
ORIGINAL ARTICLE

Extrusion limit diagram of IN 690 super-alloy tube based on hot
processing map

Chaoyang Sun1
& Yu Xiang1 & Geng Liu2

& Xun Zuo1 & Mengqi Wang1 &

Qingdong Zhang1

Received: 12 April 2016 /Accepted: 1 August 2016 /Published online: 20 August 2016
# Springer-Verlag London 2016

Abstract Extrusion limit diagram can be used to locate
available deformation conditions for materials. The devel-
oped extrusion limit diagram of IN 690 (Inconel 690) tube
was constructed through a new method by integrating an-
alytic method, FE simulation and hot processing map.
Extrusion force limit curve determined by the maximum
extrusion pressure of the extruder, and temperature limit
curve defined by the melting temperature of the material,
which are two conventional curves for extrusion limit di-
agram, were obtained through FE simulations. Based on
the hot processing map, high power dissipation efficiency
limit curve calculated through analytical equations was
firstly employed to construct the developed extrusion lim-
it diagram. The overlap of reasonable regions bounded by
these curves not only ensures smooth extrusion process,
but also guarantees qualified products. Given that some
special conditions were verified through FE simulations
and one condition was validated through the on-site test-
ing, the optimum region on the extrusion limit diagram is

thus authentic and practical for the extrusion process of
the IN 690 tube.

Keywords Extrusion limit diagram .Hot processingmap . IN
690 super-alloy . FE simulation

1 Introduction

High nickel content super alloy Inconel 600 is used in
high temperature corrosive environments in the nuclear
industry due to its good stress corrosion cracking (SCC)
resistance. Beyond that, industry has turned to improved
primary water SCC (PWSCC) resistance by using high
chromium content nickel-based alloys such as Inconel al-
loy 690 which contains ~30 wt% Cr. When the chromium
content approaches 30 wt%, a protective chromium oxide
layer forms, which is sufficiently dense to mitigate further
corrosion in both air and steam environments [1]. Some
researches mainly focused on improving the material’s
resistance to corrosion through changing the chemical
composition [2, 3]. But Dutta [4] deemed that the best
microstructure of IN 690 acquired through fully dynamic
recrystallization during hot deformation can improve the
resistance to corrosion in another respect.

In the past decades, hot processing maps based on the dy-
namic material model (DMM) [5, 6] have been employed to
understand deformation mechanisms and to determine the op-
timal deformation parameters for practical applications. Some
researchers have applied it to investigating the hot workability
of IN690 super-alloy. Guo [1] constructed the hot processing
map for IN 690, revealing reasonable regions for hot defor-
mation without any further research in the application of it [5,
7]. Lv [8] studied the hot workability of IN 690 at high tem-
peratures and strain rates based on hot processing maps, but
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the characteristics of different regions on the conventional
processingmap should be further detailed. On the hot process-
ing map, regions for obtaining fine grain microstructures or
avoiding defects during deformation can be easily located, but
researches of how to use it are barely found.

Hot extrusion is the widely used processing method to
manufacture IN 690 tube. But owing to the high strength,
low ductility and narrow processing temperature range of
the material, the defects such as tearing, surface cracking
and inhomogeneous microstructure always occur during
the hot extrusion. It is crucial to select reasonable thermal
deformation parameters for practical industrial production,
so as to obtain IN 690 super-alloy tube of fine grain mi-
crostructure and good quality. Extrusion limit diagram has
been used to locate the reasonable regions for processing
bars and pipes. Hirst [9] propounded the concept of ex-
trusion limit diagram and developed the plotting method
firstly. Lapovok [10], considering the effect of extrusion
ratio, applied the finite element method (FEM) to con-
structing extrusion limit diagram for the AZ31 bar. With
a brief consideration of the peak stress constitutive equa-
tion and billet size factors, Barnett [11] developed an ex-
trusion limit diagram of the magnesium alloy bar by using
analytic method. Through changing the content of Al in
the magnesium alloy, Dale [12] employed the analytic
method to develop an extrusion limit diagram of the mag-
nesium alloy bar. Sun [13] constructed the extrusion limit
diagram for AZ31 magnesium alloy tubes by combining
FEM with analytic method. Although the commonly used
extrusion limit diagram, involving extrusion force limit
curve and eutectic temperature curve, can determine the
region for processing acceptable extrusion products, it
cannot clarify the domain for obtaining qualified products
of fine grain microstructure. In addition, researches on the
hot extrusion process of IN 690 super-alloy tube are rare
to be seen.

