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Abstract This study aims to explore the Bauschinger ef-
fect and mechanical properties of 5754 aluminum alloy and
their relationship through parts manufactured by incremen-
tal forming technology. Pyramidal parts with five different
wall angles were formed using incremental forming after
which tensile samples from each of the parts were prepared
and tested. The experimental results indicated that the
Bauschinger effect existed during incremental forming of
the aluminum alloy. It was also found that the level of the
Bauschinger effect, yield strength, and ultimate tensile
strength increased with the expanding wall angle.
Compared with the influence of the Bauschinger effect,
the work hardening plays a leading role in the change of
mechanical properties. Based on the study results, the for-
mulas for predicting the mechanical properties at different
wall angles are obtained. Understanding the Bauschinger
effect and mechanical properties can help to guide incre-
mental forming simulation and process development of
parts manufactured by incremental forming.
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1 Introduction

As a way to efficiently reduce energy usage and decrease
pollution, conventional steels are being replaced with alumi-
num alloys in an increasing number of applications. However,
the reduced formability level of various aluminum alloys is a
technical hurdle to overcome in many applications. However,
incremental forming is an advanced forming technology that
can improve the formability of materials [1] and represents
one possible solution. Hence, research on the incremental
forming of aluminum alloys is of great significance to appli-
cation of aluminum alloys as well as the use of this forming
technology.

The incremental forming process of sheet metal is a new
and flexible manufacturing technique. The basic principle
of sheet metal incremental forming is based on rapid
prototyping, or “layered manufacturing.” In the incremental
forming process, the tool path is usually divided into several
layers across the height direction of the part, and the forming
tool completes incremental deformation by moving along the
tool path.

During the sheet incremental forming process, a forming
tool, a blank holder, a backing plate, and a sheet metal blank
are used [2] (shown in Fig.1a). The sheet metal blank is
clamped and held in the proper position before the process is
initiated, supported by the backing plate. Also, the dimensions
of the opening of the backing plate define the working area of
the forming tool. Due to the fact that incremental forming uses
only simple dies or no dies, the process reduces the time need-
ed for die design and significantly reduces cost [4, 5].
Consequently, it is especially suitable for producing single
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Fig. 1 Schematic representation

of the incremental forming (a)
process. a Overall cross-section

view. b A detailed cross-section

view in spherical co-ordinate [3].
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and small batch production parts. In addition, the formability
of sheet metal blank in incremental forming tends to be higher
than in traditional stamping processes [1]. Furthermore, com-
plicated parts that require thin wall can also be obtained by
utilizing incremental forming. Thus, the incremental forming
process has begun to play an important role in many fields,
such as aerospace engineering, aviation engineering, and au-
tomobile prototype manufacturing.

Incremental forming has been widely studied by many
researchers. Shrivastava and Tandon studied the effect of
grain size on the forming forces in the incremental forming
process and discovered that the peak-forming force de-
creases with an increase in grain size [6]. Shanmuganatan
and Kumar presented mathematical models that describe
effect of the incremental forming parameters on average
thickness and surface roughness of AI3003 aluminum alloy
part [7]. Gatea et al. showed that the deformation, strain,
and thinning were significantly influenced by the wall an-
gle during the incremental forming process [8]. However,
most studies have been focused on the formability limita-
tions and forming mechanism. Few have considered the
Bauschinger effect and mechanical properties of the parts
manufactured by incremental forming. Hagan studied the
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effects of wall angles on A13003 strain hardening of incre-
mental forming parts by means of offsetting the stress-
strain curves after forming [9]. However, the existence
and conditions of the Bauschinger effect was not revealed.
Jin et al. presented a JIS SS400 steel constitutive model
which combines a mixed isotropic-kinematic hardening
model with the Lematire damage model, and the model
can predict the Bauschinger effect and fractures [10]. A
comparison of numerical analysis results and data obtained
experiments based on cyclic loading validated the model.
Jin et al. applied it to a numerical model and found that it
can predict the deformation, thickness, shape, and fracture
very accurately during incremental forming. However, they
only considered the Bauschinger effect in the constitutive
model of steel incremental forming. The Bauschinger effect
in incremental forming has not been further studied, and the
influence of process parameters of incremental forming on the
Bauschinger effect remains unknown. However, the
Bauschinger effect in incremental forming also depends on
the material and the Bauschinger effect has yet to be verified
for other types of metals, such as aluminum alloy. Therefore,
further studies are needed to investigate the Bauschinger
effect in incremental forming. Jun-Chao et al. only took tensile
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specimens in different zones of a single part to study the me-
chanical properties of incremental forming [11]. The influence
of wall angle on mechanical properties has not been
investigated.

