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Abstract Aluminum profile extrusion involves complex ther-
mal, tribological, and mechanical interactions; thus, material
flow and thermal behavior during extrusion process are very
complicated. In this work, the material flow and thermal be-
havior of a 7x x xaluminum alloy profile during an entire
extrusion cycle are investigated numerically and experimen-
tally. Hot compression tests are firstly carried out, and inverse
analysis method is used to identify the material parameters of
AA7TNO!L in Arrhenius constitutive model. The calculated
global error is only 6.2 % between the predicted and experi-
mental force—displacement curves, which verifies that the pro-
posed model and obtained material parameters can describe
well the rheological behavior of this alloy at elevated temper-
atures. Then a thermo-mechanical finite element model based
on DEFROM-3D is built, and the transient extrusion process
of the profile is simulated. By numerically analyzing the
nose-end shape of the extruded profile, the evolution curves
of exit temperature and of extrusion load, material flow and
thermal behavior during extrusion process are investigated,
respectively. Practical extrusion experiments verify the nu-
merical model and results. Additional microstructure exami-
nation with electron backscatter diffraction (EBSD) technique
also shows fine grains with the uniform grain size of about
9 um on different locations of the extruded profile. Therefore,
the material constitutive model and numerical model of
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extrusion process built in this work are capable enough to
provide theoretical guidance in optimizing process parameters
and designing extrusion dies.

Keywords Thermo-mechanical behavior - Transient
extrusion process - Arrhenius constitutive model - Inverse
analysis method - High-strength 7 % x x aluminum alloy

1 Introduction

Aluminum alloy profiles are widely used in building, rail
transportation, aerospace, large engineering structures, com-
munications, and other fields thanks to their low density, high
specific strength, good appearance, good corrosion resistance,
easy recycling, etc. As a typical three-dimensional, nonlinear,
and large deformation process, aluminum profile extrusion
involves complex thermal, tribological, and mechanical inter-
actions; thus, material flow and thermal behavior during ex-
trusion process are very complicated. The more developed
numerical simulation method has been proven to be an effi-
cient tool to understand deeply the material deformation be-
havior and to provide theoretical guidances for determining
extrusion process parameters and designing extrusion dies.
Due to severe mesh distortion, frequent re-meshing, and
low simulation efficiency, many researchers investigated the
steady-state extrusion stage by ignoring transient effects dur-
ing the extrusion process. Gouveia et al. [1, 2] simulated the
steady-state stages of two- and three-dimensional forward ex-
trusions by both the updated Lagrangian and the combined
Eulerian—Lagrangian finite element formulations. It was
found that the latter formulation was greatly advantageous in
reducing the computation time, overcoming the frequent
re-meshing, and predicting more accurately. He et al. [3] used
HyperXtrude to simulate the steady extrusion process for a

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-016-8595-3&domain=pdf

1916

Int J Adv Manuf Technol (2016) 85:1915-1926

complicated aluminum alloy profile. The nose-end shape of
the extruded profile by numerical simulation was basically
consistent with the experimental one. Chen et al. [4] investi-
gated the effects of eccentricity ratio, shape of the second-step
welding chamber, and uneven bearing length on the exit ve-
locity distribution of extrudate by simulating a multi-hole ex-
trusion process of a hollow and thin wall aluminum profile
and designed a two-hole porthole die accordingly. The uni-
form exit velocity and temperature distribution on the
extrudate with the optimized die were obtained. Liu et al. [5]
simulated the steady-state extrusion process of a large, multi-
cavity aluminum profile for high-speed train, and the numer-
ical results agreed well with the experimental ones. By
resizing portholes, adding baftle plates, chamfering mandrels,
and adjusting the length of the bearings, an optimized die with
uniform exit velocity was designed. Zhang et al. [6-8] ana-
lyzed the effects of extrusion process parameters (such as stem
speed) and die structures (such as baffle plate, die orifice lay-
out) on extrusion process, such as metal flow behavior at die
exit, temperature distribution, extrusion force, welding pres-
sure, etc. And they investigated the effects of process param-
eters on the metal flow uniformity and on the extrusion force
with Taguchi’s design of experiment. Through analysis, the
optimum combinations of process parameters for uniform
flow velocity distribution and minimum extrusion force were
obtained [9].