In this paper, an improved extrusion limit diagram of IN
690 super-alloy tube was constructed depending on the inte-
gration of analytic method, FE simulation and hot processing
map, aiming at identifying optimal region for practical indus-
trial production. In addition, verified via FE simulations in
terms of average grain size, demoulding temperature and peak
extrusion force, as well as the on-site testing of one particular
condition, the research is valuable and practical for production
processes.

2 Hot workability analysis based on the processing
map

Processing maps are constructed based on the dynamic mate-
rial model (DMM) in which the materials are considered as a
dissipater of power [14]. The dynamic power dissipation at a

certain deformation condition, i.e. at a constant temperature T
and strain rate ε ̇, is partitioned by strain rate sensitivity (m). It
is clear that the majority of dissipated power transformed into
heat resulting in temperature rise, and only a small fraction of
energy causes microstructural evolution [15]. The total power
dissipation (P) consisting of two complementary functions G
and J is given by:

P ¼ σ ε ̇ ¼ Gþ J ¼
Zε ̇

0

σd ε ̇ þ
Zσ

0

ε ̇dσ ð1Þ

Where σ is the flow stress. The quantity G which is given
under the true stress - true strain rate curve, is designated as
‘dissipater power content’ and its complementary component
J as the ‘dissipater power co-content’ [16–18]. J in the model
is assumed to be related to the microstructural changes occur-
ring along with the deformation, as opposed to G which is
related to continuum effects. Generally, most of the dissipation
attributes to the temperature rise (G content), while a small
amount attributes to microstructural changes (J content).
According to the dynamic constitutive equation for a certain
condition of strain, temperature and initial microstructure, the
energy partitioning between G and J is determined by the
strain rate sensitivity parameter (m) as follows:

m ¼ ∂lnσ
∂ln ε ̇

¼ ε ̇∂σDRX

σDRX∂ ε ̇
¼ ε ̇

σDRX

∂σDRX

∂XDRX

∂XDRX

∂ ε ̇

¼ ε ̇

σDRX
σss−σsatð Þ dXDRX

d ε ̇
¼ dJ

dG
ð2Þ

Where σss is the flow stress when the dislocation density ρ
of the material reaches the dynamic balance (dρ/dε=0); σsat is
the steady state stress of the experimental data; and XDRX is
the dynamic recrystallization (DRX) volume fraction.

The variation of the dimensionless parameter η, called the
efficiency of power dissipation, is given by:

η ¼ J
Jmax

¼ 2m
mþ 1

ð3Þ

Furthermore, the principles of irreversible thermody-
namics as applied to continuum mechanics of large plastic
flow are explored to define a criterion for the onset of
flow instability given by the equation for the instability
parameter ξ which was first proposed by Ziegler based on
the DMM theory [19]:

ξ ε ̇ð Þ ¼ ∂ln m= mþ 1ð Þ½ �
∂ln ε ̇ð Þ þ m

����
T
≤0 ð4Þ

Isothermal compression experiments of IN 690 super-alloy
were conducted in the temperature range of 1000 °C - 1200 °C
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and strain rate range of 0.01–10 s−1 with the maximum com-
pression ratio of 55 % on the Gleeble-3500 thermal mechan-
ical simulator. The compressed specimens were sectioned par-
allel to the deformation axis, mounted and then polished in
hydrochloric acid water solution (copper chloride 2 g, hydro-
chloric acid 20 ml, water 20 ml). The true stress - true strain
curves are shown in Fig. 1, and the hot processing map is
plotted at the strain of 0.6 in Fig. 2.

There is one area (coloured region) in which the power
dissipation efficiency is higher than 0.3: temperature range
of 1125–1200 °C/ strain rate ranging from 0.1 s−1 to 10 s−1.
High efficiency domain represents a microstructural mecha-
nism that has dissipated the power in the most efficient way
during deformation. It follows that high efficiency domain
ensures optimal deformation conditions for suitable micro-
structural control and reproducibility [15, 20, 21].

As shown in Fig. 3, along with the increase of dissipation
efficiency, the finer equiaxed crystal grains emerge.