AAS5754 aluminum alloy, which is an Al-Mg alloy, has
properties such as good corrosion resistance, moderate
strength and weldability, and the excellent properties have
made it more attractive for usage applied in the automotive
industry. Meanwhile, incremental forming is also suitable
for the research and development of prototype cars.
Therefore, it is beneficial to study incremental forming of
AA5754 aluminum alloy. In this study, the existence of the
Bauschinger effect in incremental forming of AA5754 alu-
minum alloy is demonstrated. The influence of wall angle
on the Bauschinger effect and mechanical properties of
parts formed by incremental forming is also investigated
using tensile tests performed on specimens taken from the
side wall of AA5754 parts manufactured by incremental
forming.

Finite element simulation is being applied more and
more to the research and production of forming, and the
constitutive model has a direct influence on the accuracy
and validity of the simulation model. The material models
used in conventional forming generally do not consider the
Bauschinger effect due to non-cyclic loading. Compared
with the simple loading of conventional forming, such as
stamping, the loading of incremental forming is very com-
plicated. The loading has an impact on the creation of ma-
terial models. However, the study of incremental forming
takes little account of the effect of complex loading on the
material model. Most models of incremental forming are
built according to the stamping model. The discovery of
the Bauschinger effect in incremental forming of alumi-
num alloy and the study of the Bauschinger effect provide
a more refined constitutive model that can be used to sim-
ulate incremental forming of aluminum alloy. For more
accurate predictions of strain and stress distribution, frac-
ture prediction, and spring-back, it is essential to establish
a suitable constitutive model that contains the Bauschinger
effect in incremental forming simulation. Such a model
provides important theoretical guidance for building more
perfect and correct constitutive model in incremental
forming simulation of aluminum alloy. Meanwhile, the me-
chanical properties of aluminum alloys will change
through complex process path in incremental forming.
The mechanical properties of the parts after incremental
forming were investigated, and the influence of forming angle
on mechanical properties was investigated. Through study
of mechanical properties, it is possible to understand the
load-bearing capacity and application range of incremen-
tal forming parts. The study in this paper is of great sig-
nificance to the further research and practical application
of incremental forming technology.

2 Experimental procedure

2.1 Incremental forming experiment and strain
measurement

Cold-rolled AA5754-0 sheet of 2.0 mm thickness was select-
ed as the work material for the incremental forming experi-
ments. Before the actual forming experiments, a pyramidal
shape was designed such that prepared tensile specimens
could easily be obtained from the part walls. The bottom di-
mension of the pyramidal parts was 190.0 mm % 175.0 mm.
The initial size of the blank was 230.0 mm X 215.0 mm taking
the backing plate and the blank holder into consideration.
Prior to forming, strain grids, with 1.0 mm diameter circle
and 2.0 mm pitch, were printed on the surface of the
AA5754-0 sheet blanks using silk screen printing. The sheet
blank was then fixed on the working stand with the backing
plate and the blank holder. Secondly, the forming tool with
10.4 mm hemispherical end, controlled by a CNC machining
center, moved along the trajectory of a G code. In the forming
process, the feed rate of the moveable tool without rotation
was set at 25.0 mm/s and the step down was 0.2 mm. The
surface of the blank was lubricated by oil to reduce friction as
much as possible in order to improve the surface quality.

Finally, pyramidal parts having wall angles of 20°, 30°,
40°, 50°, and 60° were fabricated as shown in Fig. 2. The
forming depth of the parts with a wall angle of 20° and 30°
was 25.0 and 40.0 mm, respectively, while that of the parts
with a wall angle 0f 40°, 50°, or 60° was 60.0 mm. The design
of the forming depth is due to the limitations of the forming
depth of the parts by the geometric factor and the length of the
tensile specimens. A grid strain measurement system,
ARGUS, was used to measure the global strain of the pyra-
midal parts after incremental forming was completed.