However, at the beginning stage of an extrusion process,
metal impacts extrusion die bridges instantancously and
sharply, which causes easily extrusion die’s damage. While
at the final stage, the back-end defects often occur due to the
radial flow of material. As a result, it is very necessary to carry
out the transient simulation of an entire extrusion cycle.

Jo et al. [10-12] simulated porthole die extrusion process
in the non-steady state to analyze the material flow behavior
and to determine the welding pressure of hot extrusion prod-
ucts by changing extrusion ratio, billet temperature, bearing
length, and tube thickness. Li et al. [13] investigated numer-
ically and experimentally the effect of inner cone punch on
the mechanical mechanisms of metal flow behavior in the
extrusion process. Hwang et al. [14] analyzed the metal flow
of an inner billet covered with an outer oxidation layer dur-
ing rod extrusion and studied the influence of various extru-
sion conditions on the critical ram stroke length and on the
length of the product with surface permeation defects based
on DEFORM-2D and experiments. Bingdl et al. [15] com-
bined DEFORM-3D with artificial neural network to study
the effects of extrusion parameters on the extrusion load of
gear-like profile extrusion with experiment verification.
Chanda et al. [16, 17], Zhou et al. [18], and Li et al. [19,
20] studied the influence of ram speed on the exit tempera-
ture uniformity along the extrusion direction and obtained
the appropriate ram speeds, which was verified experimen-
tally. Zhang et al. [21] investigated the effects of process
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parameters (stem speed, extrusion temperature, friction coef-
ficient, etc.) on the wear behavior of a porthole extrusion die
by implanting the modified Archard’s model into
DEFORM-3D, and it was shown that a minimum wear
depth occurred at a certain temperature in the range of
400-425 °C. Halvorsen et al. [22] studied the mechanisms
of buckling and waving of an extruded strip based on Msc
SuperForm software. Extrusion experiments were performed
in order to verify both numerical results and the mechanisms
observed in the FEM simulations. Wu et al. [23] simulated
the extrusion process of an aluminum rectangular hollow
pipe based on Msc/SuperForge. They proposed three die
modification schemes and determined the optimal one.
Hatzenbichler et al. [24] performed a numerical sensitivity
study with DEFORM-2D to determine the main influencing
parameters on the length of the back-end defect during ex-
trusion process. It was found that friction and geometric
process parameters influenced significantly the back-end de-
fect. Fang et al. [25-27] studied the effects of pocket shape,
number of pocket steps, bearing length, and ram speed on
the material flow of extrusion process. Bastani et al. [28, 29]
utilized ALMA27 and HyperXtrude to investigate the ef-
fects of process parameters including front billet tempera-
ture, billet temperature taper, ram speed, and container
cooling on the exit velocity and temperature uniformity
along the radial and axial directions. Peng et al. [30] studied
the influence of the number and the distribution of die holes
on the extrusion parameters with Forge3D. They also stud-
ied the influence of the pocket on exit velocity, temperature,
and deformation field distributions in multi-hole extrusion
and obtained an appropriate pocket structure [31].

As one of the typical Al-Zn-Mg series aluminum alloys
developed by Japan, AA7NOI has high strength and good
extrusion performance and welding performance [32], so it
has been widely used in the components requiring high
fracture toughness as well as high strength, such as cross
beams, traction beams, and sleeper beams used in
high-speed train. However, most works in the literature
regarding AA7NO1 focus on the chemical composition de-
sign, aging system, and their influences on mechanical
properties, there exists little investigation on the material
flow and thermal behavior during extrusion process.

