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Chapter

Aluminum Alloys Behavior during
Forming

Perumalla Janaki Ramulu

Abstract

Industrial revolution toward weight reduction and fuel efficiency of the automo-
tive and aerospace vehicles is the major concern to replace heavy metals with light
weight metals without affecting much strength. For this, aluminum alloys are the
major contributors to those industries. Moreover, aluminum alloys are majorly
categorized as 1xxx, 2XXX, 3XXX, 4XXX, 5XXX, 6XXX, /XXX, and 8xxx based on major
alloying elements. Among all, 2xxx, 5xxX, 6xxx, and 7xxx are having majority of
applications in the abovementioned industries. For manufacturing any engineer-
ing deformable components, forming characteristics are must. Forming behavior
of aluminum alloys has been evaluated through different processes including deep
drawing, stretching, incremental forming, bending, hydro forming etc., under dif-
ferent process conditions (cold, warm, and hot conditions) and process parameters.
Each process has its own process feasibility to evaluate the formability without any
forming defects in products. The present chapter discusses a few important pro-
cesses and their parameter effect on the aluminum alloys through the experimenta-
tions and simulation works.

Keywords: ISF, hot forming, tube hydroforming, deep drawing, stretching

1. Introduction

Formability is defined as plastic deformation ability to produce a part with
definite requirements on mechanics, dimension, and appearance of a material
during a forming process, being mainly limited by the occurrence of flow localiza-
tion or variability. The formability of any sheet material depends on the material
properties, process parameters, and strain bounding criteria. The formability can
be evaluated through simulation tests like stretching, deep drawing and draw-
ing processes, mechanical tests, limiting dome height (LDH), and forming limit
diagrams at various conditions. Evaluating the formability of aluminum alloys is
crucial for industries like aerospace and automotive due to their significant advan-
tages over other materials. Aluminum alloys are majorly categorized as 1xxx, 2Xxx,
3xxx, 4xXX, 5xxX, 6XXX, 7XXX, and 8xxx based on major alloying elements. Among
all, 2xxx, 5xxx, 6xxX, and 7xxx are having majority of applications in any industry.
Forming behavior of aluminum alloys has been evaluated through different pro-
cesses including deep drawing, stretching, incremental forming, bending, hydro-
forming, etc., under different process conditions (cold, warm, and hot conditions)
and process parameters. Each process has its own process feasibility to evaluate the
formability without any forming defects in products. The significance of this chap-
ter is to discuss and elaborate the effect of forming process parameters of different
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processes on various aluminum alloys. Specifically, the hot forming process, deep
drawing process, incremental forming process, tube hydroforming process, and
stretching process are discussed on different aluminum alloys.

2. Aluminum alloy behavior during hot forming

Hot forming of aluminum alloys is extensively used in the modern industry and
has been explored by many researchers and scientists. The main intension to derive
this process is to reduce in-flow stress, increase ductility, reduce work hardening,
increase toughness of the material, etc. Furthermore, temperatures lower than
those involved during hot forging make easier the obtaining of close tolerances
and high surface finish [1]. To lead the hot forming process on different aluminum
alloys, different process parameters were considered and the attachable results to
the literature were derived.

For details, high-temperature tensile deformation of AA 6082-T4 was experi-
mented in the temperature range of 623-773 K at several strain rates in the range of
5x 107 to2 x 107> s™". By this, stress exponent n of 7 during the ranges of tempera-
tures and strain rates was tested. This is higher than what is usually observed in Al-Mg
alloys under similar experimental conditions. Improvement in the strain exponent of
any material leads to better formability [2]. Hot compression tests were performed on
aluminum alloys 7150 and 2026 by varying the temperature from 300°C to 450°C and
at a strain rate from 0.01s ' t0 10 s* [3, 4]. Also, on AA 7075-T6 and AA 7085 alumi-
num alloy [5, 6] tested at different temperatures and strain rates (450, 500, 520, 550,
580°C and 0.004, 0.04 and 0.4 s~* for AA 7075 and AA 7085 in the temperature range
from 250°C to 450°C and at strain rate from 0.01s™" to 10 s using Gleeble-1500 sys-
tem, whereas hot deformation behavior was studied on aluminum alloys consisting of
Al-6.2Zn-0.70Mg-0.3Mn-0.17Zr with temperature range of 623-773 K and strain rate
of 0.01-20 s™* [7]. Using the metallographic and transmission electron microscope,
structural changes were studied. The results showed that the true stress-true strain
curves exhibit a peak stress at a critical strain, after which the flow stresses decrease
monotonically until high strains. The peak stress level decreases with increasing
deformation temperature and decreasing strain rate. Similarly, Ag-containing 2519
aluminum alloy hot deformation behaviors were studied by isothermal compression
at 300-500°C with strain rates from 0.01 to 10 s_". Consequences indicated that by
increasing the strain rate and decreasing the deformation temperature, the flow
stress of the alloy increased. And also, at a strain rate lower than 10 s ! the flow stress
increases with increasing strain until the stress reached the peak value, and later on, a
constant flow stress was noted [8]. Aluminum alloy of grade 7075 sheets fabricated by
twin roll casting and deformation behavior was investigated at high temperature. At
high temperatures from 350 to 500°C and strain rates from 1 x 10> to 1 x 107> s™", hot
tensile test was performed. The results showed that by increasing the strain rate and
decreasing deformation temperature, flow stress was increased [9]. Similarly, three
aluminum alloys containing different silicon contents were studied at a temperature
range of 573-773 K with strain rates of 0.01, 0.1, 1and 5 s 1 [10].