2.2 Tensile testing

Tensile specimens were cut from the 2-mm-thick AA5754-O
sheet by Wire Electrical Discharge Machining. Three speci-
mens were taken perpendicular to the rolling direction with
the size of each specimen being in accordance with the ASTM
D638-2003 test standard. Similarly, tensile specimens were
cut from the sidewalls of parts formed by incremental
forming. All specimens were taken perpendicular to the
rolling direction and the tool path, for each wall angle part.
Figure 3 shows the layout obtained from the tensile specimens
of the parts formed by incremental forming. The dashed arrow
demonstrates the rolling direction, and the solid-line arrow
indicates the movement direction of the tool. Tensile testing
of all specimens was performed with a tensile testing machine
with the cross-head travel speed being set at a constant value
0f 0.017 mmy/s.
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Fig. 2 Incremental forming parts. a Schematic representation of each wall angle. b Parts formed by incremental forming

3 Results and discussions
3.1 Constitutive equation of AA5754-O

As shown in Fig. 4, the true stress-strain curves of the blank
material were obtained by experimental data. It can be ob-
served that the difference among the three true stress-strain
curves is insignificant.

In this paper, the fitting curve of three stress-strain curves in
Fig. 4 was set as the true stress-strain curve of AA5754-O for

Rollinf direction

>

Direction o\' the tool
movement

Fig. 3 Layout of tensile specimens cut from parts formed by the
incremental forming process
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the subsequent research, and the yield strength, ultimate ten-
sile strength, and uniform elongation of AA5754-O were
124.0 MPa, 290.0 MPa, and 19.4%, respectively.

A log plot of the plastic region true stress-strain curve in
was fitted to a straight line, and it can be observed that the fit
between the true stress-strain curve data and the line was very
good (Fig. 5). Based on the curve fit, the material was
modeled using the Hollomon equation shown in Eq. (1).

In(o) = nin(e) + In(K) (1)
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Fig. 4 The true stress-strain curves for AA5754-O



Int J] Adv Manuf Technol (2018) 94:1387-1396

1391

= the log plot of the ture stress-strain curve
—— fit of the log plot

56

54

In(o)

52

50

-4 3 -2
In(e)

Fig. 5 Fit of the log plot of the true stress-strain curve

where o is the true stress, # is the strain hardening exponent,
¢ is the true strain, and K is the strength coefficient. Therefore,
the constitutive equation of AA5754-O, which was used to
obtain the true stress-strain curve of isotropic work hardening,
is expressed in the following equation:

o = 481.97¢"% (2)

3.2 The Bauschinger effect in incremental forming process

A detailed cross-sectional view of incremental forming is
presented in Fig. 1b. Region A is the area where the tool
contacts the sheet during the incremental forming process.
Furthermore, region B is formed, adjacent to region A, and
does not get in contact with the tool. Region B is approx-
imately in plane strain state and the tangential strain is
considered as zero [3, 12]. The sheet in region A is strained
and bent by the tool. Hence, the deformation in region A is
a combination of stretching and bending [3, 13, 14]. The
middle surface of the sheet can be approximately consid-
ered as a neutral surface if the pure bending deformation
without any stretching is not excessively high. The original
neutral surface offsets to the inner surface, when the
stretching is superimposed on the pure bending deforma-
tion [3].

The inner surface of the sheet is simultaneously under
the compression strain of bending deformation and the
tensile strain of stretching deformation [3]. The outer
surface of the sheet is simultaneously under the tensile
strain of bending deformation and the tensile strain of
stretching. The tensile strain of stretching can be repre-
sented by the tensile strain at the neutral surface of the
sheet, if the bending deformation is not taken into ac-
count [3]. Supposing that the deformation is under the
plane strain and the tangential strain is zero, the tensile

strain due to stretching at the intermediate surface can be
calculated by Eq. (3) [3]:

: t
mid 0
Estretching = —&; = In—

(3)
where e{“id is the thickness direction strain at the neutral
surface and the variable t represents the actual sheet
thickness at a certain wall angle.