Therefore, the purpose of this work is to numerically and
experimentally investigate the thermo-mechanical behavior
of an AATNO1 beam profile used in high-speed train.
Firstly, the constitutive model of AA7NO1 will be deter-
mined by the inverse analysis method based on hot com-
pression tests. Then, a thermo-mechanical finite element
model based on DEFORM-3D will be built to investigate
material flow and thermal behavior during an entire extru-
sion cycle. Finally, by comparing with the practical extru-
sion experiment, the material constitutive model and numer-
ical model will be verified.
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Table 1
alloy

Chemical composition of the as-received 7NO1 aluminum

Element Si Fe Cu Mn Mg Cr Zn Ti Al

(W%) <030 <035 020 0.15 1.80 020 50 0.10 Bal

2 Experimental material and hot compression tests

To accurately describe the high-temperature deformation be-
havior of AA7NO1, hot compression tests are carried out un-
der different temperatures (350, 400, 450, 500, and 550 °C)
and different strain rates (0.01, 0.1, 1.0, and 10/s). And then
material parameters in constitutive model of AA7NO1 are de-
termined with inverse analysis method.

2.1 Experimental material

Based on our previous work, AA7NO1 with the following
chemical composition (Table 1) is chosen for experimental
material in the present work.

The AATNO1 ingot is cast by the hot-top level pour casting
method and then homogenized to eliminate casting stress, com-
position, and grain size segregation. The homogenization pro-
cess curve is shown in Fig. 1. The ingots are firstly heated to the
homogenization temperature of 450 °C at the heating rate of
80 °C/h, and held for 12 h, then heated to 465 °C and held for
5 h during the second homogenizing stage, then cooled 2 h in
the air, after that, 0.5 h in the water to 60~80 °C, and finally
cooled in the air to room temperature. The microstructure of
AATNOI1 ingot after homogenizing processing is shown in
Fig. 2, where the uniform grain structure is observed.

2.2 Hot compression tests

The cylindrical specimens with a diameter of 10 mm and a
height of 15 mm are machined from the homogenized ingot.

1 465°C
5 hour holding

2 hour wind cooling

0.5 hour water
cooling to

Temperature

Heating rate(80°C/h) 60~80°C
Air cooling to 20°C
Time

Fig. 1 Temperature controlling curve for homogenization

e 18,0

Fig. 2 Micro-structure of billet after homogenization

Before the experiments, graphite foils are used as lubricant to
minimize the friction between the specimens and tool head.
The experimental parameters of hot compression tests are as
follows: the test temperatures of 350, 400, 450, 500, and
550 °C, the strain rates 0f 0.01, 0.1, 1.0, and 10/s, and the total
deformation extent of 50 %. Before the compression tests, the
specimens are heated to the deformation temperature and held
for 2 min, then compressed at a constant strain rate, and finally
quenched with water immediately at the end of the compres-
sion tests. The temperature curve during the compression test
is shown in Fig. 3.

The measured true stress—strain curves at temperatures
ranging from 350 to 550 °C and strain rates from 0.01 to 10/
s are smoothed and presented in Fig. 4. It can be found that the
effects of the temperature and strain rate on the flow stress are
significant. The flow stress decreases with the increasing tem-
perature and the decreasing strain rate. At the early deforma-
tion stage, the flow stress increases rapidly with the increase of
strain, which results from the work hardening caused by the
dislocation generation and multiplication [33]. After a rapid
increase, the flow stress begins to increase slowly until the

2 min holding Compression

2 Temperature: Strain rate:
g 350-550°C  0.01-10s™
g Water
g :
= Heating rate quetciog
(5°C/s)
Time "

Fig. 3 Temperature controlling curve during compression tests
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maximum flow stress is reached. Then, the flow stress tends to
decline or maintain a steady state, illustrating a dynamic equi-
librium between the work hardening and dynamic softening
[34]. When the strain rate is 10/s (Fig. 4d), the true stress—
strain curves show more vibrations than those with low strain
rates, which can be explained by the periodic repetition of
material softening and hardening [35].