According to the instability criterion Eq. (4), the shaded
domain on the map where the newly produced entropy in
the system is less than the external increased entropy is unsafe
for processing. The instability area mainly appears from
1000 °C to 1140 °C in the high strain rate range and in the
range of temperature lower than 1050 °C with lower strain
rate. In comparison with the IN 690 super-alloy hot processing
map constructed by Lv [8](1000 °C − 1250 °C)and in view of
the growth of the instability area, the domain of temperature
over 1220 °C can also be considered as an unstable region for
processing.

3 Development of hot extrusion limit diagram

In order to obtain qualified metal products, extrusion process
parameters, such as billet preheating temperature and extru-
sion speed, must be controlled effectively. Generally, extru-
sion limit diagram is used to describe the effects of

temperature and velocity on the extrusion process.
Conventional extrusion limit diagram takes extrusion force
limit curve and eutectic temperature limit curve as boundaries
of the region for the safe extrusion. The previous extrusion
force limit diagrams were constrained because of the limited
capital and time in a large amount of experiments. So a lot of
new researches relating to the extrusion limit diagram were
conducted based on FE simulation [8, 22, 23].

3.1 Construction and verification of FE model

Figure 4 (a) is the schematic diagram of die structure which
includes ram, die, billet, pressure pad, mandrel and container.
Fig .4 (b) shows the 2D axisymmetric FE model. The values
of l0, l1 and l2 are 600 mm, 80 mm and 40 mm, respectively.
D0, D1 are the inner and outer diameters of the tube, and D2 is
the diameter of the container. D0 is 60 mm, D1 is 80 mm, and
D2 is 240 mm. In the simulations, the friction coefficient is
0.08 at all contact surfaces. α is the semi cone angle of the 65
MN extruder. The preheating temperature of the die is 350 °C.
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Fig. 1 True stress - true strain curves of the experimental material obtained at strain rates: (a) 1 s−1; (b) 10 s−1
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Fig. 2 Hot processing map of IN 690 super-alloy based on Prasad
criterion at the strain of 0.6 (contour numbers represent power
dissipation efficiency; grey shaded area is the flow instability region;
coloured area delineates the region of higher power dissipation efficiency)
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The coefficient of heat transfer is 11 N/s/mm/°C.
Environmental temperature is set to be 20 °C, and the conven-
tion coefficient is 0.02 N/s/mm/°C between die and environ-
ment. The fillet radius of the die is 10 mm. The mandrel
moves along with the ram during the simulations. In the sim-
ulation, the billet underwent plastic deformation, while other
parts are set as rigid body. The material of the die is H13. An
enhanced technique for adaptive mesh refinement (AR) was
employed to solve the large deformation problem in the
simulations.

For FEMmodelling, constitutive equations generated from
the experimental data are given by [22, 24, 25]:

σ ¼ 1

α
arcsinh exp

lnε−lnAþ Q=RT
n

� �� �
ð5Þ

Q ¼ 419500þ 1995300ε−9603500ε2 þ 16718800ε3−8484000ε4

lnA ¼ 34:2 þ 181:5 ε − 834:5 ε2 þ 1403:9 ε3 − 689:5 ε4

n ¼ 10:6 − 42:6 ε þ 104:4 ε2 − 233:9 ε3 þ 159:2 ε4

a ¼ 0:008 − 0:043 ε þ 0:197 ε2 − 0:369 ε3 þ 0:252 ε4

8>><
>>:

ð6Þ

where Q, A, α, and n are material parameters; ε is the strain;
and R is the universal gas constant (8.314 J∙mol−1 ∙°C −1).

Fig.5 shows the comparison of the experimental data and
simulation data, in which the simulation result corresponds
well to the experimental curve. The extrusion process can be
divided into 2 stages: the filling stage and the stable stage. In
the filling stage, the billet fills the cavity and the extrusion
force soars because of the increase of the contact area. After
the material gets through the die orifice, the extrusion force
plummets and finally gets into the stable stage. The simulation
curve reaches the peak firstly and it is higher than that of the
experimental data (seen in regime I). The extrusion force from
the experimental data is lower than the extrusion force simu-
lated; but as increasing the deformation degree, the experi-
mental extrusion force increases and surpasses the simulation
curve (seen in regime II). This is because the lubricant be-
comes thinner with the increasing deformation degree in the
on-site testing [26, 27]. This behaviour is not considered in FE
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Fig. 3 Microstructure of IN 690
super-alloy by isothermal hot
compression tests under different
conditions (the quenched
specimens were sectioned along
the symmetry vertical axis in all
micrographs): (a) initial
microstructure; (b) 1000 °C/1 s−1;
(c) 1150 °C/1 s−1; (d) 1200 °C/
1 s−1
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Fig. 4 Axial-symmetrical FE model for the hot extrusion process of IN
690 alloy tube: (a) Schematic diagram of the die structure; (b) FE model
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simulations, and constant friction conditions are used. The
lubricant for the on-site testing is glass powder.