When the strain condition of deformation is plane strain,
the strain caused by pure bending can be calculated by Eq. (4)

[3]:
EA = Epending = lni (4)
P ending Rm

The actual thickness of sheet at the element location, which
is an arbitrary small element in region A (shown in Fig. 1c),
was set as ¢, and the radial distance from the tool center to the
element was set as r. R, represents the curvature of radius in
the neutral surface of sheet. The median strain of the arbitrary
element can be given by [3]

€$ = Ebending + Estretching = lnRLm + lntTO = lnth—:lt (5)
where R, = 1,5 + (/2) and it is noted that R,,, = riyo; + (t/2)
works only for the bending condition of incremental forming
in which the tool radius is significantly higher than the sheet
thickness.

Regarding the strain state of the sheet in region A, the small

element will be under tensile conditions, if an element satisfies
T
Rut

compression bending at the inner surface, which satisfies
I =Ty0), and it can be obtained that the meridian strain will
be zero, when the actual sheet thickness meets the condi-

tion where t =t = —1i501 + /Ti0ol2 + 2li0oito. The small

element will be under compressive condition, when the
actual sheet thickness meets t>t". Also, according to
Eq. (6), there must be an area where the actual sheet
thickness satisfies t>t" in the incremental forming

> 1. According to Eq. (5), the sheet material has maximum

|
|
|
|
|
Comp#ess ion

: 'Ye“sﬂe

Fig. 6 A detailed tension-compression view
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Fig. 7 Schematic representation of work hardening theory and the
Bauschinger effect

process, as presented in Fig. lc. Therefore, compressive
area that is the result of the combined action of stretching
and bending exists in the incremental forming process:

to—t" = to + Trool=V Ttool2 + 2lto01to > 0 (6)

Figure 6 shows the tension and compression in each
zone of incremental forming process. Due to the com-
bined effects of bending and stretching, there is compres-
sion in the certain areas of the A, region. And, there is
tension in the other deformation region. In the process,
the deformation of A; region, the deformation of A, re-
gion, the deformation of Aj region, and the deformation
of B region are experienced successively. Thus, the zone
near the interface of the sidewall experiences a tensile-
compression-tensile cycle in the incremental forming

process. The Bauschinger effect exists in the incremental
forming process due to the existence of the complex
loading path. It also produces softening so that the actual
value is lower than the calculated value [15].

As presented in Fig. 7, deformation is extended until point
B. Then, force is unloaded and the deformation reaches point
E. Then, it was extended to the same direction again.
Furthermore, it was considered that yield occurs when stress
reaches the original stress associated with unloading. This
comes as a result of work hardening [16].

The strain fields in Fig. 8a, b demonstrate the results of
strain, indicating that the major strain contour and the mi-
nor strain contour of the part with a wall angle of 60° were
formed by incremental forming. Each sidewall of the py-
ramidal parts is approximately in plane strain state, and the
edge corner region is in a bi-axially oriented strain state.
Additionally, the strain of sidewalls is evenly distributed
for the parts with wall angles of 30°, 40°, 50°, and 60°.
However, the strain distribution of the part with wall angle
20° is somewhat uneven in some region of the sidewall due
to the orange peel effect. Thus, calculating the effective
strain of each part requires statistical results, the average
of effective strain of multiple points in the four sidewalls,
for ensuring the accuracy of the calculation.

Six lines, located in the middle of the sidewalls, were
selected for the strain measurement process (shown in
Fig. 8c¢), and each line consists of 15 uniformly distribut-
ed points. The acquired data points were located in the
region of tensile specimens of the pyramidal parts. Also,
each data line was selected from the sidewall and was
perpendicular to the rolling direction. The values of the
first principal strain and the second principal, the thick-
ness strain, strain of the acquired points can be obtained
by ARGUS. The third principal strain can be obtained in
accordance with the principle of constant volume of the
plastic deformation, as given in Eq. (7).