Hot deformation behavior using processing map technique of stir cast 7075 alloy
was studied. Based on the values of a dimensionless parameter like an efficiency
index of energy dissipation, mapping was understood in terms of microstructural
processes. Under the temperature and strain rate conditions, the processing map
exhibited one distinct domain without any unstable flow conditions. In the process-
ing map, the dynamic recrystallization zone and instable zones were identified. The
processing maps can be used to select optimum strain rates and temperatures for
effective hot deformation of 7075 alloy [11].
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Elevated temperature and strain rate were aimed by stamping of AA5083 sheet
components. To evaluate mechanical properties and forming behavior, tensile and
Nakajima-type tests were carried out. The material flow stress, ductility, and frac-
ture limit sensitivity to temperature and strain rate were evaluated. And also, the
optimal combination of process parameters for maximum formability and effective
post-deformation mechanical properties were determined [12]. A special device
was developed to investigate the hot forming-quenching integrated process of
cold-rolled 6A02 aluminum alloy sheet. The strengthening effect was replicated by
hardness and uniaxial tensile tests. Microstructure examination was also conducted
to clarify the strengthening mechanism. Results showed that hardness increases
with solution time increase, and improves significantly after artificial aging. The
faster the cooling rate, the greater the strengthening effect. On the same alloy, hot
forming-quenching integrated process at different temperatures from 50 to 350°C
was investigated. Results showed that the Vickers hardness and tensile strength
decreased with increasing forming-dies temperature. To obtain enough strengthen-
ing effect, the forming-dies temperature should not be more than 250°C [13].

Springback and microstructure of the final products were analyzed and
mechanical properties of the material were measured by tensile tests. The results
show that HFSC can improve the formability of AA2024 aluminum alloy. After
natural aging for 96 h at room temperature, the products were subjected to the
hot bending process with synchronous cooling exhibiting a significant increase in
strength. Springback of the aluminum alloy AA5754 under hot stamping conditions
was characterized under stretch and pure bending conditions. It was found that
elevated temperature stamping was beneficial for springback reduction, at hot dies
[14, 15]. Hot stamping was developed for aluminum alloy to improve formability
and avoid thermal distortion by combining hot forming and quenching. The effects
of heating temperature on formability and strengthening of a solution treated with
Al-Mg-Si alloy sheet, uniaxial tensile test, deep drawing test, and free bulging test
were carried out at temperatures ranging from 25 to 500°C. It was observed that
when temperature was raised to 400°C, the fracture strain and limiting bulging
height were increased, whereas the limiting drawing ratio increased as temperature
elevated to 200°C and declined subsequently. The mechanical property hardness
was changed by increasing temperature and at 200 and 500°C, two peak hardness
values were noted. Enhanced formability and strength were obtained simultane-
ously at 200 and 500°C, either of which can be chosen as appropriate forming
temperatures for hot stamping [16]. At different solution heat treatment (SHT)
temperatures, SHT time and lubricant stamping experiments were performed with
6061 and 7075 aluminum alloy sheets to investigate the formability and lubrication
off a B-pillar. After trimming precision level, forming detections were also carried
out. From these observations, the B-pillar wrinkled badly and cracked or even
broke into pieces in cold stamping with or without lubricants [17].

For AA 6061 tailor rolled blanks (TRBs), an integrated hot forming and heat
treatment process was proposed to improve the formability and dimensional
accuracy. The experimentation of this process for sheet forming of A16061 TRB
was evaluated by performing the Erichsen and V-bending tests. The integrated hot
forming and heat treatment process was also compared with the conventional form-
ing method in terms of formability, dimensional accuracy, and mechanical proper-
ties [18]. A hot AA6082 specimen and cold P20 tools were studied as a function of
contact pressure, specimen thickness, and lubricant, using the inverse FE simula-
tion method for the interfacial heat transfer coefficient (IHTC) evolutions. To
predict IHTC evolutions with reductions of different lubricants of sliding distance
at different contact pressures and sliding speeds as a function, an interactive model
was developed. The interaction between the lubricant and IHTC was deducted such
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that it had three stages such as stage I: the lubricant is applied excessively and the
IHTC is plateaued, stage II: in which the lubricant diminishes during sliding and the
IHTC decreases, and stage III: lubricant breakdown occurs and the IHTC is equal to
its values under dry conditions [19].

