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Abstract: The energy absorption capacity of the A15083 thin-walled tube produced by parallel tubular angular pressing
(PTCAP) process was evaluated. Also, microstructure, mechanical properties, and anisotropy coefficients were studied
in the peripheral and axial directions. Results showed that values of energy absorption decreased with processing pass
increasing and the values for the unprocessed, first and second passes were obtained to be 167, 161.4 and 160.7 J,
respectively. The differences between the simulation results for the energy absorption values and their experimental
values for the unprocessed, the first and the second PTCAP passes samples are about 5%, 10%, and 13%, respectively.
The energy absorption capacity was related to the anisotropy coefficient and microstructure. The results demonstrated
that grain refinement occurred and ultimate tensile strength (UTS) and microhardness after the first and second PTCAP
passes were enhanced, while the increase rate in the first pass was much severer. Also, by applying PTCAP, the
deformation modes were altered, such that the deformation mode of the annealed tube was quite symmetrical and
circular while for the first and second passes there have been triple and double lobes diamond. The results of the
numerical simulation for the deformation mode of the annealed and PTCAPed tubes were consistent with the
experimental results. The deformation mode of tubes is dependent on their mechanical properties and variation of the
mechanical properties during PTCAP process.

Key words: energy absorption; Al 5083; ultra-fine grained aluminum alloy; thin-walled tube; severe plastic
deformation; anisotropy coefficient

than that of the peripheral compressive loading [4].
In the study of static crushing structure, the elastic
energy range is usually ignored because plastic
energy is much larger than elastic energy.
Therefore, in this kind of deformation mechanism,
the mechanical behavior of circular columns is

1 Introduction

Thin-walled tubes have been utilized because
of their characteristics such as lightness, high
absorption capacity, high energy-to-weight ratio,

and high formability [1,2]. The tubes have the
highest absorption and impact absorption capacity,
in proportion to their unit length and mass units. So,
this advantage is a logical reason for using tubes as
energy absorbers [3]. For example, the local
buckling of tubes under axial compressive loading
was compared with the deformation caused by the
peripheral compressive loading in the rigid plates,
and it was found that the energy capacity in the
axial compressive loading is about ten times greater

often studied by assuming a rigid—plastic material
model [5]. In general, collapse involves plastic
buckling and the formation of symmetric and
asymmetric progressive folding [6]. GUPTA and
VENKATESH [7] investigated the effects of the
diameter and thickness of the wall in the
cylindrical tubes considering their axial collapse.
Their analysis showed that the
energy absorption curve and different folding
states for tubes with varying ratios of diameters to

numerical
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thicknesses had good agreement with experimental
results. LI et al [8] investigated the influence of
geometry on energy absorption for AZ31B and
A6063Al thin-walled square tubes through applying
axial compression test with varying lengths at
different compression rates. The results show that
material and geometry are very effective, and by an
increase in the L/W ratio (L and W represent the
tube length and width, respectively), the maximal
force and global specific energy absorption
decreased for the magnesium tubes, while they
remained approximately constant for the aluminum
tubes. LINUL et al [9] studied the effect of
temperature on the mechanical behavior of closed-
cell aluminum-alloy foam-filled tubes (FFTs) under
quasi-static compressive loads. The results
indicated that at each tested temperature, the

closed-cell ~aluminum foam improves the
mechanical properties of the empty steel tubes.
Also, they observed that the deformation

mechanism of FFTs at all tested temperatures is
axisymmetric concertina mode with the formation
of two folds. Also, LINUL et al [10] concluded that
the addition of particles decreased volumetric
energy absorption of ZA27 metallic syntactic foam
at elevated temperatures. ABDUL-LATIF et al [11]
improved energy absorption in the axial plastic
collapse of hollow cylinders. They used rigid steels
in a pipe environment at different distances, which
forced the tube to collapse from these rigid rings
around the pipe. Their laboratory studies were
carried out on copper and aluminum pipes with
different ratios of radius to length and radius to
thickness. TASDEMIRCI [12] examined the
influence of tube end constraining on the axial
crushing behavior of an aluminum tube. His results
showed that in addition to the specifications of
tube dimensions and material, the constraining of
the two ends of the tube also affected the
characteristics of axial crushing behavior and
energy absorption.

