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Abstract

spring reversible ability under preheat temperature.

minimize the spring-back effects.

Background: Metal forming has played a significant role in manufacturing development, thus investigations in the field
of metal forming to improve the quality of the forming process are necessary. In the present study, the experimental
and numerical analysis of airfoil contour forming of 301 austenitic stainless steel is examined in order to reduce the

Method: Considering the stress-strain properties of the preheat temperature; the body forming is simulated in ABAQUS
software according to the theory of increasing the blank holder force during forming.

Results: The obtained results of the spring-back for simulating the austenitic stainless steel airfoil are compared and
investigated with the manufactured experimental sample results using deep tensile forming.

Conclusions: By comparing the results it can be seen that the control of blank holder force during forming cause to

Keywords: Austenitic stainless steel, Springback, Airfoil, Work hardening

Background

Nowadays, the stainless steel is one of the most usable
steels in automotive, military, and airborne industries. This
is due to unique features such as high corrosion resistance
and good formability (Bart et al. 2013). Other features of
these steels such as ease of welding, soft and flexible for
cold working, and to be non-magnetic are of interest to
many researchers and industrialists (Luo 2013; Haghshenas
2016). The most outstanding of these steels are the ferritic
stainless steels (400 series) (Henry and Maloy 2017; Loytty
et al. 2016; Zhao et al. 2016), precipitation hardening
stainless steels (Couturier et al. 2016; Silvestre et al. 2015),
duplex stainless steels (austenitic-ferritic) (Schwarm et al.
2017; Mukherjee and Pal 2012; Samal et al. 2011),
martensitic stainless steel alloys (Wiessner et al. 2017;
Garrison and Amuda 2017), and austenitic stainless steels
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(200 and 300 series) (Tasker and Amuda 2017; Borgioli et
al. 2016). Simulation of the springback depends on two
main groups of parameters: the first group is the physical
parameters such as mechanical properties, hardness, and
friction coefficient rules, and the second group is numer-
ical parameters such as the number of embedded points
in the thickness direction, element type, mesh size, and
the convergence tolerances that further are concerned
with the simulating conditions of body.

Padmanabhan et al. (2002) examined the effect of the
back force applied to the workpiece on the springback.
The force applied by the hydraulic ram makes more
tensile strain in the body and reduces the amount of
springback. They showed that the increase of the applied
back force in the sample causes the springback angle to
reduce. Kuwabara et al. (2009) investigated the effect of
the rolled direction on the springback. They evaluated
the springback angle of the various steels with the differ-
ent yield stress and found that the effect of springback
in the tangential direction of rolling always is less than
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Fig. 1 The helicopter fin (Federal Aviation Administration 2014)

BJ Section in the center

—— D —

c Section close to
‘ the edge

the perpendicular direction. Zhang et al. (2010) invented
the multi-step compensation method to modify the spring-
back direction. In this method, the die surface shape is
compared with the actual piece based on the results of the
simulation. After the first applied modification of the die,
the die surface is simulated again and the results are
compared with the actual piece. This is repeated until the
deviation between simulation results and the actual piece is
minimized. Uemori et al. (1998) studied the modeling type
of the plastic hardening in the accuracy of the simulation.
For this purpose, they examined the linear kinematic
hardening and the combination of linear and nonlinear
kinematic hardening model and it is concluded that the
results of simulation in combined model is very similar to
reality. The effect of simultaneous tension and pressure ap-
plied to the sheet during the forming process is investigated
by Schilp et al. (2012). They studied springback factor using
tensile pushing-bending, and stretch-bending for two bend
angles 45° and 90°. They reported that the stretch-bending
case is the best state to reduce the amount of springback.
Sing and Agnihotri (2015) studied the parameters affecting