3. Aluminum alloy behavior during deep drawing process

The drawing of metal or “deep drawing” is the process by which a punch force

is applied to sheet metal to flow between the surfaces of a punch die. By this, the
sheet is formed into cylindrical, conic, or box-shaped parts. The development of
the deep drawing process has paralleled scientific development, particularly in the
aircraft and automotive industries. This process is more popular because of its swift
press cycle times. Complex axisymmetric geometries and certain nonaxisymmetric
geometries can be produced with a few operations. With respect to the functional
perspective, the deep drawing process produces high-strength and lightweight parts
as well as geometries unattainable with some other manufacturing processes [20].
A schematic illustration of these deep drawing processes is shown in Figure 1. This
design is made in such a way that thickness reduction of the workpiece material has
been avoided completely (Figure 1). For this process, the basic tools are the punch,
the drawing die ring, and the blank holder.

Figure 2 shows the important process parameters involved in the deep drawing
process. In addition, material properties such as the strain hardening coefficient (n)
and normal anisotropy (R) affect the deep drawing operation.

Instead of tool temperatures, forming temperature curves (FTCs) were char-
acterized from AA5754-0 as a workpiece temperature at the warm deep drawing
(WDD) process. The distinctive behavior of these curves was examined under
nonisothermal WDD of AA 5754-0. The process parameters were considered
such as FTC, blank holder force, and punch velocity to assure deep drawability.
Optimum conditions were investigated by evaluating the cup volume and spring-
back parameters. In the findings, 330°C in the flange-die radius region and 100°C
in the cup wall-punch bottom region were the ideal optimum temperatures for the
warm deep drawing process [21]. The stress-strain response of AA2014, AA5052,
and AA6082 aluminum alloys at four temperatures: 303, 423, 523 and 623 K, and
three strain rates: 0.0022, 0.022, and 0.22 s~ was evaluated through uniaxial tensile
tests. It was found that the Cowper-Symonds model was not a robust constitutive
model, and failed to predict the flow behavior. A comparative study was followed
for modeling of three aluminum alloys under the mentioned strain rates and tem-
peratures. For comparison, the capability of Johnson-Cook model, modified models
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Figure 1.
Schematic illustration of deep drawing process [20].
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Figure 2.
Significant variables in deep drawing [20].

of Zerilli-Armstrong and Arrhenius and artificial neural network were considered
for constitutive behavior. Better formability of the materials was observed at an
elevated temperature of 623 K in terms of cup height and maximum safe strains by
conducting cylindrical cup deep drawing experiments under two different punch
speeds of 4 and 400 mm/min [22]. Tensile tests of AA5754-H22 aluminum alloy
were carried out at five different temperatures and three different strain rates

to investigate the deformation behavior correlating with the Cowper-Symonds
constitutive equation.

When punch and die were heated to 200°C, the forming limit strain and dome
height were improved. Significant enhancement was noted when the die and
punch temperatures were maintained at 200 and 30°C, respectively, in deep drawn
cup depth. Using a thermo-mechanical FE model, the forming behavior at dif-
ferent isothermal and nonisothermal conditions was predicted. In the FE model,
temperature-dependent properties in Barlat-89 yield criterion and coupled with
Cowper-Symonds hardening model were used. The validation had taken place using
thinning/failure location in deformed cups by implementing the experimental
limiting strains as damage model [23].

Deep drawing of aluminum alloy AA6111 at elevated temperatures was analyzed
with the effect of friction coefficient through experiments and finite element
method. Results indicated that the friction coefficient and lubrication position
influence the minimum thickness, the thickness deviation, and the failure mode
of the formed parts. During the hot forming process, the failure modes were draw
mode, stretch mode, and equi-biaxial stretch mode. Fracture occurred at the center
of cup bottom or near the cup corner in a ductile mode or ductile brittle mixed
mode [24]. Simulations of deep drawing tests at elevated temperatures were carried
out with experimental validation on aluminum alloy 7075. For stamping operations,
some of the important parameters such as blank holder force, stamping speed,
blank temperature, and friction coefficient were considered. During the experi-
mentation, stamping tests were performed at temperature between 350 and 500°C,
0 and 10 kN blank holding force, 50 and 150 mm/s stamping speed, and 0.1 and 0.3
frictional coefficient. At lower values of temperature, blank holder force and fric-
tion coefficient improvement were seen in thickness homogeneity whereas form-
ability was improved with the well lubricated blank at about 400°C temperature
and stamping speed 50 mm s~* [25]. Tailor friction stir welded blanks (TFSWBs) of
AA5754-H22 and AA5052-H32 sheet metals were fabricated using a tool with opti-
mized design along with optimized process parameters. For optimization to design
the friction stir welding experiments, Taguchi L9 orthogonal array was used. For
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the multi-objective optimization to maximize the weld strength and total elonga-
tion reducing the surface roughness and energy consumption, the gray relational
analysis was applied. The formability was evaluated and compared with TFSWBs
and parent materials using LDR tests. The analysis had proved that TFSWBs were
comparable with parent materials more specifically without any failure in the weld
zone area. For improvement in the LRD, a modified conical tractrix die was pro-
posed and 27% improvement was observed.

