effects of the applied DC density were compared 
on the basis of normalized values. The results were normalized 
with respect to the correspondent tests carried out without any 

applied current. Fig. 6(a) shows the comparison of the 
normalized values of the UTS obtained with the different DC 
densities, along the 0 deg direction for both the tempered and 
annealed conditions. It can be seen that the AA1050-H24 does 
not show any significant variation for DC densities lower than 
25 A/mm2, while the UTS value decreases for values higher 
than 30 A/mm2 due to the Joule heating. In the same way, the 
AA1050-O shows a decrease of UTS values for DC density 
higher that 25 A/mm2, and nearly no influence under this value. 
Fig. 6 (b) shows the same comparison on the UTS normalized 
values along the 45 deg and 90 deg directions. Even in this case, 
no relevant differences were detected neither for the annealed 
nor for the work-hardened condition.   

Fig. 7 (a) shows the normalized strain at fracture along the 
0 deg direction for both the AA1050-H24 and AA1050-O at 
different DC densities. The H24 condition has an increased 

Fig. 4: Flow stress behaviour of the AA1050 – H24, for different DC 
density, with a strain rate of 0.1 s-1 along the tree rolling direction: a) 

0dg, b) 45 deg and c) 90 deg. 

Fig. 5: Flow stress behaviour of the AA1050 – O, for different DC 
density, with a strain rate of 0.1 s-1 along the tree rolling direction: a) 

0dg, b) 45 deg and c) 90 deg. 
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strain at fracture, with a maximum equal to 17% for the DC 
density of 5 A/mm2; then the values decrease for higher values 
of current. Conversely, the annealed condition did not show 
any increase of the strain at fracture for any applied DC. The 
increased formability of the H24 at 5 A/mm2 cannot be a 
consequence of the thermal effects since the temperature of the 
specimen was kept at room temperature, as it was measured 
during the tests by using both the pyrometers and the infrared 
thermos camera. So, the only contribution was given by the 
electro plastic effect that support the dislocations annihilation 
during the deformation. Such effect cannot be found in the 
annealed condition due to the fact that the initial dislocation 
density is significantly lower in this case. The same trend can 
be seen in Fig. 7 (b), for the 45 deg and 90 deg directions, with 
the AA1050-H24 that always shows an increase of the strain at 
fracture at 5 A/mm2, equal to 20% and 9% respectively for the 
90 deg and 45 deg specimens. Along these directions the 
annealed condition showed a slight increase in the strain at 
fracture, with a maximum increment of 2.2% at 5 A/mm2. 

3.4. Discussion – Thermal results 

Both the material conditions were tested also in an 
environmental chamber at the same temperatures obtained in 
the DC current tests (see Fig. 3), namely 25 °C, 50 °C and 75 
°C. The comparisons allow even more to distinguish the effects 
due to the thermal and electroplastic phenomena. Fig. 8 shows 
the normalized UTS with and without applied DC along the 0 
deg direction. It can be noticed that the H24 condition shows 
higher values of UTS when a DC density is applied to the 

specimen compared to the tests carried out at the correspondent 
temperatures in the environmental chamber without the 
application of DC. At the same time, the annealed condition 
shows the opposite trend with a lower decrease of UTS 
obtained in tests carried out in the environmental chamber if 
compared with the tests at the correspondent temperatures 
under DC current application. In both cases, the higher the DC 

applied the higher the influence of the Joule heating, but in the 
H24 condition the application of a DC determine larger UTS 
values. Conversely, in the annealed condition the application 
of a DC determine lower UTS values, showing an opposite 
behaviour.  

Fig. 6: Normalized UTS with different applied DC densities and 
materials state along the a) 0 deg direction, b) 45 deg and 90 deg 

directions. 

Fig. 7: Normalized strain at fracture with respect to the baseline vs DC 
density for the annealed and work hardened AA1050 along the: a) 0 

deg, b) 45 deg and 90 deg rolling directions. 

Fig. 8: Normalized UTS values at different testing temperatures obtained by 
means of an environmental chamber or by the effect of the DC current, with 

respect to the baseline condition for the two different material states 
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Fig. 9 shows the normalized strains at fracture with and 
without applied DC for both the tested material conditions. It 
was found that in the case of the annealed condition the 
specimens tested in the environmental chamber always reached 
higher strains at rupture than the specimens at the 
correspondent temperature under the application of a DC 
current. The same comparison for the H24 condition shows that 
the specimens tested with applied DC densities lower than 30 
A/mm2 have a higher strain at fracture than when tested in the 
environmental chamber. Higher levels of applied DC density 
lead to lower strain at fracture values compared with the results 
of the environmental chamber. It is worth noticing that this 
behaviour is opposite to the one of the annealed condition. 
Being the dislocation density the only difference between the 
two material states (due to a different amount of work 
hardening), this might confirm the interaction between the 
current flow and the dislocation density.  

4. Conclusions 

The paper presents the results of the investigations carried 
out on the AA1050 aluminum alloy, provided in H24 and 
annealed conditions, to assess the influence of the electro- 
plastic effect under the application of uni-axial deformations. 
The proposed methodology allowed decoupling the thermal 
effect due to the joule heating from the electro plastic one. The 
results show that the work-hardened condition is positively 
influenced by the electroplastic effect, with a peak of strain at 
rupture at 5 A/mm2. This behavior was found for both the 0 deg 
and 90 deg directions, while a lower influence was seen along 
the 45 deg direction. On the other hand, the electroplastic effect 
did not cause any increase neither in terms of strain at fracture 
nor of UTS for the AA1050 in the annealed condition, 
independently from the tested directions. These opposite 
behaviors can be ascribed to the different amount of initial 
dislocation density in the two material states. The applied DC 
has a positive interaction with the condition having a higher 
density of dislocations, contributing to increase the strain at 
fracture. A set of tensile tests were carried out in an 
environmental chamber at temperatures consisted with the one 
reached during the EA tests. The comparison of the different 

conditions confirms the electroplastic effect leads to an 
increase of the mechanical properties of the AA1050-H24, 
while it decreases them in the case of AA1065-O. 
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