3 Identification of material parameters by inverse
analysis method

The material parameters in constitutive models are commonly
determined by the traditional linear fitting method [36-39].
Thus, the influence of the inhomogeneous deformation and
the plastic deformation heat during the hot compression test
cannot be taken into account when calculating material param-
eters, which leads to low computational accuracy and efficien-
cy. Therefore, the inverse analysis method is used to identify
material parameters in this work. Based on the numerical sim-
ulation and experimental data, the inverse analysis is to min-
imize the difference between the calculated values and the
corresponding experimental data by adjusting the unknown
material parameters according to the selected optimization
algorithm [40-43]. This method compares directly the forces
and displacements obtained numerically and experimentally,
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which could effectively avoid the error caused in the calcula-
tion of stresses and strains.

3.1 Arrhenius constitutive model

The Arrhenius constitutive model is applied in this paper to
describe the hot deformation behavior of 7NO1:

1

Z n
— 1
(%) ] 1)
where o is the flow stress (MPa); «, n, and 4 are the

temperature-independent material parameters; and Z is the
Zener—Hollomon parameter (/s), defined by:

Z = éexp (Q / RT) 2)

where ¢ is the train rate (/s), Q is the activation energy (J/mol),
R is the universal gas constant (8.314 J/(mol - K)), and T'is the
absolute temperature (K). In Egs. 1 and 2, a, n, 4, and Q are
unknown material parameters to be identified.

3.2 Integration of Arrhenius constitutive model
into ABAQUS

To simulate the hot compression tests with ABAQUS software,
Arrhenius constitutive model is embedded by UHARD
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Fig. 5 FE model used for the inverse analysis

subroutine. Four variables, including SYIELD, HARD(1),
HARD(2), HARD(3), need to be self-defined in the UHARD
subroutine, where SYIELD is yield stress for isotropic plastic-
ity; HARD(1), HARD(2), and HARD(3) are the variations of
SYIELD with respect to the plastic strain, the plastic strain rate,

Fig. 6 Flow chart of the inverse
analysis method in this work

and temperature, respectively. The following expressions
should be coded in UHARD subroutine.

1
1 AN
SYIELD = U(s, ¢, T) — —sinh! (-)
« A

HARD(1) = 60(6,5', T)/@e =0

HARD(2) = 00 (e,¢,T) [o0é = G)/ (s<(§)+ 1>%an> (5)
HARD(3) = aa(a, ¢, T) / or = —(é)"_’g / (RT2 ((é) + 1>%an)

3.3 Construction of FEM model in ABAQUS

Considering the symmetry of the FE model, a 2D
axi-symmetric model is adopted in the numerical simulation
to improve computational efficiency. The height of the model
is half the physical specimen and the rigid tool head is simpli-
fied as a straight line, as shown in Fig. 5. During hot compres-
sion tests, part of the work generated by plastic deformation is

FEM model

Thermal physical parameters

!

Friction coefficients

)

Initial constitutive parameters Py

Hot compression tests

UHARD subroutine |«
A

FEM simulation in Abaqus

o

\
Fsim

¥

Calculate force error: Er(Force)

Assign a new set of parameters
according to the SIMPLEX
algorithm

Er(Force)reaches a
minimum value

Identified constitutive parameters P
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Table2 Material parameters of AA7NO1 obtained by inverse analysis
method

« (1/MPa) O (J/mol) A (1/s) Number

2.351E-002 2.041E+005 3.994E+012 5.752

transformed into heat, leading to the temperature increase and
the change of the required force. Therefore, a thermal-coupled
finite element model is developed in this work, in which the
heat transformation is considered by defining the specific heat,
the thermal conductivity, the density, and the inelastic heat
fraction. Identical forming temperatures (350, 400, 450, 500,
and 550 °C) and strain rates (0.01, 0.1, 1.0, and 10/s) are
specified in the FE model to simulate the experimental com-
pression tests. The stroke of the tool head is 3.75 mm.

3.4 Identification of material parameters

In this work, the optimization algorithm, the FEM simulation,
and the error calculation are integrated by means of the opti-
mization software modeFRONTIER. The minimization of the
error between the experimental and predicted forces is set as
the optimization objective, then four unknown material pa-
rameters of the constitutive model are identified by the inverse
analysis. The flow chart of the inverse analysis technique is
shown in Fig. 6.