Simulations of cylindrical cup drawing were carried out with experimental vali-
dation on AA6111 aluminum alloy at elevated temperatures. The influence of four
important process parameters, namely, punch velocity, blank holder force (BHF),
friction coefficient, and initial forming temperature of blank on drawing charac-
teristics was investigated using design of experiments (DOE), analysis of variance
(ANOVA), and analysis of mean (ANOM). Based on the results of ANOVA, the
BHF had the greatest influence on minimum thickness. The significance of punch
velocity for thickness deviation, BHF, friction coefficient, and initial forming
temperature of blank was 44.35, 24.88, 15.77, and 14.995% respectively. Further, the
effect of each factor on forming characteristics was analyzed by ANOM [26].

A design optimization problem was constructed to identify the formability
window, in which the punch stroke was maximized subject to wrinkling and
tearing. For this, the formability window of a difficult-to-draw material AA 5402
was explained with the pulsating blank holder force (PBHF) and the variable blank
holder force (VBHF). Some parameters in the VBHF and PBHF were included and
taken as the design variables. A sequential approximate optimization (SAO) using
aradial basis function (RBF) network was used to determine the optimal param-
eter of PBHF and VBHF. From numerical simulation coupled with the SAO using
the RBF network using the PBHF and VBHF, formability window was observed.

It was identified that the proposed approach was highly useful for clarifying the
formability window of a difficult-to-draw material [27]. The tailored heat treated
blank (THTB) technique was demonstrated to create a material property gradient
through a suitable artificial aging treatment carried out prior to the forming process
on the effectiveness of combining the hydromechanical deep-drawing process.
This method was coupled with a simple finite element model and a multi-objective
optimization platform. For determining the effect of the aging treatment on the
mechanical and deformative behavior of the AC170PX aluminum alloy, a prelimi-
nary experimental campaign was carried out. The adoption of aged blanks in the
hydromechanical deep drawing allows to increase the limit drawing ratio and to
simplify the process proved from the optimization results [28].

For increasing the drawability of AA1200 aluminum alloy cylindrical cups, one
technique was developed. For optimal process design, effects of die and punch
along with fillet radius of die and punch on LDR, drawing load with respect to
punch stroke and strain of the cup wall was investigated numerically. To determine
the optimum LDR form numerical analysis, a commercial finite element simula-
tion package, ANSYS 14.0, was used. The effects of the original blank on the
various LDR and punch load were numerically investigated. This process success-
fully produced cylindrical cups with considerable drawing ratio [29]. The effect
of pulsating blankholder system was investigated on improving the formability of
aluminum 1050 alloy. Using ABAQUS6.7 software, the deep drawing process was
simulated for cylindrical cup of AA 1050. Later on, experimental and numerical
analyses were compared for depth of cup, tearing, and thickness distribution. The
results indicated that with proper frequency and gap, the cup depth and thickness
distribution can be improved by using the pulsating blankholder system. Further,
good agreement was observed between simulation and experimental results [30].
An analytical model was proposed for the nonuniform fluid pressure distribution
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in the cavity and for the hydrodynamic flow of the fluid film between the blank
and die for AA5086 aluminum alloy. From Reynolds equation solution, the hydro-
dynamic flow was calculated and model was implemented in ABAQUS/Explicit,
finite element software. The approach was validated and investigated for the
influences of the blank holder force and the fluid pressure on the formability of the
blank metal. The results exhibited that the choice of an appropriate blank holder
force reduced the strain in the blank and prevented the risk of fracture [31]. A
study was made on deep drawing of SiCp/2024Al composite sheets by considering
the effect of pulse current on heating performance and thermal. The high-intensity
pulse current flows through the sheet and generates the tremendous Joule heat.

The specimen temperature was kept around 673 K at a rate of 13.5 K/s under the
current density of 21.7 A/mm”. The temperature difference was reduced by 73.3%
by inserting the stainless-steel inserts. Besides, the SiCp/2024Al composite was
successfully deep drawn with good surface quality [32]. Deep drawing process
characteristics of AA 6xxx alloy sheet were discussed under different process
parameters such as punch force, lubrication, fillet radius, punch speed etc., and the
formability was evaluated [33-37].