In recent decades, there have been many
attempts to improve the mechanical properties of
materials [13]. One of the most successful ones is
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severe plastic deformation (SPD). In all of SPD
methods the principles are the same, without
changing the geometric dimensions of the
material during different SPD methods, it is
possible to apply a high shear plastic strain and
achieve the desired mechanical properties and the
production of ultrafine-grained (UFG) and
nanostructured (NS) materials [14]. Different SPD
methods have been proposed, such as equal
channel angular pressing (ECAP) [15—18], high-
pressure torsion (HPT) [19-21] and accumulative
roll bonding (ARB) [22-27] for bulk and sheet
metal.

In contrast, suitable methods for producing
tubes are high-pressure tube twisting (HPTT) [28],
accumulative spin bonding (ASP) [29], tubular
channel angular pressing (TCAP) [30] and parallel
tubular angular pressing (PTCAP) [31]. PTCAP
method as a novel SPD method was presented by
FARAJI et al [31]. This process has several
advantages over other methods such as reduction of
process force and more uniformity of strain in the
thickness of the tube.

In this research, the energy absorption capacity
of the ultra-fine grained Al5083 tube produced by
PTCAP process during different cycles has been
presented. After PTCAP process, the mechanical
properties and microstructure in each cycle have
been evaluated experimentally. Besides, the axial
buckling and absorption energy as the main goals
have Dbeen investigated experimentally and
numerically.

2 Experimental

2.1 Research material

In this work, AI5083 alloy was used as the raw
material with the chemical composition and
mechanical properties presented in Table 1. The
tubes were prepared with the length, outer diameter,
and thickness of 30, 20 and 2.5 mm, respectively.
The prepared tubes were annealed at a temperature
of 345°C for 2h to get a more homogeneous
microstructure.

Table 1 Chemical composition and mechanical properties of AI5S083 tube

Axial direction

) - . Microhardness Peripheral direction
Chemical composition/wt.%
(HV) UTS/MPa  Elongation/%  UTS/MPa  Elongation/%
Balance Al, 4—4.8 Mg, 0.6—1.0 Mn, 74 465.8 26.4 231.6 18.4

0.4 Fe, 0.4 S1,0.3 Zn, 0.1 Cu, 0.1 Ti
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2.2 PTCAP process

Figure 1 presents schematically the principle
of the PTCAP process, which was used to produce
the ultrafine-grained AI5083 tubes. According to
Fig. 1, the PTCAP process includes two half passes.
In the 1st half pass, at first, punch presses the tube
into the gap between the mandrel and die consisting
of two shear zones to increase the tube diameter to
its maximum value. Then, the tube is pressed back
using the second punch in the second half pass to
decrease the tube diameter to its primary value.
After N cycles of PTCAP process, the total
equivalent plastic strain can be calculated through
the following equation [31]:

2
Zoy = 2N{ {[2cot [% + "’7) +
i-1

o Vi 2. R

y/icosec(?+7j]/\/§}+$1n71 (D)
where ¢, w, N, R, and R, are channel angle,
curvature angle, number of cycles, primary and
secondary radius, respectively.

Also, Fig. 1 illustrates PTCAP parameters and
dimensions. MoS,, as a lubricant, has been used to
reduce the friction between the tubes and
die [32,33]. The first, second, and third passes of
PTCAP process were done to the tube at a ram
speed of 5 mm/min at room temperature. The tube
had no rotation toward the die between two-half
cycles.

(a) R=8.75 mm

irst punch (b) Mandrel

v
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Fig. 1 Schematic illustration of PTCAP process and
equipment: (a) The fist half pass; (b) The second half
pass [31]

2.3 Characterization tests

Microstructure and mechanical properties were
investigated by optical microscopy, uniaxial tensile
test and microhardness measurement for

unprocessed and processed materials after the first
and second PTCAP passes. All of the mechanical
properties have been reported in both axial and
peripheral directions at room temperature.

The unprocessed and processed tubes after
each PTCAP pass were cut by wire cut machining.
Then, they were ground using 100—5000 sandpaper
and polished by use of a mixture of alumina powder
with a particle size of 0.5-0.1 um, water, and soap.
Finally, to remove the oxide layers, they were
polished by alcohol and alumina without using
water.