the formation of deep stretch. They found that the blank
holder force is the most important parameter that must be
selected carefully in the deep tensile forming. They revealed
that the blank holder force is the only parameter that alone
directly affects the outputs such as material flow, variations
of the thickness, and tear and shrinkage behavior. Liu et al.
(2002) tried to minimize the amount of springback using
the changing of the blank holder force. After a certain time,
they exerted a large blank holder force on the walls to
create a large plastic strain and thereby slowed down the
flow of material into the die cavity. In this way, instead of
reaching the blank holder force from zero to its maximum
value in a short period of time of forming, and remaining
constant during the forming period, it starts from an initial
value and after a determined period of time, #;, progres-
sively reaches to the second value and remains constant in
the same amount of force up to the end of time of forming,
t,. Then, they obtained the modified model of the technique
that both of the primary and the secondary blank holder
force can be calculated utilizing a mathematical algorithm.
Accordingly, the primary blank holder force is computed as
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Fig. 2 Sketch of the helicopter tail rotor is designed to cover the rubbing ballet
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Table 1 Geometrical characteristics of the fin tail rotor
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Table 3 Point-to-point characteristics of the cross-section B-B

Geometrical characteristics Value (mm) X Y V4
Total length 1397 0 —3.7846 3.7846
The width of the largest outfall 4445 254 —-0.3556 6.6802
The width of the smallest outfall Variable 5.08 1.143 7.6454
The height of the largest outfall 1524 762 23114 8.2804
The height of the smallest outfall 69.85 12.7 4191 9.0932
Thickness 1.016 17.78 5.6896 9.6266
Approximate dimensions of the spreadsheet 350 % 1397 254 74222 10.0838
Fixed length of the largest cross section 5334 38.1 9525 10.668
Fixed length of the smallest cross section 101.6 50.8 10.7696 11.049
63.5 114046 11.4046
the force value that causes to lock the plate between the 762 11.6586 11.6586
matrix and blank, and the secondary blank force is also 889 11.684 11.684
estimated to be the maximum blank holder force. 1026 115316 115316
The paper presents the airfoil contour forming of a heli- |, 112776 119776
t.:opter Fail rotor with specific dimensions and.material that . 0871 L0871
is studied and analyzed to reduce the springback after
forming and to prevent work hardening process. Then, the 1397 10.3886 103886
blank holder force is calculated based on the technique 1524 9.8044 9.8044
used by Liu et al. and the austenitic stainless steel of class 1651 9.144 9.144

301 with a surface pressure of 0.163 MPa is employed. The
feature of this kind of steel, the high springback after the
forming process, and work hardening during forming can
be mentioned so that the forming during the process is
faced with the problems in conventional methods of form-
ing. On the other hand, the very low thickness of the steel
sheet can be noted that causes forming the deep drawing

Table 2 Point-to-point characteristics of the cross-section A-A

X Y Z

0 0 0

254 6.858 6.858
5.08 9.525 9.525
762 11.4808 11.4808
12.7 144018 144018
17.78 16.5862 16.5862
254 19.0754 19.0754
38.1 219456 21.9456
50.8 23.749 23.749
63.5 248412 248412
76.2 25.3492 25.3492
889 254254 254254
102.6 25.1206 25.1206
1143 245364 24.5364
127 236728 236728
139.7 22.5806 22.5806
1524 213106 213106
165.1 19.8882 19.8882

process require very precise dimensional tolerances of the
die. Another important point is that the length of the piece
and very small bandwidth leads to remove many forming
techniques such as explosive forming. Finally, the obtained
results of experimental and numerical analysis of finite
element method (FEM) are compared and evaluated. In
order to prevent the strain hardening during the process,
the sheet is formed under the temperature of 350 °C
without importing the fine pieces into the structure-phase
variations and changing its mechanical properties. Further-
more, the mechanical properties such as stress-strain
required for simulating are considered based on the mech-
anical properties of this temperature.