4. Aluminum alloy behavior during incremental forming

Incremental sheet forming (ISF) is a flexible process in which a sheet of metal
is formed by a progression of localized deformation. This process does not require
any specialized tool; a simple tool moves over the surface of the sheet metal by
which localized plastic deformation is initiated. Hence, many shapes can be formed
by designing a proper path to a tool. The main motto of this process is to form a
sheet metal without any manufacturing of specialized dies [38]. Figure 3 shows
an example of the incremental forming. In this Figure 3, according to computer
numerical control (CNC) machine program instructions, the ball tool moves on
the sheet to form the required shape. Hence, the process is in CNC machine; the
program can be edited as per the requirement. From the shown Figure 3, the hollow
and square in cross section will be formed [39].

A few observations are made and discussed on incremental forming process.
Incremental forming behavior of 6111-T4 an alloy was investigated for exterior body
panel applications. Tensile testing data were used to simulate the incremental forming

Figure 3.
Incremental forming of an aluminum sheet on CNC milling machine [34].
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process. The heat treat regimen developed for uniaxial testing was then applied to

a series of plane strain tests using a hemispherical punch [40]. The formability of
AA-2024 sheets was investigated in the single-point incremental forming (SPIF)
process. The process parameters, specifically step size, tool radius, and forming
speed, of the SPIF process were varied over wide ranges. The formability was quanti-
fied through a response surface method. It was found that the interaction of step size
and tool radius was very significant on the formability. The formability of pre-aged
AA-2024 sheet decreases with the increase in the forming speed. Additionally, the
annealed sheet shows higher formability than the pre-aged sheet [41].

AA7075-0 aluminum alloy sheet forming was investigated using experimental
campaign and the forming process mechanism was understood. Tensile tests were
carried out to characterize the mechanical properties with three different thick-
nesses. To illuminate the formability of AA7075-O aluminum alloy sheet, the effects
of tool path with different incremental steps and the part height were evaluated. To
understand the design limits for strain, a fracture forming limit diagram was devel-
oped. The influence of different draw angles, sheet thicknesses, step-down sizes,
and sheet orientations was considered to analyze forming forces. The part draw
angle and incremental steps of the tool path were more effectible on the formability
as concluded from the experimental results. The influences of process parameters
on tool forces provide further insights into the deformation mechanics of AA7075-O
sheets [42]. The formability of AA5052 aluminum alloy at room temperature was
studied through truncated square pyramid and cone formed using a CNC machine.
For both the shapes, the forming limit diagram (FLD) and thickness distribution
were predicted and compared. The FLD obtained through this process and conven-
tional FLD were different. Comparison of FLD and thickness distribution showed
that cone had higher forming limit than square cup and the thickness after forming
was better in cone shapes than in square cups [43]. An investigation was made on
the deformation characteristic of embossed aluminum sheet in the incremental
sheet forming process in which the surface quality of tool path along outward
and inward movement was compared and noted as surface quality is better in the
outward movement. Using ABAQUS software, a finite element simulation, the
experimental results and detailed forming mechanism of the 3D structured sheet
were reviewed [44].

Formability of friction welded blank made of aluminum 6061 was studied
experimentally. Formability was evaluated through FLD, dome height, minimum
thickness, and thickness distribution. Many experiments were conducted to know
which joining direction caused higher formability and desired forming limit curve.
Joints were prepared in three different rollings (0, 45, and 90°) and tested for
formability test and compared with FLD, dome height, minimum thickness, and
thickness distribution. From the formability comparison, the best joining direc-
tion was identified. Using the response surface methodology, the effect of welding
process parameters such as rotational speed, plunge depth, and travel speed on
formability of welded blanks was analyzed. After finding the effects, welded blanks
with optimal parameter combination were fabricated and the effect of incremental
forming parameters, that is, spindle speed, feeding rate, and axial step on thickness
distribution was analyzed. From the results, it was obtained that joints with diago-
nal direction caused higher value of bowl height [45]. The effect of longitudinal
ultrasonic vibrations on the performance of the incremental forming process of alu-
minum-1050 sheet was studied. In this technique, ultrasonic vibrations with high
frequency and low amplitude were axially added to the movement of forming tool.
This system is arranged with different parts including a mechanism attached into
the chuck of CNC machine and ultrasonic power to the vibratory tool. Parameters
like forming force and sheet formability were examined through straight groove



Aluminum Alloys Behavior during Forming
DOI: http://dx.doi.org/10.5772/intechopen.86077

test in both conventional and ultrasonic-assisted incremental forming process. The
results showed that formability increased and forming force decreased with ultra-
sonic assistance [46].