€3 = —&€17& (7)

(©)
ol Rolling direction
0.3000 [ 4 mm

-0.0750

Direction o\ the tool
movement

-0.1514

Fig. 8 True strain distribution of the pyramid with wall angle 60° (by ARGUS data measurement system). a The major strain. b The minor strain. ¢ The

acquired data point position
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Table 1  The effective strain of each part formed by the incremental
forming process

Wall angle 20° 30° 40° 50° 60°

Effective strain ~ 0.0982  0.1602  0.3147  0.4883  0.7657

where ¢ is the first principal strain, €, is the second principal,
and &3 is the third principal strain. And, the effective strain of
each point is calculated by Eq. (8):

€= g\/(srsz)z + (82—53)2 + ("31_53)2 (8)

where ¢ is the effective strain. The average of effective strain
of all acquired data points of each part was set as the corre-
sponding effective strain, as presented in Table 1.

Each stress-strain curve after forming is shifted in accor-
dance with the effective strain values presented in Table 1
along the strain axis in the curve of AA5754-O over the entire
range of strain, as given in Fig. 9a. It shows that the true stress-
strain curve of AA5754-0O is located above the offsetting
curves after forming. Also, the calculated yield strength, from
the work hardening theory, can be obtained from the intersec-
tion of the extended true stress-strain curve of AA5754-O and
the extension of linear elastic stage of offsetting curve, and the
actual yield strength can be measured via tensile testing after
incremental forming. Furthermore, Fig. 9b clearly shows that
the calculated yield strength exceeds the actual yield strength
of each wall angle. The calculated yield strength is obtained
from the constitutive equation of AA5754-0O and the effective
strain. Thus, it can be obtained that softening occurs in the
incremental forming process.

Figure 9b shows the difference between the calculated
yield strength and the actual yield strength of each wall

(a)

e AA5754-0

S00 w=@== Offset curve:20°

|| === Offset curve:30°
wape= Offset curve:40°

400 fr ==Offset curve:50°

=g=Offset curve:60° |

300

True stress(MPa)

0 a A A A
0.0 0.2 04 06 08 1.0

True strain

angle. This difference is caused by the Bauschinger effect.
According to the Bauschinger effect, the actual yield strength
is lower than the calculated value, when plastic deformation
takes place in accordance with loading, unloading, and
reverse loading [17, 18]. As presented in Fig. 7, the mate-
rial is strained to point B, beyond yield point A, and then is
unloaded. According to the work hardening theory, the
tensile yield limit is increased from point A value, without
plastic deformation, to point B value, when the material is
strained again. However, the absolute value of tensile yield
limit is decreased form the value of the point B to the
value of point B, if the material is loaded reversely after
unloading, and the path OACC' in Fig. 7 corresponds to a
higher plastic deformation of the loading-unloading-reverse
loading path.

It can be obtained that the difference between the ac-
tual value and the calculated value increases as the wall
angle increases, as presented in Fig. 9b. Considering that
the vertical feed of tool is a constant value, the trans-
verse feed is lower in the case of the larger wall angle,
and this insures that the total compressive area of large
angle is higher than that of the small angle. Thus, the
Bauschinger effect is more pronounced in the larger wall
angle part.

Incremental forming is a process of complex stress. The
accuracy of spring-back analysis depends on the prediction
of stress level at the final stage of incremental forming, and
also at the spring-back, which both are directly related to
the Bauschinger effect of the material and cyclic hardening
characteristics. The compressive zone and the Bauschinger
effect in the research and production of incremental
forming needs to be considered, such as spring-back pre-
diction, spring-back compensation and establishing mate-
rial model of simulation.

(b)

| et Calculated yield strength '

aoF | == Actual yield strength

350

Yield strength(MPa)

300 =

20 30 40 50 60
Wall angle(®)

Fig. 9 The processing of offsetting curves. a Offsetting of the true stress-strain curve of each wall angle part. b Comparison of the calculated yield

strength and actual yield strength
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3.3 Mechanical properties of parts manufactured
by incremental forming