3.2 Extrusion force limit curve

For the practical production, both mechanical properties and
surface quality of the final product depend on billet tempera-
ture and extrusion speed. The rated load of the extruder used
in the on-site testing is 65 MN, which is considered as the
extrusion force limit. If the peak extrusion force exceeds the
rated load, it may cause detrimental effects on the equipment
and defects on the products.

The extrusion force limit curve is obtained through fitting
the data obtained from FE simulations considering the
preheating temperature and extrusion speed. As shown in
Fig. 6, the extrusion force limit curve separates the diagram
into two parts: the part with higher billet preheating tempera-
ture, the green shaded domain, is the safe extrusion area; while
the part with lower billet preheating temperature, the orange
shaded domain, is the overload area. If the billet preheating
temperatures are chosen from the overload region, due to high
deformation resistance, the extrusion die may be stalled, caus-
ing other accidents.

3.3 Eutectic temperature limit curve

During hot extrusion processes, a large amount of heat gener-
ates due to severe plastic deformation, leading to the increase
in material temperature. Whereas the IN 690 super-alloy’s
melting temperature is 1340 °C, the temperature limit is set
as 1270 °C. If the temperature exceeds this limit, the defects,
including the over-burning and surface cracking, will appear.
Due to friction resistance between each part of the system and
deformation of the billet, the rise in temperature is so remark-
able, and it is feasible to obtain the demoulding temperature
through FE simulation. Table 1 is the quantitative data of
eutectic temperature limit curve, and the fraction of the defor-
mation energy converted into heat is set to be 90 % [13,
26–28].

As shown in Fig. 7, the eutectic temperature limit curve
also separates the diagram into two parts: the green shaded
domain of lower preheating temperature is the feasible region
for extruding product that the outlet temperature does not ex-
ceeds the limit; while the black shaded domain of higher
preheating temperature is the region emerging defects where
the demoulding temperature exceeds 1270 °C. If the billet
preheating temperature is higher than 1230 °C, the tempera-
ture of the material will rapidly exceed the temperature limit
because of the heat generated in plastic deformation and by
friction. With the increase of preheating temperature, allow-
able extrusion speed has to be decreased to keep the temper-
ature below the high-temperature incipient melting limit.

Fig. 8 (a) shows the temperature rise simulated at the con-
dition of initial temperature 1195 °C with extrusion speed
148 mm/s at condition A in Fig.7, in which the temperature
peak is at the inner surface. Fig.8 (b) shows the extruded
product at 1225 °C with extrusion speed 100 mm/s at condi-
tion B, and there is a general surface defect like the fish scale
at the inner surface. Fig.8 (c) is the extruded product at

Fig. 5 Comparison of the experimental data and simulation data at
1150 °C with extrusion speed 100 mm/s
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Fig. 6 Extrusion force limit curve (orange shaded area represents the
overload region; green shaded area is the region for safe extrusion)

Table 1 The quantitative data of eutectic temperature limit curve

No. Initial
temperature, °C

Extrusion speed,
mm/s

Peak
temperature, °C

1 1185 227 1279

2 1190 191 1271

3 1195 148 1274

4 1200 120 1271

5 1205 92 1277

6 1210 71 1272

7 1215 57 1271

8 1220 45 1275

9 1225 33 1277

10 1230 20 1273

11 1235 8 1276

Int J Adv Manuf Technol (2017) 89:3419–3428 3423



1150 °Cwith extrusion speed 100 mm/s at condition D, which
shows the surface of the extruded product has no defect.

In the light of the analysis above, the two extrusion limit
curves for conventional extrusion limit diagram have been
obtained, shown in Fig.9. The conventional extrusion limit
diagram only takes the rated extrusion force of the extruder
and the eutectic temperature of the material as two principles
for obtaining feasible parameters for practical extrusion pro-
cess without considering microstructural evolution during ex-
trusion process, which may not ensure the optimal extrusion
conditions for obtaining products with fine grain
microstructure.