Methods
In this section, geometry and material characteristics of the
helicopter tail rotor are expressed. Then, the specifications

Table 4 The mechanical properties of austenitic stainless steels
of 301 at 25 °C (AK Steel Corporation 2007)

Mechanical properties Value Dimension
Density 8000 Kg/m?
Poisson’s ratio 0.27-0.3 -

Young's modulus 193 Gpa
Ultimate stress 515 Mpa

Yield stress 205 Mpa
Elongation 40 %

Hardness 88 (max) HRB
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Table 5 Various states of the work hardening of stainless steel 301 (AK Steel Corporation 2007)

Hardened state Yield stress (PSI) Tensile stress (PSI)

Elongation percent for 2 in. (as sample) Hardness (Rockwell C)

V4 hard 75,000 125,000
Y2 hard 110,000 150,000
% hard 135,000 175,000
Full hard 140,000 185,000

25 25
15-18 32
10-12 37
8-9 41

of aerodynamic forces and operating conditions of ballet
are determined. The base of determination of the material
is required for the production of the ballet.

Airfoil

In this study, instead of the used conventional titanium air-
foil samples as anti-wear coating fin tail of the helicopter
rotor, the airfoil contour of austenitic stainless steel class
301 is considered because of its specific characteristics
such as high springback due to its low thickness and work
hardening during forming. The schematic of the helicopter
fin and sketch of the helicopter tail rotor are shown in
Figs. 1 and 2. Moreover, the geometrical characteristics of
the tail rotor are presented in Table 1.

Control of springback is carried out on the most
critical cross-section of the body, i.e., cross-section A-A,
which has the most of R/t ratio. As shown in Fig. 1, the
body section A-A is extended symmetrical to the right
direction. In addition, from section B-B as asymmetrical
to the left and from section A-A to section B-B, the
body is extended as fixed asymmetric. It should be noted
that the airfoil contour in both positions are point-to-
point and the profile of both the positions are given in
Tables 2 and 3. The airfoil motion through the air causes
to create the relative airflow, which is parallel but in the
opposite direction to the airfoil.

The fin warp

Since the lift force due to circulating wind flow is differ-
ent around the fin, the warp must be considered for the
fin firstly to minimize the stress applied to the fin and
secondly to distribute the lift force over the surface,
uniformly (Fig. 1). The pitch angle (the angle between
the chord line and horizontal line) is the most value at
closest to the rotor mast, which the fin has a lowest
linear velocity, and it is lowest value at the farthest point
to the fin that has a highest linear velocity. Thus, the
velocity of the forced air and applied loads to the center

Table 6 Results of the tensile test

of the rotor mast, reaches to the minimum value
(Federal Aviation Administration 2014).

The fin material

The fin material should be selected such that the aero-
dynamic loads are tolerated by the fin. Furthermore, the
elasticity of the fins must be such that the fin has the
ability to carry the alternating and cyclic loads. Corro-
sion is one of the helicopter hollowware problems,
especially for the ones that are under stress, such as fins.
This issue becomes more sensitive in flight conditions
on the sea. In this study, the considered material for the
anti-wear coating helicopter airfoil wing is the austenitic
stainless steels of 301 class because of its special phys-
ical, chemical, and metallurgical features (Smith 1987).
The mechanical properties of austenitic stainless steels
of group 301 are given in Table 4. The mechanical prop-
erties of austenitic stainless steel of 301 during forming
operations, constantly subject to change due to the work
hardening process; hence, the conditions must be
controlled. Therefore, the four known modes of the steel
during the forming process are introduced in Table 5.

Results and discussions

In this section, based on the following procedures, the
forming process results of the abrasion coating of a
helicopter fin tail rotor are examined:

I. In order to recognize that the hot or cold forming is
allowed for the piece, under different temperatures,
the hardness and tensile tests are taken place on the
various samples of austenitic stainless steel grade 301.

II. Based on the theoretical and experimental
documentaries, an abrasion coating method or
process for forming the fin tail rotor is considered
and then, using the results of paragraph (I) and the
earlier geometrical and mechanical properties listed,

Sample number Metal temperature (°C) Elongation (%)

Yield stress (Mpa)

Ultimate stress (Mpa) Hardness (Rockwell C-HRC)

1 25 35 276
2 250 37 152
4 350 38 134
5 400 43 134

724 26-28
552 26-28
485 26-28
463 26-28




Bagheinia and Ghassemi International Journal of Mechanical and Materials Engineering (2018) 13:1 Page 5 of 12
s N\
Stepped control clamp Clamping force
A | :
g ,”"‘," ]
f‘o Traditional
£ : control of clamp
E clamping force
o i
Fig. 3 Schematic of springback tl : >
h ! t Time
Fig. 5 Variation of blank holder force during forming

the appropriate boundary conditions is utilized in
the simulation.

