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Abstract: The purpose of this research is to achieve the optimal parameters for producing forged aluminium alloy 7075
aircraft door bracket by using finite element modelling (FEM) with commercial DEFORM-3D V6.1 and physical
simulations with plasticine and Plexiglas dies. Also, forging speed has been examined as the main factor for
controlling to produce a part without any defects. The results of Physical Simulation showed that the flow pattern has
good agreement with the results of FEM that based on the use of hydraulic presses with initial billet and dies
temperatures 410 and 400 ° C, respectively, and different forging speeds 5, 10 and 15 mm/sec. Distribution of effective
strain rate, effective strain, effective stress, temperature , forging force and dies— wear showed improvement the results
in forging speed of 5 mm/sec. Processing map of Aluminium alloy 7075 also checked out at constant strain 0.5,
indicated that the specified area of the forged part is located in a safe area. Forging force in optimized forging speed
5 mm/sec showed that the forging process using a 1000-ton press can be done easily.
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1. INTRODUCTION
Large plastic deformations, without a failure of fzz ] HIGH TENSILE STERL Ao
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processes since flow stresses are dramatically
reduced and work hardening not occur very much
at elevated temperature. Therefore, hot forging
processes are often used in the case of large
deformations and limited capacity of press
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equipment because the flow stresses and forming 100 ALUNINI U 1050 A
energies are decreased at evaluated temperature. 12 3 4 5 & 7 SRANW
Aluminium alloys usually are widely utilized in

automotive and aircraft industry due to their Fig. 1. Curves of stress - strain compared to aluminum,
various advantages such as lightness, good forge metals and alloys [2].

ability, high wear resistance, etc. [1]. Among the
highest-strength  aluminium  alloy, 7075
aluminium alloys, have highest strength and even PR
in some cases as in Fig. 1 indicated that strength ]
of 7075 aluminium alloys are higher than mild
steels [2]. Forge ability of this alloy also is shown
in Fig. 2, the 7075 aluminium alloys because of

2025
higher strength show very low forge ability [3]. //msz
Equation 1 related to the effective strain rate and 71l
deformation rate are expressed as follow: 7010, 7075, 2618
7049, 7050 ": £ |
( L ) ] 5?83
E:d[lni]:lézz (1) (1) 30 315 400 425 450 475 500
dt Ld L

Fig. 2. Forgeability and forging temperatures of various
aluminum alloys [3].
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Equation 1 shows that if velocity (V) is fixed,
with increasing length of the sample (L), the
effective strain rate () decreases. As the strain
rate increases, the extent of adiabatic heating in
local regions increases significantly. Hence, in
any particular region of the work piece, if the
local strain rate increases above the nominal
value, then it is accompanied by a reduction in
the local flow stress. However, if flow stress
increases with strain rate, then a very significant
thermal softening will be encountered in the
regime of high strain rates, which will produce
severe strain localization and adiabatic shear
bands [4]. Therefore, the deformation speed is
very important in material forming process.

Quantitative analysis of the flow stress, the
forming forces, the distribution of temperature
and other process is necessary for successful
design in hot forging processes. Thus forming
conditions such as material properties, friction,
lubricant, the effect of cooling rate, initial billet
and dies temperature and flow stress, must be
carefully considered [5,6].

Recently, FEM is a useful technique for design
and select the appropriate operating conditions.
Because of the strain rate sensitivity of the
material at high temperatures, optimum hot
forging visco-plastic analysis relationships are
required [4]. In this study, according to equation
2 flow stress was considered as a function of
strain, strain rate and temperature and on the
DEFORM software environment, billet and dies
behavior as a rigid-plastic and rigid material,
respectively which the elastic deformer is ignored

[7].
o=0(s,67) ()

where 0 mean effective stress and & mean
effective strain, & mean effective strain rate and
T mean temperature.

plasticine is a material that is used to simulate
the physical processes modeling. Mechanical
behavior of plasticine at room temperature is very
similar to the metals, especially steel at high
temperature 1000°C [8]. If the lubrication
conditions are chosen properly, the similarity in
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metal forming is completed. By using plasticine
the stress distribution is similar to the stress
distribution in metal forming [9].