Using the finite element method, the behavior of the state of stresses and strains
in the hot incremental sheet forming of 1050 aluminum alloy was evaluated, with
and without pre-heating. With the assistance of RADIOSS software, numerical
simulation was performed. The results were presented a deterioration in the force
during electric hot incremental sheet forming compared to the electric hot incre-
mental sheet forming [47].

The formability of the AA2024-0O aluminum alloy sheet material was evaluated
with respect to the impact of forming tool shape, tool diameter, wall angle, step
size, sheet thickness, and tool rotation. Forming depth was measured by scanning
the components using a noncontact 3D scanner. Wall angle and step size had proved
more significant factors which affect the formability greatly [48]. An attempt was
made to optimize the incremental forming parameters (spindle speed, tool feed,
and step size) for surface roughness to be least and wall thickness to be larger using
the response surface method.

The formability of AA5052 alloy sheets at room temperature was checked with
pre-cut holes at the center with different diameters. In the forming operation, cone-
shaped parts were formed with the optimized values. Formability was compared
with sheet with smaller holes and larger holes and it was observed that smaller holes
had better formability. Also, the thickness of the formed part wall without hole is
less. As the diameter of the hole increases, the wall thickness also increases [49].

To evaluate deformation behavior of AA-6061 aluminum alloy sheet, the single
point incremental forming (SPIF) process was chosen. To form the sheet into the
desired conical shape, the SPIF experiments and finite element method simulation
were performed and to measure the major and minor strains, the digital image cor-
relation (DIC) method was used. The major and minor strains in post deformation
results were compared with FEM results for AA6061 thin sheet material. An experi-
mental fracture forming limit diagram was assessed using the punch stretching test.

Consequently, the effective plastic strains at the onset of fracture were predicted
and compared with experimental data. In order to get insight into forming behavior
and surface roughness, the microstructural examination on the truncated dome
fabricated using optimized parameters was carried out through micro-texture
analyses [50]. By using the electric hot incremental forming process (EHIF), the
dimensional accuracy of parts has got more improvement compared to single-stage
forming and double-stage forming at room temperature. The effect of EHIF process
parameters, such as tool diameter, feed rate, step size, and current, on tempera-
ture was studied. For a cone of AA 1060, the maximum temperature, the average
temperature, and the maximum temperature difference were measured. Besides,
the response surface method and Box-Behnken design were employed, and they
established corresponding models to predict targeted values [51].

AA 7075-0 sheets were formed into variable angle funnels and 45° wall angle
cones by SPIF. The same material was deep drawn and a bulge test part was formed
to compare with SPIF. Moreover, the formed parts were sectioned and characterized
for texture and surface finish at equivalent strains. To compare the strain paths of
SPIF and deep drawing, finite element models were used [52]. For AA 1050 sheet
metal, the deformation characteristics, forming behavior, and deformation mecha-
nism of the SPIF process were evaluated. For process deformation characteristics
such as dimensional accuracy, thickness distribution, true surface strain, von Mises
stress, and equivalent plastic strain, evolved at different forming stages, were esti-
mated through experimental investigation and finite element analysis. Analysis was
carried out to identify the reason of typical failure under biaxial strain mode [53].
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5. Aluminum alloy behavior during hydroforming process

The metal forming process in which a pressurized fluid either plastically
deforms or aids in deforming a given blank material (sheet or tube) into a desired
shape as depicted is a hydroforming process. Figure 4 indicates the complete pro-
cess. Using this process, more complex shapes with more strength and low cost can
be manufactured as compared with stamping, forging, or casting processes [54].

Tube hydroforming process on different aluminum alloys is discussed in the
following sections. At different temperatures, tube hydroforming analysis of alumi-
num alloy AA1050 was studied and the effect of temperature on thickness distribu-
tion of the final product was investigated. Also, for evaluating numerical results, a
warm hydroforming set-up had been designed and manufactured. Conferring to
numerical and experimental results in the case of free bulging, increase of the pro-
cess temperature causes more uniform thickness distribution which leads to better
material formability. A viscoplastic model was developed to consider the influence
of microscopic evolution and macroscopic deformation to represent the deformation
behavior of aluminum alloy sheet AA7075-0O in the warm hydroforming process. By
using the pressure rate, the evolution of dislocation density and kinematic isotropic
hardening on a hydroforming environment, a set of rate dependent constitutive
equations was constructed and proposed to predict stress-strain response of the
material. The hydraulic bulge experiments on aluminum alloy at warm tempera-
ture indicated that the deformation behavior of the material was more sensitive to
pressure rate. To determine the optimum values of a set of free material constants
associated with the proposed constitutive model, the genetic algorithm optimization
technique was used. The computed data were in good agreement with the test data
on the basis of the optimized material constants [55, 56].