According to Figs. 2(a) and (b), the uniaxial
tensile test samples were prepared for the primary
and PTCAPed tubes in the axial and peripheral
directions, respectively. The uniaxial tensile tests
were performed at a nominal initial strain rate of
5x10*s™! at room temperature using a SANTAM
tensile testing machine. According to ASTM
E08-10, the specimens were prepared with a gage
length and a width of 10.6 and 1.8 mm in the axial
direction and 10.6 and 3.5 mm in the peripheral
direction, respectively. A fixture of the tensile test
and fractured samples in both axial and peripheral
directions is shown in Fig. 2.

Vickers microhardness tests were conducted
using a JENUS apparatus under a load of 200 g

(a) (b)

Before

During

After

Fig. 2 Tensile test samples before, during and after
examination: (a) Axial direction; (b) Peripheral direction



A. HOSSEINI, et al/Trans. Nonferrous Met. Soc. China 30(2020) 1238—1248 1241

applied for 10s. Microhardness tests were
implemented at ten different points randomly in the
axial and peripheral directions for the unprocessed
and processed tubes. Then, for each sample, the
minimum and maximum hardness values were
disregarded.

2.4 Experimental and numerical buckling test

In this study, to determine the influence of
PTCAP process on energy absorption, we prepared
three samples from unprocessed Al5083, the first
and second PTCAP passes. The wire-cut machine is
used to prepare the samples to reduce the residual
stress in the same dimensions (30 mm in length and
2.5 mm in thickness).

The fixture is made up of two upper and lower
parts. The lower part is placed on the press machine
table, and the upper part is placed under the press
ram. The pressure is applied to the end of the upper
part. A quasi-static axial buckling test is performed
in identical fixing conditions using a SANTAM
50-ton press machine at a cross-head rate of 4
mm/min at room temperature. It is also possible to
achieve the average of absorbed energy values,
which is the area under the force—displacement
curve. Deformation mode is visible from the
folding tubes.

The finite element method is used to calculate
the necessary deformation force, the amount of
absorbed energy and the deformation modes in the
study of the axial buckling behavior of the
ultra-fine grained A15083 tube processed by PTCAP
process. For this purpose, the Abaqus/ Explicit 6.10
software is used. The model consists of tubes, up
and down fixers so that the modeling conditions are
precisely equal to the experimental conditions.
Since all deformations are not symmetric, 3D
modeling is done. The thin-walled tubes are
considered as deformable components, and shell
elements are used for their simulation. Fixators are
modeled as rigid parts. The material properties of
each cycle are extracted from the uniaxial tensile
tests in both longitudinal and peripheral directions
to consider anisotropic behavior of material
according to Hill's 48 criteria. The Holloman’s rule
is used for predicting work-hardening, and the
Holloman’s equation is as follows:

o, = k@) @)

where Oy, k, € and n are the effective stress,

strength coefficient, effective plastic strain, and
strain hardening exponent, respectively.

In this simulation, Dynamic/Explicit solving is
used, and time is considered to be 0.3 s for
complete deformation in the axial buckling test. In
the load section, the bottom fixture is free, and the
top fixation is given 10 mm of displacement. The
effect of friction is considered using the penalty
method, and a friction coefficient of 0.25 is applied.
The shape, technique, algorithm, size, and the
number of elements are supposed to be Quad-
dominated, free, medial axis, 0.4 mm (size) and
9782 elements after checking mesh sensitivity. This
element is considered the same for all samples. Due
to the large deformation during the simulation, the
convergence of the adaptive molding or automatic
mating is used. Also, in the modeling, the following
assumptions are considered.

(1) The initial thickness of the tubes is uniform
everywhere.

(2) The two ends of the thin-walled tubes
inside the fixture are quite constant.

(3) Fixers are rigidly assembled and remain in
constant shape.

(4) The friction coefficient of all surfaces is the
same.

3 Results

3.1 Microstructure and mechanical properties
Figure 3 shows the optical images of the
unprocessed and PTCAP processed A15083 thin-

Fig. 3 Optical images of AI5083 tubes: (a) Unprocessed;
(b) After the second PTCAP process
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walled tubes at the second pass. In Fig. 3(a), a
recrystallized homogeneous microstructure of the
unprocessed AI5083 with a mean grain length of
less than 10 pm is observed. The microstructure of
tube after the second PTCAP pass containing
elongated ultrafine grains is demonstrated in
Fig. 3(b). Also, from the comparison of the
microstructure for both peripheral and axial
directions, it can be seen that more grain refinement
occurred in the peripheral direction.