The yield strength, ultimate tensile strength, and uniform
elongation are usually used as mechanical properties in-
dex [19, 20]. Results present that the mechanical proper-
ties after deformation have changed considerably com-
pared to the original state. The uniform elongation is de-
creased from 19.4% for the initial material to 6.1% for the
60° part, and the yield strength and ultimate tensile
strength are increased from 124 and 290 MPa for the
initial material to 299 and 361 MPa for the 60° part,
respectively, as presented in Fig. 10. Meanwhile, it is also
found that the uniform elongation decreases; the yield
strength and ultimate tensile strength increases as the wall
angle increases. This is because work hardening occurs in
the parts formed with the incremental forming process. As
dislocations grow, they increase and entangle each other
when the sheet is formed by incremental forming under
complex loading [21, 22]. There is a high volume of dis-
location in the sidewalls of the pyramidal parts, due to the
incremental forming process, and they obstruct the flow
of defects which creates hardening effect when exerting
forces are applied on the metal. And, the plastic deforma-
tion of the sheet becomes larger with the increase of wall
angle, which result in strengthened work hardening [22].
It has been proved that the Bauschinger effect exists in the
incremental forming process. However, compared to work
hardening, the softening of the Bauschinger effect has
little effect on the mechanical properties due to the
Bauschinger effect occurring only in a small region which
satisfies t > t*(as shown in Sect. 3.2). Therefore, work
hardening plays a leading role in the change of mechani-
cal properties.

The ultimate tensile strength value of 20° part is below the
value of AA5754-0O a little. One reason is the orange peel
effect being present in the 20° part (shown in Fig. 2b). The
orange peel effect, usually occurring in the incremental
forming of small wall angle, is a kind of defect and can reduce
the ultimate tensile strength. Furthermore, another reason may
be that the Bauschinger effect offsets the work hardening in
the 20° part. The work hardening may be not more pro-
nounced than the Bauschinger effect in the 20° part under
the circumstance of very small wall angle. Plus, the increase
of the Bauschinger effect is less than the increase of the work
hardening with increasing of wall angle.

The relation formulas between the mechanical properties
and wall angle are obtained by fitting, as presented in Egs.
(9)—(11). It is also found that the fitting degree of the three
formulas is quite high from Fig.11. These formulas can be
used to predict the mechanical properties of the AA5754 parts
manufactured by incremental forming in research and appli-
cation. Meanwhile, the second derivatives of the formulas are
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Fig. 10 The relation between mechanical properties and wall angle. a
Uniform elongation. b Yield strength. ¢ Ultimate tensile strength

obtained. From the second derivatives, it can be seen that the
rate of decrease in uniform elongation and the rate of increase
in ultimate tensile strength are decreasing at constant value
with increasing of wall angle. The rate of increase in yield
strength increases first and then decreases with increasing of
wall angle.
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Fig. 11 The fitting of relation formulas between the mechanical
properties and wall angle. a Fitting of uniform elongation. b Fitting of
yield strength. ¢ Fitting of ultimate tensile strength

The relation formula between the uniform elongation and
wall angle:

§ = 7.652 4+ 0.00770—5.5 x 10*a? 9)

The relation formula between the yield strength and wall
angle:

o, = 288.8-3.1250 + 0.1a*=7.5 x 1074’ (10)

The relation formula between the yield strength and wall
angle:

0y = 225.4 +3.291430—0.017140> (11)

where, o represents the wall angle of parts manufactured by
incremental forming. J, o, and oy, represent the uniform elon-
gation, yield strength, and ultimate tensile strength of the
parts.

4 Conclusions

This paper experimentally analyzed the influence of wall an-
gle on the Bauschinger effect and mechanical properties in
incremental forming process. A sheet of aluminum alloy
AA5754-0 was processed into pyramidal geometry of differ-
ent wall angles for preparing tensile specimens. The tensile
testing data of different wall angles was compared to each
other and analyzed. The results of the current research can
be summarized as follows:

There is a compressive area around the tool center, and the
complex loading causes the existence of the Bauschinger ef-
fect in the incremental forming process of AAS5754. Also, the
influence of Bauschinger effect increases with the increasing
of wall angle.

The incremental forming parts have very small uniform
elongation and large yield strength. The uniform elongation
decreases, and the yield strength and ultimate tensile strength
increases as the wall angle increases. And, the formulas for
predicting the mechanical properties at different wall angles
are obtained.

The Bauschinger effect and the work hardening occur si-
multaneously in the incremental forming process of AA5754.
And, the work hardening plays a leading role in the change of
mechanical properties.
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