The results of tensile and hardness test

It is expected that the amount of work hardening is in-
creased in cold forming of the austenitic stainless steels
301 due to increase of the ultimate and yield stresses;
therefore, the considered piece is formed under high-
temperature conditions, here (Davis 1999). Since the
steel of grade 301 becomes crystallize and its phase, and
ultimately its mechanical properties are changed at tem-
peratures above 400 °C, so the optimum temperature for
hot forming must be below a temperature of 400 °C to
reduce the work hardening process and thus, the mech-
anical properties are achieved by proper quenching the
piece after forming. Accordingly, in this study, five sam-
ples of austenitic stainless steel of 301 for tensile testing
are used, and besides a sample kept under ambient
temperature conditions, other samples are tested in
ranges between 250 and 400 °C. The test results are
shown in Table 6.

Fig. 4 The assembled pieces in ABAQUS

The results of Table 6 shows that before the
crystallization temperature of the metal (i.e., 400 °C), the
metal mechanical properties have the better conditions
than the ambient temperature, while the increasing
elongation percentage is also reached to stable condi-
tions up to the crystallization temperature of the metal.
Therefore, based on the obtained results of this test, it
can be invoked that if the hot forming conditions of the
austenitic stainless steel of 301 are provided up to the
temperature of 350 °C, the destructive effects of work
hardening during the process and springback after the
process can be controlled. Herein, the temperature of
350 °C is considered to define the boundary conditions
for practical forming and simulating the piece.

Springback control

After each plastic deformation, some plastic recovery is
established. Because of the elastic band, the sheet tends
to return to its previous position after coming out of the
die. Then, it reaches to a balance using the plastic
pressure around the body that called the springback.
The permanent deformation, ¢, is the summation of
plastic deformation, ¢,, and elastic deformation, e,
which is obtained as follows:

& =&y + & (1)

Until the load is applied on the piece, the body follows
the dimension characteristics that appeared as a result of
plastic deformation. Schematic of springback is shown in
Fig. 3. Length of the bend at the neutral axis (D) is the same
before and after bending, so we have (Schilp et al. 2012):

D= (R +%)m ~ (® +%)“f @)

where R; and a; (a; = 180 — a), respectively, are the bend-
ing radius and the bending angle before unloading, and
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J

Ry and ar (ay=180 - @) are the bending radius and the
bending angle after unloading, respectively. In addition,
a is the profile angle. By introducing K as:
_Rits o

K, = =
s Rf#*% o

(3)

It can be seen that the springback factor depends only
on the ratio R/t. If K; =1, there is no springback, and if
K, =0, the elastic recovering is taken place completely
such that the plastic deformations do not happen. The
following relation is approximately established (Schilp et

al. 2012):
3
) -5(M)

g

where E is Young’s modulus, and Y is the yield stress.
To compensate the springback, the strategies such as
over bending workpiece (2 to 8% more bending angle is
considered), bottoming, and the bending tensile or dila-
tion are used (Andersson 2007). It should also be noted
that the effective parameters in springback and forming
process under conditions of loading and unloading are
the matrix geometric characteristics, plastic deformation
of the workpiece, the workpiece geometry, boundary
conditions, and the blank holder force (Liu et al. 2002).
According to Tables 1 and 2, the R/t for the cross-
section A-A ratio is higher than the cross-section B-B,
so if the springback at this cross section be controlled, it
could be reasoned that the springback of the whole piece
have been controlled. Therefore, the simulation is

Ri(Ys)
E

Ry
R;

(4)

Table 7 g factor for aluminum and steel

Material g (Mpa/m?)
Aluminum 08-12
Steel 2-25

considered based on the cross-section A-A and then, the
springback is investigated.