Physical simulation is based on forming a low
yield material compared to the original part in a
format that can be made smaller or larger than it.
Model of a material with a low yield stress, like
plasticine, lead or wax is prepared. The die is
made of an inexpensive material. Die are
generally is made of mild steel, aluminum, wood
or Plexiglas.

Due to lower costs, physical modeling in the
forming processes design stages can be used for
evaluate the process [10].

In this study, two methods, FEM and physical
simulation were performed simultaneously and
aluminum alloy 7075 Aircraft door bracket
parameters at different forging speeds were
studied. FEM were performed using DEFORM
3D V 6.1 software and for physical simulation
plasticine clay and Plexiglas dies were used.

2. FORGING DIE DESIGN

In Fig. 3, 3D model of forged part after
machining operations is shown. As can be seen,
this part is composed of a Rib and Web sections.
After designing a forging part, die forging
according to the three-dimensional surfaces of
the model was designed with CATIA V5R20. In
Fig. 4, the longitudinal section of the upper and
lower forging dies with position of the flash and
gutter is shown.

/Rib

Fig. 3. 3D model of forged part after machining prepared
by CATIA V5R20.
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Flash

Location of vent holes Gutter

Fig. 4. Longitudinal section of the upper and lower die
forging and location of Flash and Gutter designed
by CATIA V5R20.

Table 1. General Characteristics of forging dies (mm)

The The

radius of | radius of | Flash Sli(;lpe Flash Flash
Gutter to | the Flash | Gutter Widt .
. Flash thickness
the die connecto | depth h
. Gutter
surface r die
2 2 5 20 6 1

General Characteristics of die forging are
shown in table 1. Due to the complexity of the
part regarding design standards, Draft angle 7°
were considered.

3. BILLET DESIGN

According to DIN7523, total mass of required
material for forging is containing the total mass
of flash and part after removing the mass of flash.
Accordingly, the mass of billet based on table 2,
by using of the CATIA V5R20 software is equal
to 0.579 kg.

For designing the billet, it is assumed that
forging operations is done by use of aluminum
alloy 7075 flat bar section with standard size 1.5
inch X 3 inch. Then open die forging and
machining operations or a combination of both is
performed and required billet dimensions can be
obtained. However, considering the size and
weight of forged part billet forging design was
done in CATIA V5R20 software. In Fig. 5, the
image of the billet design with 30 mm in

Table 2. Calculation of forging billet mass (kg)

Billet mass Flash mass Forging part mass
0.579 0.176 0.414

19.3

]
A w Al J:

=)
L 58.2 J | 79.1 |
b i

L9
17

£

Ok

t

Fig. 5. Upper view of the designed billet by CATIA
V5R20.

thickness is shown.
4. GENERAL SIMULATION CONDITIONS

The simulations have been carried out in
accordance with SI units.

The material of dies is H-13 hot die steel and
billet is Al 7075. The stress—strain relationships
of aluminum alloy 7075 billet and H-13 die steel
are selected from material library in the software
DEFORM-3D. The physical properties and
thermal boundary condition of these material are
shown in table 3. In the simulation, the die was
treated as a rigid body, while the billet was as a
rigid-plastic material.

Table 3. Physical properties of materials and the thermal
boundary conditions used in FEM modelling

=g F E g = e
22122 ||~ | 28 o &
< | 288 | 2%-5 |2 | 28 | FE 28
= vz [ 8gaz | & 5o g g E
g gad 228 = RS - 2=
SEE| S B |5 | °2 | =2 3E
dgg | & & £ g
o= ~ -
Aluminium
alloy 7075 01| 243 180 2.2x10-s
3.0 246 | 1.22x10-s
(200 0)| (215°C)| (200 C)
32 244 | 124x10s
1 0.02 (315°C)| (350 C)| (3157TC)
H-13 Steel 0.3
38 242 | 1.30x10-s
(425 °C)| 475°C) | (4257C)
45 131x10-s
(530 C) (480 C)
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Table 4. Simulation parameters used in FEM