1) Construct the FEM model of hot compression test based
on ABAQUS. Define the thermal physical parameters of
AATNOI and friction coefficients. According to our pre-
vious work on 6 x x X aluminum alloy [43], strain rate and
forming temperature have little effects on friction coeffi-
cients, whose values are close to 0.1 under all experimen-
tal conditions. Therefore, the friction coefficients between
specimens and tool head for all experimental conditions
in this work are defined as a same value of 0.1.

Fig. 7 Comparison between
experimental and predicted force-
displacement curves at (a) 350 °C

15000 4

2) Define material parameters in UHARD subroutine as the
unknown variables to be identified and meanwhile assign
the initial values (Py).

3) Run ABAQUS and launch UHARD subroutine to simu-
late hot compression tests and output forces and displace-
ments according to the defined time interval.

4) Use the least square method to calculate the relative error
between experimental and numerical forces at different
displacement points. The expression is as follows:

Z N [ngp_Fsiln] 2
- N exp12
Z i=0 [F7™]

where F$* and F$™ denotes the forces obtained by ex-
periments and FE simulation at the ith displacement point,
respectively. N is the number of displacement points.

5) Check whether the error has reached a minimum value and
shows a stable distribution. If it is true, the assigned con-
stitutive parameters at current iteration step are the final
optimum values. Otherwise, reassign a new set of material
parameters according to the optimization algorithm and
return to continue a new iteration process. Finally, the iden-
tified material parameters can be obtained (P).

E,(force) = (7)

3.5 Comparison between experimental and predicted
force—displacement curves

The identified material parameters of AA7NO1 are given in
Table 2. The measured force—displacement curves and the
predicted ones by the inverse analysis method under different
strain rates at 350 and 400 °C are showed in Fig. 7 as exam-
ples. By comparison, it can be seen that the predicted curves
show relatively good agreement with the experimental ones.
The calculated global error is only 6.2 % indicating that the
constitutive model obtained can well describe the deformation
behavior of AA7NOI. In the subsequent work, the constitutive

10000 A

and (b) 400 °C
10000 4
z z
P .
= = 5000 4
5000 - -
——sim_0.01/s----exp_0.01/s ——sim_0.01/s ---
——sim_0.1/s ----exp_0.1/s ——sim_0.1/s ----exp_0.1/s
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(a) 350C
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Fig. 8 Cross-section shape of the 36'2
profile in this work (unit: mm)
i g~ =" =
o o )
8.7 =

203.9

model will be embedded into DEFORM-3D to simulate the
transient extrusion process of AA7NO1 profile.

4 Construction of FEM model of extrusion process
of AATNO1 profile

4.1 Geometry feature of the profile and die design

The cross-section shape of the profile studied in this work is
shown in Fig. 8. The maximum and minimum wall thick-
nesses are 18.2 and 4.3 mm, respectively. Though it is a solid
profile, the large difference in wall thickness may lead to the
difficulty in controlling size and shape of the profile.
Especially 7NO1 is a high strength and hard aluminum alloy

Fig. 9 2D geometry of the
extrusion die (unit: mm)

with relatively poor plasticity compared to 6 x x x aluminum
alloys, so it is difficult to extrude and to design extrusion dies
too. Figure 9 shows the 2D geometry of the extrusion die
specially designed according to the geometry feature and ma-
terial characteristics. In order to better balance material flow in
die cavity, a dumbbell-shaped pocket structure and die bearing
with unequal lengths are used. Thanks to the symmetry of the
whole model, only half model is used in FE simulation to
reduce the total computing time, as shown in Fig. 10.