The forming process simulation

In this section, based on the mechanical properties of
austenitic stainless steel of 301 under temperature of
350 °C and the blank boundary conditions, the prototype
die is modeled in ABAQUS software and then, the
forming process is simulated.

The die and workpiece modeling

Since two parameters bending radius, Rpending, and thick-
ness of the workpiece are effective for calculating the
springback, and the springback amount is increased by
increasing the ratio of these parameters; thus, the critical
cross-section A-A is drawn in the software, and the die
drawing and punch are designed on the basis of the
external and internal dimensions. As shown in Fig. 4,
the various parts of the sheet are assembled and the
clearance size between the sheet and blank is considered
equal to 0.2 mm. Moreover, the punch is intended in a
tangent situation to the sheet to minimize the simulation
time. Blank holder force is varied according to Fig. 5.

The purpose of the simulation is to estimate two
parameters: the point of changing the blank holder force
from the minimum mode to maximum, and the
maximum blank holder force value in the state of transi-
tion loading.

For the sake of definition of moving phases, since the
aim is to find the process locations whereby entering the
punch into the matrix for a certain size, the blank holder
force is ascending increased, a static phase and two
explicit dynamic phases are introduced. The friction
coefficient of the surfaces boundary conditions is
intended equal to 0.1. According to Liu et al.’s proposed
method (Padmanabhan et al. 2002), the initial pressure
on the clamp is calculated using relation (5) and then,



Bagheinia and Ghassemi International Journal of Mechanical and Materials Engineering (2018) 13:1

Page 7 of 12

]

—
o

°©

Kinetic encrgy

oo

—p

0018
Time

0.020 0.028

2 g

Kinetic encrgy
s

/

e

0 = —
0.000 0.005 0.010

during forming and regardless of the springback

Fig. 7 a The kinetic energy graph of the work piece during forming and without taking into account the springback. b The internal energy graph

0.015 0.020 0.025 0.030

Time

J

the secondary force must be estimated based on the
flowchart shown in Fig. 6.

HEy = Aq (5)

In this relation, HF is the first blank holder force, A is
the effective area between blank and blank holder, and ¢
is calculated from Table 7.

Blank holder force is varied according to Fig. 5.

According to relation (5), the initial pressure on the
clamp is calculated equal to 0.163 (Mpa).

As mentioned before, the purpose of the simulation is
to estimate two parameters: the point of changing the
blank holder force from the minimum mode to max-
imum, and the maximum blank holder force value in the
state of transition loading. In this simulation, the dimen-
sions of the sheet mesh based on the smallest distance
between two points of the sheet profile curve are consid-
ered equal to 2 mm. The results of the sheet forming
analysis can be validated according to the graphs of the
external work and internal energy because based on the
ABAQUS given mass criteria (mass scale), the internal
energy must be about five times than the kinetic energy,
which it can be observed in Fig. 7.

In addition, the simulated motion at the entrance of
the matrix is shown in Fig. 8a—c so that (a) shows the

primary blank force loading, (b) shows the secondary
blank force loading, and (c) illustrates the unloading and
the appearance of the springback.

By defining the path at the entrance nodes and defining
the logarithmic strain output as an intended strain criter-
ion (Aény,) in Fig. 6, (in percentage terms), all the possible
states for loading and unloading could be simulated and
then, the best case for the point of change the loading
from the minimum to maximum mode can be predicted.

According to the flowchart in Fig. 6, while Ae>8%
and Ae < 8% + Eps, in order to estimate the new blank
holder force pressure, its previous value should be
increased by 50%. The obtained results are given in
Table 8. Thus, it can be observed that the greatest
amount of the pressure applied on the blank should be
1.8565 MPa (350,000 1b). Finally, the ideal boundary
conditions for reaching to the least amount of spring-
back are defined as Stepl =30 mm, Step2 =135 mm,
Pgiep1 = 0.163 Mpa, and Pgyepr = 1.8565 Mpa.