3.4 High power dissipation efficiency limit curve

For the sake of applying the hot processing map to
gaining products of eligible microstructure, it is necessary
and feasible to use Eq. 7 to convert deformation condi-
tions on the boundaries of unstable region and high power

efficiency region into different curves on the updated ex-
trusion limit diagram. And the validity of the equation has
been verified in Sun’s researches [13, 28].

ε ̇ ¼ ln λð Þvr At−Azð Þ
0:4 D2

2−0:75D
2
1

� �3
2−0:5 D3

2−0:75D
3
1

� �h i ð7Þ

Where λ is the extrusion ratio; vr is the extrusion speed; At is
the sectional area of the container; Az is the sectional area of the
mandrel.

Fig. 7 Eutectic temperature limit curve (black area represents the region
causing defects on the products; green shaded area is the region for safe
extrusion)
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Fig. 8 (a) Temperature of the extruded product at 1195 °Cwith extrusion
speed 148 mm/s; (b) extruded product at 1225 °C with extrusion speed
100 mm/s at the condition B; and (c) extruded product at 1150 °C with
extrusion speed 100 mm/s at the condition D
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Fig. 9 Conventional extrusion limit diagram (black area represents the
region causing defects on the products; orange shaded area represents the
overload region and green shaded area is the region for safe extrusion)

Table 2 The boundary of high power dissipation efficiency region
η=0.3

No. Temperature, °C ln(strain rate) Extrusion speed, mm/s

1 1200.00 2.21 157.32

2 1182.85 2.25 163.74

3 1168.81 2.16 149.64

4 1150.77 2.11 142.35

5 1139.91 1.84 108.66

6 1138.51 1.30 63.32

7 1137.82 0.86 40.78

8 1136.02 0.45 27.06

9 1132.53 0.06 18.32

10 1124.96 -0.24 13.57

11 1126.75 -0.61 9.37

12 1130.44 -0.92 6.87

13 1135.02 -1.22 5.09

14 1141.70 -1.51 3.81

15 1149.07 -1.80 2.85

16 1158.05 -1.93 2.50

17 1167.91 -2.01 2.31

18 1178.98 -2.08 2.15

19 1190.73 -2.10 2.11

20 1200.00 -2.11 2.09
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λ ¼ D2
2−D

2
0

D2
1−D

2
0

ð8Þ

At ¼ πD2
2

4
ð9Þ

Az ¼ πD2
0

4
ð10Þ

On the hot processing map (Fig. 2), a series of noticeable
green points around high power dissipation region (η > 0.30)
are listed in Table. 2. The region bounded by these points is
suitable for hot processing, in which dynamic recrystallization

occurs and finer grain microstructure can be obtained (Fig. 3 (c)
and (d)).

According to the Eq. 7–10, these points (green points) can be
expressed against velocity and billet preheating temperature on
the extrusion limit diagram (Fig. 10).

3.5 Optimized hot extrusion limit diagram for tube
extrusion

More parameters, based on the hot processing map of IN 690
super-alloy, have been involved into the traditional extrusion
limit diagram to locate the optimal region for hot extrusion
process, in order to get qualified products. Figure 11 illustrates
the procedure to construct the optimized extrusion limit dia-
gram, which has been detailed in previous chapters. Through
FE simulations, the two curves, extrusion force limit curve
and eutectic temperature limit curve, can be obtained, which
can determine the feasible region for processing on the con-
ventional extrusion limit diagram while the excellent micro-
structure can not be ensured. With analytical equations, the
boundary of optimal region, which is the overlap of high pow-
er efficiency domain and unstable domain on the hot process-
ing map, can be converted into the high power dissipation
efficiency limit curve on the extrusion limit diagram. A super-
position of reasonable regions determines the optimized re-
gion on the new hot extrusion limit diagram, which can ensure
the fine grain microstructure of final products.