Loading Initial Initial

speed of Friction | temperatu | temperatu Room
temperatu
Male Factor | re of re of 1o/°C
die/(mm-s—1) die/°C billet/°C
5,10,15 0.3 400 410 20

The shear friction model that is widely used in
hot plastic FEM has been used to describe the
friction at the interface. According to the friction
between aluminum and steel alloys, the friction
factor was considered 0.3 [11]. The thermal
conductivity of aluminum alloy is much greater
than of steel dies, and aluminum alloy is very
sensitive to deformation temperature [12]. So, the
Die was preheated up to close initial temperature
of billet.

The simulation process was carried out in three
different speeds that are summarized in table 4.

In this simulation, the absolute meshing of
tetrahedral elements for the billet and the relative
meshing for the dies have been used [13]. In
relative meshing, number of elements is
determined and number of elements during the
simulation remains constant. Therefore due to
geometry complexity of the part, the elements do
not change. So that this properties are suitable for
the dies that are rigid. But In absolute meshing,
by increasing the complexity of the part, the
specified element size is increased and these
features enhances the simulation accuracy and
according to the complexity of part the number of
elements increases and this element meshing
technique is appropriate for the billet. In order to
improve the efficiency of the computation and
prevent the destruction of meshes, automatic re-
meshing technique is used [7]. For FEM, element
size 1 and number of node and element 76946,
373664 were used, respectively.

For simulation the incremental lagrangian
analysis was used.

5. PROCESS SIMULATION

In order to obtain a good agreement between
simulation results and process results the process

54

is divided into three operating stages:

a.  Transfer billets from the furnace into a
forging die.

b.  Simulation of placing the billet on the
lower die.

c.  Forging process simulation, which includes
downing of top die at a specific height (29
mm).

6. PHYSICAL SIMULATION

To perform physical simulation, Plexiglas dies
and colored Plasticine was used. At this stage,
based on the three-dimensional design by CATIA
V5R20, CNC machining operations was
performed on the Plexiglas. In Fig. 6, the images
of Dies are observed. Due to limitations in
placing the dies on hydraulic press, 4 guided pin,
length 110 mm, as shown in Fig. 7, on the dies
was made. Length of these pins enables the billet
that can be easily placed on the lower die while
the upper die is mounted on the pins and
therefore there is no need to place the die close to
the press, but the force on the upper die should be
correctly loaded. plasticine layers in two different
colors, white and orange in the same thickness 5
mm are placed on each other as shown in Fig. 8.
The best lubricant, which can expressed the
interface friction conditions to simulate the real
conditions of forged 7075 aluminum, is soap suds
[14]. Therefore, for physical simulation soap suds
was used as a lubricant. Also, a small 63-ton
hydraulic press at speed of 2 mm/sec at 25 °C
was used in the specifications that are
summarized in table 5.

Fig. 6. Photograph of dies made by CNC machining for
physical simulation.
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Fig. 7. Montaging of dies by using 4 pin guide.

Fig. 8. Billet prepared using layers of colored pastes.

In Fig. 9, position of the billet on lower die at
the end of simulation process is shown. After the
physical simulation process, because the part is
not axisymmetric, it was not possible to calculate
the total strain distribution. So, strain was
calculated from the rib zone. Cross-section of the
rib is shown in Fig. 10. From it, flow pattern of
the rib zone was achieved. Then, prepared
sections, scanned and provided images, in
subsection software CATIA Drafting, was
entered and its thickness was measured by
Equation 3, the strain distribution in each layer,
assuming that the normal direction to the layers

Table 5. Specification of press, used in the physical
simulation

. Maximum | Maximum
Span Diameter Press

Press of piston press allowable tonnage
course pressure

1000 mm 100 mm 500 mm 150 bar 63 ton

Press

Formed
plasticine

Plexiglas
dies

Fig. 9. Position at the end of the billet dies and physical
simulation process.

was considered a principal direction, were
calculated[4,14].