Figures 4(a) and (b) show the engineering
stress—strain curves in both the peripheral and axial
directions at the room temperature, respectively.
Also, variations of ultimate tensile strength and
elongation in both the peripheral and axial
directions which are extracted from engineering
stress—strain, are demonstrated in Figs. 4(c) and (d).
According to Fig. 4, as is evident at first glance, by
applying sever plastic strain to the material, the
strength increased, and the elongation reduced.
After the first pass of PTCAP process, the UTS
increased, and elongation decreased, drastically in

400
(@) Second PTCAP pass

(98]

D

(=}
T

First PTCAP pass
Unprocessed

/(A15083)

— i [\ N W

(=3 W S ()] S

(=} (=} (=} (=} (=}
T T T T T

Engineering stress/MPa

i
(=]
T

10 15 20 25
Engineering strain/%

(=)
()]

700 ©
1 Peripheral direction
mm Axial direction

600 [

W

(=3

(==}
T

UTS/MPa
w b
S S
S S

Second
PTCAP pass

First
PTCAP pass

Unprocessed
(A15083)

A. HOSSEINI, et al/Trans. Nonferrous Met. Soc. China 30(2020) 1238—1248

both the peripheral and axial directions. The UTS
increased after the first cycle, in the peripheral and
axial directions from 465.8 and 231.6 for
unprocessed Al5083 to 547.7 and 310.4 MPa,
respectively. However, the elongation in both
directions decreased from 26.4 and 18.4 to 16.6 and
9.3 in the peripheral and axial directions,
respectively. Major changes in mechanical
properties are at the first cycle, and then variations
of the mechanical properties are negligible. Though,
after the first PTCAP pass, the strength increased at
meager rates. The highest strength at the end of the
second pass is obtained in both directions. This
phenomenon has been demonstrated by similar
studies in different UFG metals [31,34—38]. Finally,
after the second PTCAP process, the values of UTS
in peripheral and axial directions reach 579.4 and
337.5 MPa that are 1.24 and 1.46 times the
unprocessed tube, respectively. In general, in all
processes of severe plastic deformation, two
mechanisms of strain hardening (increasing the
density of dislocations) and grain refinement play

700
(b) Second PTCAP pass

/" First PTCAP pass

/ Unprocessed
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3 400 -
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(d) . I
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First
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Fig. 4 Engineering stress—strain curves in axial direction (a) and peripheral direction (b), and variation of UTS (c) and

elongation (d)
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major  roles in  improving  mechanical
properties [39—41]. Also, according to the famous
Hall-Petch  equation, the grain size of
microstructure plays an essential role in the
mechanical properties of the metals, and by
changing the coarse grain into the fine and
ultra-fine  grain, the mechanical properties
increased [14,39,42]. As shown and expected, better
mechanical properties (strength and formability) are
achieved in the peripheral direction in comparison
to the axial direction. Mechanical properties are
improved at a higher rate in the peripheral direction
compared to the axial direction, which is consistent
with results of similar research, and can be caused
by variation of crystallographic texture during the
PTCAP process [32,34,43].

Figure 5 presents the microhardness
measurements in both the peripheral and axial
directions for annealed thin-walled tubes and after
the first, second and third PTCAP passes. It is clear
that, after the first pass of PTCAP processing, the
values of Vickers microhardness increase, and for
the second and third passes, the values are enhanced
with low range compared to the first pass. Such as
strength and formability, the high microhardness is
achieved in the peripheral direction compared to the
axial direction that can be attributed to the variation
of crystallographic texture during the PTCAP
process [32,34,43,44]. Also, the variation of Vickers
microhardness is related to both the dominant
mechanism in the PTCAP process: grain refinement
and work hardening [14,37-39,45,46]. Finally, the
maximum values of microhardness in the peripheral
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Fig. 5 Variation of microhardness in peripheral and axial
directions after different PTCAP passes

and axial directions are obtained at the third PTCAP
pass, and the microhardness values reach HV 114.9
and HV 100.7 that represent an improvement of
49% and 34% relative to the unprocessed Al5083
tubes, respectively.