The optimized extrusion limit diagram, shown in Fig.12,
contains four domains: black area is the region that some
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Fig. 10 High power dissipation efficiency limit curve (orange region
represents lower power dissipation efficiency region and unstable
region; green shaded area represents higher power dissipation efficiency
region (η > 0.30))

Fig. 11 The flow diagram of
constructing the optimized
extrusion limit diagram

Int J Adv Manuf Technol (2017) 89:3419–3428 3425



defects will occur; cyan area is considered as the safe region
for deformation on the conventional extrusion limit diagram;
orange area is the overload region that extrusion force will
exceed the rated load (65 MN); and the optimal region (green
shaded region) determined by different curves on the extru-
sion limit diagram, corresponding to the region of higher pow-
er dissipation efficiency (η > 0.30), ascertains appropriate pa-
rameters for processing qualified products. In the optimized
region, the hot deformation at higher temperature with high
extrusion speed is so violent that it causes increases in energy
storage, the flow stress and nucleation. Therefore, the discon-
tinuous grain growth is supressed and finer grains are obtained
during high-speed extrusion (Fig. 3 (c) and (d)) [8, 21]. On the
contrary, processing with large strain and lower strain rate at
relatively higher temperature during the deformation, the dislo-
cations in the alloy have enough time to slip and climb, induc-
ing sufficient annihilation and rearrangement of grains, and the
recrystallized grains have time for nucleation growth [29, 30].

4 Validation of the new extrusion limit diagram

Since IN 690 super-alloy is a material of low stacking
fault energy, its main mechanism for grain refinement
and flow softening during hot deformation process is
DRX and grain growth. According to the Eq. (2), dynamic
recrystallization volume fraction is introduced to reveal
the variation of power dissipation during extrusion pro-
cess, which indicates the keen relationship between mac-
roscopic deformation and microstructural evolution. In or-
der to verify the applicability of the developed extrusion
limit diagram, it is necessary to conduct metallographic
observation of the extruded product [8, 21, 31].

FE simulation for microstructural evolution has been per-
formed by using commercial FE package. Through the regres-
sion analysis of experimental data obtained in the isothermal
compression tests, the microstructural evolution models con-
structed for IN 690 super-alloy were verified in the references
[24, 25], including functions of dynamic recrystallization and
grain growth. The dimensions of each part in the simulations
are same to the dimensions as stated above in Fig. 4, and the
parameters in the simulations (i.e., frictions) are also same to
these during the simulations for constructing the extrusion
limit diagram. Adaptive mesh refinement (AR) was employed
for large deformation simulations under five conditions shown
in Fig. 13 and in Table 3. The initial grain size of the billet in
these simulations is as same as the experimental value
d0 = 30 μm.

Fig. 13 The variations of: (a) the average grain size; (b) outlet
temperature; and (c) the peak extrusion force

Table 3 Conditions for simulation

Extrusion condition C D E F G

Billet temperature (°C) 1150 1150 1150 1165 1180

Extrusion speed (mm/s) 75 100 125 125 125
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 Eutectic temperature limit
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High power dissipation efficiency limit ( >0.3)
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Fig. 12 A superposition of reasonable regions (green area is available for
obtaining products with excellent microstructure; orange area is the
overload region; cyan area is considered as the safe domain on the
conventional extrusion limit diagram; black area is the domain causing
surface defects)

3426 Int J Adv Manuf Technol (2017) 89:3419–3428



By tracing centre point of grains, the parameters, such as
average grain size, outlet temperature and the extrusion force
are shown in Fig. 13, separately. With the rise of ram speed,
strain rate increases and average grain size decreases, while
outlet temperature and peak extrusion force soar due to violent
deformation. On the other hand, grain growth and slight in-
crease of temperature during extrusion process can cause de-
crease in peak extrusion force.

Fig.14 shows the microstructure of IN 690 super-alloy pipe
extruded at condition D, which corresponds well to the simu-
lation result in Fig.13 (a).

5 Conclusions

By integrating analytic method, FE simulation and hot pro-
cessing map, an approach to determining the extrusion limit
for IN690 super-alloy tube is presented and verified. The fol-
lowing conclusions are drawn:

1) A new method for constructing the extrusion limit dia-
gram, by integrating hot processing map, analytic method
and FE simulation, was firstly proposed. A flow diagram
was given to illustrate the process for constructing a new
tube hot extrusion limit diagram. Three main curves, in-
cluding extrusion force limit curve, eutectic temperature
limit curve and high power dissipation efficiency limit
curve, were obtained to construct the optimized tube hot
extrusion limit diagram.

2) FE model for simulations was verified through on-site
testing in two aspects including the extrusion force of
macroscopic deformation and microstructure examina-
tion. Some special conditions in the predicted optimal
region were verified through FE simulations in the pres-
ent work in terms of grain size, extrusion force and outlet
temperature of the product.

3) During extrusion process with parameters chosen in the
optimized region on the developed extrusion limit dia-
gram, not only safe extrusion process but also quality
and fine grain microstructure of final products can be
guaranteed.
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