&=
sz[lni]:lﬂzz (1) 3)
di - Ldi L

where ¢ , is effective stress, h and , are the initial
and final thickness of the plasticine layers,
respectively.

7. RESULTS AND DISCUSSIONS
7.1. Evaluation of Die Filling
One of the most important results of successful

forging is success die filling. Fig. 11, show the
minimum distance of the die (from cross section

Fig. 10. Cross section prepared from Rib, to calculate
strain.
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of the rib zone) at a speeds 5, 10 and 15 mm/sec,
which is predicted by the FEM. As can be seen,
the minimum distance of material from the die at
speeds of 5 and 10 mm/sec, is equal to zero,
indicating that the dies are filled completely. At
speed of 15mm/sec Minimum distance of die in a
small area, 1s 0.45 to 1.8 mm Indicates that die is
not completely filled. In Fig. 12, the filling of
plasticine in Plexiglas dies, is showed. Fig. 13
has been shown top View from the forging part
with the flash, prepared by two simulation

Minimurn distance (mm)
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o
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Fig. 11. Minimum distance to the speed of die forging,
obtained by FEM a) 5Smm/s, b) 10mm/s, ¢) 15mm/s.
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methods - FEM and Physical. This figure offers
the good agreement between the simulation
methods. In Fig. 14, a comparison between the
parts produced through physical simulation and
FEM software DEFORM 3d V6.1 has been done.
In this figure, good agreement between two
samples is observed, indicating that the physical
simulation is correct. Also, no apparent defects
on samples obtained through physical simulation
were observed.

7. 2. The Flow Pattern

In Fig. 15, the flow pattern of rib cross section
obtained by FEM and Physical modeling has
been compared. The results show the same flow
pattern with a few difference that related to some
dimensional errors.

Fig. 12. Minimum distance to the speed of die forging
2mm/s obtained from the physical simulation.

a)

Fig. 13. Showing forged part with flash made of
simulation: a) Physical b) FEM.
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Fig. 14. Showing forged part made of simulation:
a) Physical b) FEM.

Fig. 15. Showing flow pattern made of simulation: a)
Physical b) FEM.

7. 3. Distribution of Effective Strain

The strain distribution of the part, at three
forging process speed, 5, 10 and 15 mm/sec,
through FEM, (between points A and B in Fig.
16), is shown in the Figs. of 17 and 18. As can be
seen, with increasing forging process speed, a
significant change in the distribution of effective
strain has not been reached. Temperature and rate
of deformation, affect the flow stress. When the
temperature increases, soft working mechanisms
(recovery and recrystallization) are dominant that
reduce the flow stress. In high Deformation
speed, work hardening mechanisms are dominant
which causes the flow stress be increased [4, 15].
Therefore, increasing Deformation speed, due to
work hardening mechanisms dominate, the strain
had not been changed. In order to determine the
strain distribution in the cross sections of rib, in

physical simulations, as noted assuming that the
normal direction to the layers was considered a
principal direction (Fig. 10), the strain
distribution using the relation 3 were calculated
that are summarized in table 6 [4, 14].

7. 4. Distribution of Effective Strain Rate

The effective strain rate distribution in three
speed forging process 5,10 and 15mm/sec, using

A

Fig. 16. Illustration the location of points A and B in the
transverse and longitudinal sections of part.

c 5
]
ﬁ 4
@ 3 & I\ V=5 mm/s
£ 2 _J.}“ n_f;]\"’ V=10 mm/s
3_9 1 ‘:.\._';‘ ‘\/f. V=15 mm/s
w

0 T T T T

The distance between points A and B (mm)

Fig. 17. Comparison chart of distribution of strain between
points A and B in the cross section of rib.