4.2 Definition of extrusion process parameters

AA7NO1 and H13 are assigned for the billet and the tooling
(die, container, and ram), respectively. As a more dedicated
aluminum alloy, there is no material data of AA7NO1 in

0578

@ Springer



Int J Adv Manuf Technol (2016) 85:1915-1926

Fig. 10 Schematic drawing of the extrusion assembly

DEFORM'’s material library, so the above constitutive equa-
tion is embedded into DEFORM-3D to describe the material
behavior during extrusion process. The extrusion process pa-
rameters used in the simulation are listed in Table 3. The heat
transfer coefficient between the billet and the extrusion tooling
is 11 N/s/mm/. The friction type between aluminum and the
bearing is coulomb friction with the friction coefficient of 0.3,
while the shear friction is assigned between aluminum and the
other tooling surfaces with the friction coefficient of 0.8.

4.3 Material flow and thermal behavior analysis
during transient extrusion process

In order to verify the numerical model and compare with numer-
ical results, the extrusion experiment is carried out on 44 MN
extrusion press. It should be pointed out that the billet length in
the practical production is 850 mm, while that in the simulation
is chosen as 300 mm to reduce the computing time. The only
difference is the duration of the steady stage between numerical
simulation and experiment. The extrusion die assembly and the
extruded profile are given in Figs. 11 and 12, respectively.

4.4 Nose-end shapes of the extruded profile

The nose-end shape of the extruded profile is used to repair the
extrusion die and control the size and shape of a profile. The

Table 3 Extrusion

process parameters in the Billet diameter (mm) 312

FE simulation Billet length (mm) 300
Container diameter (mm) 320
Extrusion ratio 19.2
Billet temperature (°C) 490
Die temperature (°C) 480
Container temperature (°C) 440
Extrusion stem temperature (°C) 490
Ram velocity (mm/s) 1.5

@ Springer
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Fig. 11 Extrusion die assembly used in experiment

comparison of nose-end shapes of the extruded profile from
numerical simulation and experiment is given in Fig. 13. It is
clear that the material flows a little faster at the T junctions of
the profile than that in other areas. But in general, the material
flows across the whole cross-section are relatively uniform, and
thus the deformation of the profile is very small. What is more,
it can be seen that the shape of the nose end of the profile by FE
simulation shows excellent agreement with experimental obser-
vation, which indicates that the FE model could well predict the
material flow behavior during the extrusion process.

The exit velocity distribution of the extruded profile is
shown in Fig. 14. It can be seen that the maximum velocity
is 46 mm/s at the T junctions and the minimum velocity is
39 mm/s at the tips. The small difference in material flow
velocity of 7 mm/s does not cause the distortion deformation
during extrusion process.

4.5 Evolution curve of exit temperature on the profile

The exit temperature has a critical effect on mechanical
properties and microstructure of the profile. A non-contact

Fig. 12 Extruded profile in experiment
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Fig. 13 Nose-ends of the
extruded profile from (a)
experiments and (b) FE
simulation

@)

infrared thermometer is used in experiment to detect the
temperature of the extruded profile at the press exit. The
temperature evolution curves on the profile at the press
exit during the entire extrusion process by experiments
and FE simulation are showed in Fig. 15. Taking into
accout the non-uniform speed of extrusion ram during
the practical extrusion process, there does not exist the
completely proportional relationship between the time
and ingot length, which is different from that in the nu-
merical simulation.

At the initial filling stage, the billet is upsetted in the
container and formed severely at die bearing; as a result,
the largely generated heat leads to the increase of the tem-
perature of the extruded profile. As the extrusion proceeds,
the extrusion process tends to a steady stage, and the exit
temperature of the extruded profile remains substantially
stable. In the finally turbulent stage, material flows sharply
from the surrounding to the center perpendicular to the
extrusion direction, leading again to the increase of the exit
temperature of the extruded profile. By comparison, it can
be seen that the evolution curve of exit temperature by FE
simulation is consistent with experiment one. And the av-
erage exit temperature on the extruded profile is about
513 °C in the steady-state stage, which is appropriate for
qualified product without microstructure defects, such as
coarse grains, overheating, or even overburning.