Friction stir welding (FSW) tube of 2024-0 aluminum alloy rolled plates was
coiled and produced by processing sequence. The plastic deformation characteristics
were investigated experimentally and numerically during hydroforming with two
types of end conditions. The performance of the FSW tubes was investigated by die-
bulge forming with fixed ends. The wrinkling behavior during hydroforming was
analyzed by employing axial feed on the tube ends. Severe thinning was observed at
one quarter of the expansion zone from symmetry plane. Along the hoop direction,
the base material near the weld observed a severe thinning. The thickness distribu-
tion greatly depends on the sequence of the contacting die and the variations of the
curvature radius of the tube during hydroforming. Moreover, the weld shows an
inhibitory effect for the generation of the wrinkles and decreases the number of the
wrinkles as compared to the seamless tube during hydroforming [57].

An experimental and numerical simulation was studied on 6063-T4 alumi-
num alloy cross member through the hydroforming process. Severe thinning and
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Figure 4.
Steps in a typical hydroforming process shown on a small tubular part [54].
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bursting were avoided during hydroforming, composite design method was carried
out, and the significance of pre-form structural parameters was discussed on thin-
ning. An experimental research was conducted on thickness distribution of typical
sectional profiles and dimension accuracy as per the optimum pre-form shape.

FEM simulations and experiments were conducted on the formability of alumi-
num alloy AA2024-0. The effects of strain rate on the formability during the active
hydroforming process were investigated. Results indicated that aluminum alloy
AA2024-0 is not sensitive to pressure rate at room temperature. Furthermore, the
deformation capacity of aluminum alloys can be improved effectively, and more
uniform distribution of wall thickness can be obtained. The wrinkling behavior
and thickness distribution of 5A06 aluminum alloy sheets in an annealed state was
investigated numerically and experimentally under different hydraulic pressures in
the hydroforming of single-layer and double-layer sheets. The upper, thicker sheet
synchronously deforms with the lower, thinner sheet during hydroforming. When
the double-layer sheets were separated, a thinner curved sheet part will be manu-
factured. From the simulation and experimental results, the upper, thicker sheet
was effectively suppressing the wrinkles of the lower, thinner sheet and improved
the thickness distribution. This was due to the increasing anti-wrinkle ability of the
formed sheet and the interfacial friction between the double-layer sheets. In addi-
tion, the maximum hydraulic pressure was decreased via hydroforming of double-
layer sheets. This method reduced the drawing force for large sheet parts and meets
the requirement of energy conservation [58-60].

A specialized hydroforming process set-up was designed for 2A12 aluminum
alloy curved shell double-sided sheet. The influence of double-sided liquid pres-
sure on the thickness distribution was evaluated. The thickness distribution of the
formed shells was measured and compared under different loading paths. Using
simulation analysis, the deformation mode and the stress state were analyzed
to understand the mechanism of the thickness variation. It was shown that the
forward pressure plays a negative role in the thickness distribution of the formed
parts. The deformation mode of the shells varies slightly when forward pressures
are added. The Von Mises stress and the effective strain of the components were
improved when conducting the double-sided hydroforming process. The larger
thinning phenomenon was noted by adding forward pressure and by increasing
reduced third principle stress on the blank. Through a steam hydroforming process,
an experimental formability study was carried out on aluminum sheet 2017A. The
steam hydroforming process takes advantage of the coupling between the thermal
and mechanical loads applied. The variation of the supplied electrical power on the
hydroforming temperature and steam pressure effects was studied. The evolution of
strains and stresses in metal sheets was analyzed. The experimental results showed
that the supplied electrical power increases the heating rate and has no effect on
bursting temperature or pressure. Furthermore, the evolution of the vapor pressure
as a function of temperature was independent of the supplied electrical power and
the deformation in the thin sheets under the steam pressure decreases the stress
flow and raises the plastic deformation [61, 62].

Using elliptical bulging dies under various temperatures and pressure rates,
warm/hot sheet bulging tests were conducted on 2A16-0O aluminum alloy. The
macroscopic and microscopic influence of the pressure rate on the formability and
microstructural evolution of hydrobulging parts during warm/hot sheet hydro-
forming was investigated. The results revealed that the forming limit of the alu-
minum alloy was influenced by the pressure rate as the temperature rose, wherein
a lower pressure rate resulted in a higher forming limit. This study demonstrated
that warm/hot sheet hydroforming of aluminum alloy may lead to an improved
forming limit and inhibit microstructural degradation during processing [63]. A
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hydroforming analysis was made on extruded aluminum tubular specimen made up
of AA 6063 alloy bulged from the diameter of 38-54 mm. The thickness distribu-
tion at bulging the region along lateral and longitudinal directions was analyzed.
The parameters considered are axial feed, tube thickness, fluid pressure, and die
semi-cone angle. The forming characteristics such as thickness distribution and
bulged diameter were studied using toolmaker microscope and coordinate measur-
ing machine. Maximum shear thinning is observed in the largest diameter of the
bulged portion of the tube [64].