2

[

T s

& ‘ . V= 5mmys
2 1 | e

'g 05 _f" \V V=10 mm/s
E 0 _‘h\/ V=15 mm/s

0 20 40 60 80 100 120 140
The distance between points A and B (mm)

Fig. 18. Comparison chart of distribution of strain between
points A and B in the cross section of web.
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Table 6. Comparison of the calculated strain distribution in
rib cross section by physical simulation and FEM

Specification Physical simulatio|
of layer FEM(Smm/s) (2mm/s)
A 1.6 1.3
B 1.23 1.3
C 1.49 1
D 1.27 1.1

FEM (between points A and B in Fig. 16) has
been obtained that are shown in Figs. 19 and
20,respectively. Can be seen that with increasing
the deformation speed, the strain rate is
increased. With increased Deformation speed,
and dominate of work hardening mechanism, the
strain rate is increased [4, 15].

7. 5. Stress Distribution

The distribution of the stress of the part at
three speeds 5, 10 and 15 mm/sec, through FEM,
(between points A and B in Fig. 16) have been
obtained that is shown in Figs. 21 and 22
respectively. As can be seen, with increasing
speed forging process, the effective stress in the
rib cross sections is almost constant, but the
effective stress in longitudinal section has a
significant increase. The reason could be due to
an increase in strain rate (previous section) and
thus increase the amount of hard working in this
area and increase flow Stress and thus may
reduce hot workability.

15
1

— /=5 mIMs

m— /=10 mim/'s

0> _\ / V=15 mm/s
0 _S _ £ i ¢

0 10 20 30 40 50 60 70 80 90

Effective Strain
{Rate(s?

The distance between points A and B (mm)

Fig. 19. Comparison chart of the distribution of strain rate
between points A and B in the cross section of rib.
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35 -
= 31
= 25
g ‘:'—-l % V=5mm/s
('n . _— - - -
2 E 1 V=10 mm/s
= 0.5 %\K/— —
E o 0 -+ T T T T T T T V=15 mm/s
i 0 20 40 60 80 100 120 140

The distance between points A and B (mm)

Fig. 20. Comparison chart of the distribution of strain rate
between points A and B in the cross section of Web.

7. 6. Temperature Distribution

The temperature distribution in the part for the
three forging process speed of 5, 10 and 15
mmy/sec, through FEM, (between points A and B
in Fig. 16) have been obtained that are shown in
Figs. 23 and 24, respectively. In the Figures a
comparison  between  the  temperatures
distribution between points A and B at different
speeds forging process has been done. With
increasing Deformation speed and knowing that
98% of energy appears as heat, increasing in
temperature can be clear [4, 15].

7. 7. Check the Forging Force

In this section, the effect of process speed on
the required force to perform the forging process
has been investigated. In the Figs. 25, the forging
load at speed of 5, 10 and 15 mm/sec are
compared. In table 7, the values predicted by the

15
1

— /=5 mmMs

m— /=10 mm/s

0> _\ / V=15 mm/s
0 _S _ £ i ¢

0 10 20 30 40 50 60 70 80 90

Effective Strain
{Rate(s?

The distance between points A and B (mm)

Fig. 21. Comparison chart of the distribution of stress
between points A and B in the cross of Rib
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O T T T T T T T 1
0 20 40 60 80 100120140 160

V=15 mm,s

Effective stress{MPa)

The distance between points A and B (mm)

Fig. 22. Comparison chart of the distribution of stress
between points A and B in the cross of web.

forging force has been given. As shown in Figure
25 and table 7, with increasing forging speed,
required forging force, increases. According to
the study, effective strain rate and effective stress
in the previous sections and the increase in these
two parameters, increasing Deformation speed,
the force required for forging increases.

435
S 430 A
1] B
5 425 B — V= 5mmy/s
kil B 7/
§ 420 \ % V=10 mm/s
o _/—4
E 415 +— V=15 mm/’s
[l

410 T T T T T T T 1

0 20 40 60 80 100120140160
The distance between points A and B (mm)

Fig. 23. Comparison chart of the distribution of
temperature between points A and B in the cross of rib.