3.2 Axial crushing test

Generally, the analysis of force—displacement
diagrams in the quasi-static loading of tubes shows
that the axial load increases to the first of folding
formation (Maximum force) and then depending on
the geometric parameters (such as diameter to
thickness and length to diameter ratios), as well as
material properties, occurring of different modes
are possible. In general, its collapse involves plastic
buckling and the formation of asymmetric and
asymmetric progressive folding. The formation of
the folding causes the force curve to go up and
down. As it is known, the absorption rate of the
thin-walled tubes depends mainly on their collapse
behavior, thus, if the method of its collapse cannot
be predicted accurately, determination of the exact
absorption of energy will be impossible. Also, the
tube length during the collapse is always a
percentage of their initial length, and it is not
promising to consider the length of the collapse
equal to the length of the tube.

Images of the annealed and PTCAP processed
thin-walled tubes during the axial buckling test are
shown in Fig. 6. The applying PTCAP process
alters the deformation modes of thin-walled tubes.
Moreover, the deformation modes obtained from
numerical simulations are entirely consistent with
experimental results. According to Fig. 6, the
deformation mode of the annealed tube is quite
symmetrical and circular while deformation modes
for the first and second PTCAPed samples are triple
and double lobes diamond, respectively. The
deformation modes of these thin-walled tubes are
dependent on their mechanical properties obtained
from the tensile test. However, as low-strength and
high-strength  tubes are more exposed to
symmetrical circular and diamonds modes of
deformation, respectively [6]. The most important
and most effective parameter on the folding mode is
anisotropy. By comparing the processed and
unprocessed tubes, in addition to mechanical
properties, the microstructure also varies, but due to
the more significant anisotropy effect, the results
are in good agreement with each other. Of course,



1244 A. HOSSEINI, et al/Trans. Nonferrous Met. Soc. China 30(2020) 1238—1248

Unprocessed First PTCAP  Second PTCAP
(A15083) pass pass
=
Q
£
5}
2,
=
m
g i
3 'i
=
E |
- /

Fig. 6 Deformed unprocessed and PTCAP processed
thin-walled tubes after axial crushing test experimentally
and numerically

the microstructure is quite effective in mechanical
properties and anisotropy, and its effects on the
deformation mode are also considered in simulation
indirectly. The force—displacement diagrams
obtained from the quasi-static buckling test are
shown in Fig. 7. As can be seen, the maximum
force of folding is related to the yield force of tubes,
and by applying the PTCAP process, the yield
strength, and consequently, the maximum buckling
force increase. After the maximum force (linear
force—displacement relation), the axial buckling
begins and the first folding forms, and after the
formation of folding, the force decreases. This
process is repeated to create each folding so that the
tube is completely folded. This trend is shown in
Fig. 7 for all three samples. Also, the amount of
absorbed energy is obtained using the Q-mat
software to calculate the surface under the force—
displacement curve (Fig.7). The computed
absorbed energy values for the unprocessed, the
first and the second PTCAP passes samples are 167,
161.4, and 160.7 J, respectively (Table 2). As it is
known, the energy absorption values by the
application of the PTCAP process decrease, and
they decrease by about 3.35% and 3.77% in the first
and second passes, respectively. Reducing energy
can be due to reasons such as applying high strain,

141 Second PTCAP pass
12r Annealed
i 10
3 8f
&
=~ 6r
First PTCAP pass
4 =
2 L
0 2 4 6 8 10

Displacement/mm
Fig. 7 Force—displacement curves for initial and PTCAP
processed thin-walled tubes after axial crushing test

creating micro surface cracks, reducing the ductility,
and reducing the anisotropy coefficient during the
PTCAP process. AFRASIABI et al [47]
investigated the influence of anisotropy on energy
absorption in thin-walled tubes. They reported that
by increasing the anisotropy coefficient (R=
(peripheral ultimate tensile strength)/(axial ultimate
tensile strength)), the amount of energy absorbed by
thin-walled tubes increased. The criterion of
mechanical anisotropy has been defined as the
ultimate peripheral strength to ultimate strength
ratio. According to the results of the tensile test in
the peripheral and axial directions, the defined
anisotropy values for the primary AI5083 tube and
after the first and second passes of PTCAP process
are calculated as 2.01, 1.76 and 1.72, respectively.
These results indicate that the amounts of
anisotropy for Al5083 during the first and second
passes of PTCAP decrease by 12.4% and 14.4%
compared to the annealed thin-walled tubes,
respectively. It can be seen that after the second
pass despite the application of the high strain, it
remains constant approximately.