6. Aluminum alloy behavior during bi-axial forming

Here, some of the recent discussions are made based on the bi-axial forming
process. It is also treated as a stretching process in which sheet material experiences
the tensile load along plane direction in the same time.

Biaxial warm forming behavior in the temperature range 200-350°C was
investigated for three aluminum sheet alloys: Al 5754, Al 5182, and Al 6111-T4. The
formability for all the three alloys improved at elevated temperatures; the strain
hardened alloys Al 5754 and Al 5182 showed considerably greater improvement
than the precipitation hardened alloy Al 6111-T4. Formability was studied by
forming rectangular parts at a rapid rate using internally heated punch and die in
both isothermal and nonisothermal conditions. The temperature effect on draw-
ing of the sheet was found to have a large effect on formability. FLD under warm
forming conditions was also determined, which showed results that are consistent
with the evaluation of part depth. Biaxial forming behavior was investigated for
three aluminum sheet alloys of Al 5182, Al 5754, and 6111-T4 using a heated die and
punch in the warm forming temperature range of 200-350°C. It was found that all
three alloys exhibited significant improvement in the formability compared with
that at room temperature. The nonheat-treatable alloys of AA 5182 and AA 5754
showed a higher part depth than that of heat-treatable 6111-T4. The formidability
characteristic was dependent on the blank holding pressure (BHP). When the BHP
decreased, the formability increased, but increasing the forming temperature and/
or BHP minimizes the wrinkling tendency and improves the forming performance.
By increasing temperature and BHP, the stretchability of the sheet alloys was
increased. Through setting the temperature 50°C higher than the punch tempera-
ture to enhance the drawing component, the optimum formability was achieved.
Strain distribution was also improved with setting the die temperature higher than
the punch temperature in a part in such a manner that postpones necking and
fracture by altering the location of the greatest thinning [65].

The Gurson-Tvergaard-Needleman (GTN) damage model combined with the
finite element method was used to investigate the influence of double-sided pres-
sure on the deformation behavior of biaxially stretched AA6111-T4 sheet metal.
The Marciniak-Kuczynski (M-K) localized necking model was used to predict the
right-hand side of the forming limit diagram (FLD) of sheet metal under super-
imposed double-sided pressure. The forming limit curve (FLC) of the biaxially
stretched AA6111-T4 sheet metal under the superimposed double-sided pressure
had improved and the fracture locus shifts to the left. Besides, the formability
increase value is sensitive to the strain path [66].

Through the numerical biaxial tensile tests of the sheet, the biaxial tensile defor-
mation behavior of 5182 aluminum alloy sheet was predicted. From the numerical
simulations, the stress-strain curves and the shapes of the contours of plastic work
were calculated and were quantitatively verified by the experimental biaxial tensile
test using the cruciform specimen. Using the results of experimental and numerical
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biaxial tensile tests, parameters of the Y1d2000-2d yield function were identified.
Von Mises’s and Hill’s yield functions were identified using the experimental data
and were compared. The simulation results confirmed that the forming simulation
using the Y1d2000-2d yield function identified by the numerical biaxial tensile tests
was better than that of the Mises’s and Hill’s yield functions and was comparable to
that of the Y1d2000-2d yield function calibrated experimentally [67].

The forming limit strains at fracture for aluminum alloy 5086 were determined
using an in-plane biaxial tensile test with a cruciform specimen. To identify the
onset of fracture and the forming limit strains, a method based on the evolution of
strain in the central area of the specimen and the observation of the macroscopic
image of specimen surface was proposed. The forming limit strains at fracture were
determined under different strain paths provided by the two independent axes of
the experimental device. Finite element simulations were performed to determine
and compare numerical forming limit strains with three ductile fracture criteria
[68]. Warm temperature biaxial tension test apparatus was developed to achieve
stress ratio and strain rate controls simultaneously. The warm temperature biaxial
tension tests were conducted on AA5182-0O aluminum alloy sheet with the thickness
of 1 mm. The obtained results showed that the shapes of equi-plastic work loci did
not have strong temperature dependency [69].

7. Summary

Forming behavior of different aluminum alloys is discussed in the above sec-
tions. The forming processes considered included the hot forming process, deep
drawing process, incremental process, hydroforming process, and bi-axial forming.
The effect of their parameters on aluminum alloys is realized. From each forming
process and test, the forming limit strain is determined to quantify the formidabil-
ity of each aluminum alloy. Moreover, the quantification of the formability of Al
alloys can help the industries.
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