6 8 10 12 14 16 18 20 22
7 9 11 13 15 17 19 2

Velocity (mm/s)

Observation Point ID
Fig. 14 Exit velocity distribution of the extruded profile

(b)

4.6 Extrusion load analysis

The obtained extrusion load curves from experiment and FE
simulation are given in Fig. 16, which can be clearly divided
into three stages. At the beginning stage (stage I), the material
gradually fills the container and the pocket under the pressure
of ram. The extrusion load increases up to maximum value,
which is called the breakthrough extrusion load. At the steady
stage (stage II), the extrusion load declines with the decreasing
billet length. At the final stage (stage III), the extrusion load
slightly increases again due to the turbulent flow of the mate-
rial. By comparison, it can be seen that the breakthrough ex-
trusion load in the experiment is 36 MN, while it is 39 MN by
numerical simulation.

From above analysis, the nose-end shapes of the extruded
profile, the evolution curves of exit temperature, and of extru-
sion load obtained from simulation and experiment show
excellent agreements. Accordingly, the material constitutive
equation and numerical model of extrusion process built in this
work are both well verified, which could be used to provide
theoretical guidance in optimizing process parameters and de-
signing extrusion dies.

4.7 Microstructure observations of the extruded profile

Four different points on the extruded profile are chosen to
observe their microstructures, as shown in Fig. 17. The

520
"""""" 513C

500+
O
Y
E 480!
< H
= i
) ;
5 460 |

440 4 —— experiment

— simulation
T T T T
0 120 240 360 480

Time (s)

Fig. 15 Temperature evolution curves of the extruded profile at the press
exit
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Fig. 16 Extrusion load curves
obtained with experiment and
simulation

=

z

o

<

Q

—

=

=

z

i :
4] —— simulation | ;
0 —— experiment |

0 120 240 360 480

recrystallized grain boundaries cannot be resolved using opti-
cal microscopy, and therefore electron backscatter diffraction
(EBSD) technique is used in this work. Figure 18 shows the
grain size and distribution on different observation points by
EBSD technique. As can be seen from the figure, there are a
lot of equi-axed recrystallized grains and some equi-axed re-
crystallization nuclei occur at the grain boundaries. The defor-
mation organization has basically disappeared. Due to the uni-
form velocity and temperature distributions in the
cross-section of the profile, the grain size in different zones
of the profile has a similar value of about 9 pm, which shows
that the profile with uniform mechanical property has been
obtained in this work.

5 Conclusions

In this work, inverse analysis method was used to identify
material parameters in Arrhenius constitutive model for the
numerical simulation of the extrusion process of AA7NO1
profile. By numerical results and experimental extrusion

Fig. 17 Distribution of the
observation points on the cross-
section of the profile 1

Time (s)

observations, the thermo-mechanical behavior during an en-
tire extrusion cycle was investigated. The main conclusions
were drawn as follows:

1) Based on the combination of hot compression tests,
ABAQUS, and modeFRONTIER, the material parame-
ters in Arrhenius constitutive model of AA7NO1 were
identified by inverse analysis method. Taking into ac-
count the influence of the inhomogeneous deformation
and plastic deformation heat during the hot compression
test, the inverse analysis method improved greatly the
computational accuracy. The predicted force—displace-
ment curves showed good agreement with the experimen-
tal ones under different temperatures and strain rates. The
calculated global error was only 6.2 % indicating that the
constitutive model and its material parameters could well
describe the deformation behavior of AA7NO1 at elevat-
ed temperature.

2) With the identified material parameters, the transient ex-
trusion simulation of an AA7NO1 profile was carried out
to investigate the material flow and thermal behavior. The

5

@ Springer

7




Int J Adv Manuf Technol (2016) 85:1915-1926

1925

Fig. 18 Micro-structures in
different observation points of (a)
1#, (b) 2#, (¢) 3# and (d) 4# on the
profile with EBSD

practical extrusion process was also realized in the work-
shop. The nose-end shapes of the extruded profile and the
evolution curves of exit temperature and of extrusion load
obtained from simulations and experiment showed excel-
lent agreements, except that the breakthrough extru-
sion load of 36 MN by numerical simulation was lower
than 39 MN in experimental observation.
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