For estimating the transition point, it is enough that the
blank holder force of this state is constant considered at
0.163 MPa (30,000 Ib) for all simulating cases and the form-
ing depth of 165 mm is divided into two defined phases.
The results of this estimation are inserted in Table 9. Thus,
the starting point of the force change from the minimum
to the maximum value is the point where the punch is
entered into the mouth of the die much as 30 mm.
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Fig. 8 a The punch loading as defined as phase 1 (static). b The
punch loading as defined as phase 2 (explicit dynamic). ¢ Unloading
of the sheet

Experimental test

In this section, the piece prototype is extracted from the
deep tensile die and then, the results are compared with
the simulation results.

Page 8 of 12

Table 8 Trial and error related to the blank pressure change
between two phases and variations of the logarithmic strain

Test number Pressure of phase Pressure of phase Logarithmic
1 (Mpa) 2 (Mpa) strain (%)

1 0.163 0.163 105753

2 0.163 0.2445 93986

3 0.163 0.3667 9.2097

4 0.163 0.5501 99174

5 0.163 0.8252 9.5038

6 0.163 12377 9.0166

7 0.163 1.8565 8.3665

8 0.163 27848 8.7862

Manufacturing the tensile forming die and extracting the
sample piece

Considering the die drawing parameters of deep tensile
such as the clearance between the matrix and punch and
the radius of the sheet junction with the matrix mouth,
the airfoil die is designed in such a way that the follow-
ing conditions are satisfied:

I. The sheet is controlled along the perpendicular to
the forming using the dynamic feeders.

II. When the sheet surface gets contact with the punch,
the blank is involved to the sheet and the initial
force is applied.

I[II.During moving the punch in the matrix, the sheet
feeders conduct the sheet into the mouth of the
channel matrix by controlling the sheet velocity, and
at this stage, the blank force is reached to its
maximum value.

Figures 9 and 10 display the airfoil drawn die and the
designed components of the deep tensile die, respect-
ively. As can be seen, the matrix blank is constrained in
the upper shoe and the punch blank is moved up to the
sheet surface using the lower shoe course and at last is
bound on the sheet. The blank force is supplied by both
the matrix blank and the punch blank. According to
simulating process, the blank force is changed from
30,000 to 350,000 N by entering the punch in the mouth
of the matrix as much as 30 mm. The feeder speed is

Table 9 Trial and error related to dividing the submergence
depth between the two phases and the logarithmic strain
changes

Test Phase 1 depth Phase 2 depth Logarithmic strain
number (mm) (mm) (%)

1 20 145 114907

2 30 135 10.5753

3 40 125 222150

4 50 115 24.3959
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Fig. 9 The airfoil die drawing
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J

proportional with the sheet feeding speed into the
matrix. The selected hydraulic press, based on the re-
quired tonnage to apply the blank force between 30 and
350 kN, is LASCO hydraulic press machine of TZB400
model, which has a power supply 400 kN (see Fig 11).
The device is equipped with a digital control unit, hy-
draulic cooling system, two return oil tank, and the main
dynamic hydraulic unit to control the sheet flow as well
as control the imposed forces on the die. In this press
device, the mouth is 1000 mm and its depth is 800 mm.
The deep tensile die of airfoil in hydraulic press machine
is shown in Fig. 12.

Figure 13 shows the yielded sample piece. It should be
noted that the piece crude metal is placed into the die
with the preheat temperature of 350 °C. Next, after
forming, the set of piece and die is quenched for 24 h at
ambient temperature conditions and then is separated
from the die. As shown in Fig. 13, in order to check the

springback during the prototyping, the sheet is made to
fit the sheet section contour, and it is seen that the
distortion due to springback is not created in the longi-
tudinal direction. Then, the details, related to the dimen-
sions of the pieces measured by the coordinate
measuring machine (CMM), are investigated in three
coordinate directions and the obtained results are pre-
sented in Table 10. In Table 10, a column refers to the
required nominal dimensions based on the piece plot
and another column represents the results of experimen-
tal dimension control of the piece. Moreover, the devi-
ation percentage of the requirement values in 17 defined
points of the pieces is shown in Fig. 14. According to
the results of Table 10, the maximum deviation of the
measured value is about 0.9% that is acceptable for the
piece because the piece to create a secondary strength is
placed in another die, which the error tolerances are com-
pensated. Therefore, the obtained results are acceptable

The elastic plate
of holder clamp

The returned
impact cvlinders

The impact
controller

Hydraulic eylinders

Fig. 10 Components of the airfoil deep drawing die

~

Punch

Guidance

The steeringvalve

: The underside plate
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Fig. 11 LASCO hydraulic press machine of TZB400 model

and the piece main die can be designed. Since the
simulated and tested piece section is the part of the
original piece, the created piece is mounted on the tail
rotor fin in order to control the situation and the status of
its section is examined that it can be observed in Fig. 15.