In this study, the anisotropy coefficient
decreases after the first and second PTCAP passes,
continuously, and the trend of the anisotropy
coefficient variations and absorbed energy changes
are the same, approximately. Also, AFRASIABI
et al [48] reported that applying severe plastic
deformation to Cu—Zn thin-walled tube leads to the
formation of UFG and NS, and this structure
exhibits higher energy absorption capacity
compared to coarse-grained materials. AFRASIABI
et al [47] also reported that the anisotropy
coefficient of the Cu—Zn thin-walled tube increased
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Table 2 Summary of mechanical properties of samples obtained in this study

Peripheral direction Axial direction Anisotropy .
. Absorption
Sample UTS/ Elongation/ Microhardness UTS/ Elongation/ Microhardness coefficient, energy/J
MPa % (HV) MPa % (HV) R
Annealed  465.8 26.4 77.1 231.6 18.4 74 2.01 167
First pass 547.7 16.6 98.6 3104 9.3 93.4 1.76 161.4
Second pass  579.4 14.5 109 337.5 8.6 96.8 1.72 160.7
after applying severe plastic deformation to the H
material. They stated that the dominant deformation 12r
mechanism in Cu—30%Zn alloy was twining for its L 107 r
low stacking fault energy (SFE). They showed that < g !
Cu—30%Zn alloy deformed by both slip and E ; b
twinning mechanisms. In low stacking fault energy |
materials, the twinning mechanism is preferred to ar — Experiment
. . .. - - Simulation
be slip mechanism because of the lower activation 2
energy of twinning. Free slip line distance reduces

due to the presence of twins. Twins—matrix
interface operates as an obstacle to strain
accommodation, and dislocation mobility is more
complicated because of the reduction of the mean
slip length. In the present study, the anisotropy
coefficient of the PTCAP processed tube decreased.
This result might be discussed by referring to the
high stacking fault energy of A15083 [25].

However, applying high strain to metal, to
reduce grain size can decrease formability, and
increase brittleness. So, it can lead to lower energy
absorption capacity [49—51]. Generally, toughness
and absorbed energy depend on both strength and
formability. So, to achieve high energy absorption,
both parameters need to be simultaneously
increased, or the increase rate in one should be
more severe than the decreased rate on another
parameter [45,46,49]. Figure 8 shows the force—
displacement diagrams obtained from the buckling
test experimentally and numerically for the
annealed, and the first and the second PTCAP
passes samples. As can be seen, there is good
agreement between empirical and numerical results.
Also, the trends of variation of force in the linear
elastic region and the formation of first folding
coincide. The differences between the simulation
results for the energy absorption values and their
experimental values for the unprocessed, the first
and the second PTCAP passes samples are about
5%, 10%, and 13%, respectively. The main reason
for the error in the first and second PTCAP process
can be due to the inability of the software to
consider microstructure changes.
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Fig.8  Force—displacement  diagrams  extracted

experimentally and numerically: (a) Initial thin-walled
tube; (b) First PTCAP pass; (c) Second PTCAP pass

4 Conclusions

(1) Optical microscopy demonstrated that by
applying the strain, grain size decreased and the
microstructure of the second PTCAP pass sample
contained elongated ultrafine grains.
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(2) The results of mechanical properties
showed that by increasing the number of PTCAP
process, the tensile strength and microhardness
were enhanced, continuously. The increase rate in
the first PTCAP pass is much higher than those in
the other passes. These variations were related to
both dominant mechanisms in the PTCAP process:
grain refinement and work hardening.

(3) By applying PTCAP process, deformation
modes of thin-walled tubes altered from quite
symmetrical and circular for annealed tubes
changed to triple and double lobes diamond, for the
first and the second PTCAP passes, respectively.
Moreover, the deformation modes obtained from
numerical simulations are completely adaptive with
experimental results.

(4) After the first and second PTCAP passes,
the energy absorption decreased, and the numerical
investigation showed that the variation of energy
absorption is consistent with experimental results.
The reduction trends of the anisotropy coefficient
and absorbed energy are quite similar. Also,
anisotropy is the main factor associated with the
rising of brittleness during PTCAP process in
reducing the energy absorption capacity.
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