. 440

;i 435 — /=5 M5
2

% 430 — =10 mm/s
fg 425 -

E 420 T T T T T T T T 1 v=15 mm;s
-

0 1020304050607

80 90

7. 8. Select the Optimal Forging Speed

Research has shown that stable flow
conditions for hot forming of aluminum alloy
7075 are done at strain rate range of 0.001-1 S-1
and temperature range 300-500 °C [16,17] and at
strain rates higher than 1 S-1 and temperatures
below 450 °C unstable flow occurs[16-18]. As
the strain rate increases, (speed forging 10 and 15
mm per second), the extent of adiabatic heating
in local regions increases significantly. Hence, in
any particular region of the work piece, if the
local strain rate increases above the nominal
value, then it is accompanied by a reduction in
the local flow stress. However, if flow stress
increases with strain rate, then a very significant
thermal softening will be encountered in the
regime of high strain rates, which will produce
severe strain localization and adiabatic shear
bands. [4]. Based on the above findings and the
distribution of effective strain (Figs. 17 and 18),
the distribution of temperature (Figs. 23 and 24),

>000 Die filling >
- 4000 i
]
;g 3000 - V=5 mm/s
o P
5 —~ 2000 initial of flash V=10 mm/s
g E forming
5T 1000 % V15 mn/s
£ 0
= 0 10 20 30
(I8

Reducing the height of the upper mold (mm)

Fig. 25. Comparison chart of forging force at different
speeds.

Table 7. Comparison of forging forces at different speed

The distance between points A and B (mm)

Fig. 24. Comparison chart of the distribution of
temperature between points A and B in the cross of Web.

calculated by FEM
Forging ]
speed(mm/s) Forging force(KN)
> 4040
10 4390
15 4380
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at different forging process speeds, we can easily
see that ,stable flow are provided in forging speed
of 5 mm/sec due to the strain rate range of 0.04-
0.9 S-land temperature Range 415-427 °C.
Comparison of stress distribution in forging
speed of 5 mm/sec with other speeds shows that
with increasing temperature, flow Stress move
towards the lower values (59-48 MPa), that
results to increase workability[4]. On The other
hand, Fig. 27 shows that the amount of energy for
forging process with a speed of 5 mm/sec is
smaller than others (4040 kN) the least forging
forces decrease the amount of die wear and can
reduces the cost of Tooling. The results in Table
7 show that the forging process can be performed
by a 1,000 tons press easily.

8. COMPARISON OF SIMULATION AND
EXPERIMENTAL RESULTS

In this section, simulation results performed in
a specified area of the part is shown in Figure 26,
and has been compared with the experimental
results expressed in table 8.

The results in table 8 indicate that results of
FEM on 7075 alloy aircraft door bracket have a
good agreement with the experimental results.

9. CONCLUSIONS

The forging process of aluminum alloy 7075
aircraft door bracket was evaluated using FEM
and physical simulation. The main results are as
follows:

1. Physical Simulation results showed that the
process of forging with designed dies and
billet is possible at one pass and require no
additional Pre-forming process.

2.  Filling the die in physical simulation and

Table 8. comparison between results of FEM with
experimental results in speed processing of Smm/s for

specified area in Fig 26.
Temp. | Flow Stress Strain .
Results ©C) (Mpay rate (s Strain | Ref.
Simulation | 420 54 0.27 0.54 FEM
e oerimental—430 52 0.1 0.5 [17]
P T 450 50.6 0.1 05 | [18]

60

Fig. 26. Illustration of specified area used for
conformation.

FEM proved.

3.  Flow pattern Cross section of plasticine by
physical simulation has good agreement
with the model obtained through FEM.

4. FEM based on the use of hydraulic press at
the billet and die temperature, 410 and 400
°C respectively and a rate of 5, 10 and 15
mm/s was done and process speed of
Smm/sec due to the distribution of strain
rate effective 0.04-0.9S-land temperature
Range 415-427 °C , according to research,
flow stability has dominated and Also has
low flow stress and higher ductility and
lower rates of forging force, Which reduces
die wear and therefore, will reduce the cost
of tooling, so as optimized forging process
speed, is introduced.

5. In the specified area of the part,
Comparison of results from FEM with
experimental results has been performed
that indicate the accuracy of the calculated
results from simulations.

6. FEM results indicate that forging process
by al, 000 tons press is possible.
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