Results

The obtained springback simulation results under the
optimum boundary conditions showed that the logarith-
mic strain percent is approximately equal to 8% and using

Fig. 12 The deep tensile die of airfoil in hydraulic press machine

Fig. 13 The piece extracted from the tensile forming die with the
length of 300 mm and depth of 165 mm
.

these conditions where the minimal springback is yielded,
the tensile forming die is designed and manufactured. In
addition, the prototype piece was achieved with a max-
imum deviation of 0.9% compared to the nominal value
indicated in the plot. This means that the theory criterion
used in this study (i.e., control of the blank force and its
value) is the correct criterion and on the basis of it, the
piece die can be designed and constructed in the terms of
the combinational contour of symmetric-asymmetric.

Conclusions
In this study, we have tried that the forming approach of
the austenitic stainless steels as well as forming the

Table 10 The deviation percentage of the measured values to
the values inserted on the plot

X Vimain Yactal
254 6.8580 6.9225
5.08 9.5250 9.5899
7.62 11.4808 11.5459
12.7 144018 144681
17.78 16.5862 166752
254 19.0754 19.1471
38.1 21.9456 22,0190
50.8 23.749 23.8243
63.5 248412 24.9203
76.2 253492 254291
88.9 254254 255060
1016 25.1206 25.2025
1143 245364 246189
127 236728 23.7555
1397 225806 226637
1524 213106 21.3942
165.1 19.8882 19.9723
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Fig. 14 The deviation percentage of the requirement values in 17
defined points of the pieces

\

helicopter tail rotor piece of steel grade 301 to be exam-
ined. Herein, based on the theory of Liu et al., the blank
holder force is ascendant varied in during the forming.
The flowchart of the secondary blank holder force is
used to simulate the forming of the austenitic stainless
steel sheet. In addition, to reduce the work hardening
during the forming process, the initial preheat condi-
tions were considered. Some sheet samples were placed
under the various temperature conditions, and their
mechanical properties were compared with the sheet
tested under the ambient conditions. The result of this
comparison showed that to prevent the work hardening
during the process and to prevent the structure-phase
changes, the preheated temperature that equal to 350 °C
has closest and most optimal properties with respect to
the environment temperature. The mechanical proper-
ties such as stress-strain curve required for the simula-
tion were considered based on the abovementioned
temperature. Secondly, the forming boundary condition
set in such a way that when the punch goes down to
30 mm at the mouth of the die, the blank holder force is
progressively shifted from the initial amount of 30,000
to 350,000 N. In order to form the intended steel group

Fig. 15 Control of the assembly state of the piece with the rotor tail fin
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301, the forming tensile die was designed and built based
on the critical section and a sample length of 200 mm.
Also, the primary and secondary blank forces are
obtained using trial and error by design and construc-
tion of PLC system to control the speed of the punch
relative to the velocity of movement of the plate holder
jaw carriage. The hydraulic lifting jack pressure and the
driver jack of the holder jaw carriage were considered
based on the forming required tonnage, and then the
prototype was built. Finally, by point to point controlling
the resulting piece with the nominal dimensions con-
tained in the plot, and based on the obtained results, it
was concluded that the most piece deviation in the crit-
ical sections to the nominal dimensions is 0.9% that is
acceptable based on the simulated logarithmic strain.
Hence, it can be concluded that the piece springback
has decreased. Meanwhile, by preheating the piece and
cooling it under conditions of the ambient temperature,
the amount of work hardening during the process is
reached to its minimum value.
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