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Abstract: Identifying suitable processing window is necessary but difficult for achieving favorable microstructure and performance
in extrusion of large thick-walled pipe with difficult-to-deform Inconel 625 alloy. In this work, a method was established for
identifying the extrusion process window considering temperature control using response surface methodology. Firstly, the response
surface models, which correlate temperature rise and peak temperature to key extrusion parameters, have been developed by
orthogonal regression based on finite element calculated data. Secondly, the coupled effects of the key extrusion parameters on the
temperature rise and peak temperature have been disclosed based on the regression models. Lastly, suitable extrusion processing
windows, which are described by contour map of peak temperature in the space of extrusion speed and initial billet temperature, have
been established for different extrusion ratios. Using the identified process window, a suitable combination of the key extrusion
parameters can be determined conveniently and quickly.
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1 Introduction

The large thick-walled Inconel 625 alloy pipe is
widely employed in aerospace, nuclear power plant, and
oil and chemistry industries due to its preferable heat
resistance, high strength and ductility, favorable fatigue
and corrosion resistance [1—3]. The extrusion process is
an advanced manufacture technology for the large thick-
walled superalloy pipes because of its many technical
advantages, such as obtaining fine microstructure, higher
efficiency, saving materials and lower cost [4,5].
However, due to high extrusion speed, extrusion ratio
and deformation resistance in extrusion of large thick-
walled pipe (ELTP) with Inconel 625 alloy, local drastic
temperature rise often occurs, consequently resulting in
local coarse grain and non-uniform microstructure of the
extruded pipe. Thus, the temperature effect is one of
the most important concerns for controlling the
microstructure and performance in ELTP with

difficult-to-deform materials.

Thus, many researchers focused their attention on
the temperature evolution in the pipe extrusion process
of difficult-to-deform alloy. For example, GUO and
YANG [6] revealed the influence rules of key extrusion
parameters on peak temperature in extrusion of large
thick-walled Inconel 690 pipes. LIU et al [7] predicted
the variation of the exit temperature with the initial billet
temperature during extrusion of an AZ31 profile. JIANG
et al [8] studied the temperature rise in CP-Ti during
equal channel angular extrusion by finite element
analysis. LI et al [9] studied the temperature distribution
in the extrusion process of Ti—6Al-4V alloy.
MIRAHMADI and HAMEDI [10] analyzed the effects
of key extrusion parameters on peak temperature in
extrusion of Ti—6Al-4V alloy bar. But in summary, the
above studies mainly considered the effects of single
extrusion parameter on temperature in the process. In
other words, the complex interactive influences
of various key extrusion parameters on temperature
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evolution are rarely discussed in the above investigations.

Therefore, it is difficult to quickly plan the extrusion
process through finding a suitable combination of
various key extrusion parameters.

However, huge amounts of data are needed in order
to reveal the complex interactive influences of various
key extrusion parameters on temperature in ELTP. It is
impractical and unnecessary to get the huge amounts of
data by actual physical experiments due to high cost,
long period, etc. Finite element simulation of the process
is a practical and feasible way for solving the above
problem. But a large number of computational costs are
needed for simulation of ELTP [11]. Response surface
methodology (RSM) is a combination of mathematical
and statistical techniques [12]. It usually can be used to
develop mathematical model correlating a response to
several independent variables in a process and to control
or optimize the response based on minimum number of
real physical experiments or virtual simulation
experiments [13]. So, the minimum number of
calculation cost is needed to reveal the interactive
influences of various key extrusion parameters on
temperature in ELTP by RSM in conjunction with FE
simulations.

In view of the above consideration, the extrusion
process of a large thick-walled Inconel 625 alloy pipe
with sizes of 4300 mm X 50 mm X 6000 mm has been
investigated by using RSM in conjunction with FE
analysis in this work. The expected aims of the work are:
to develop response surface models respectively
correlating temperature rise and peak temperature to key
extrusion parameters based on the virtual orthogonal
simulation experiments of the process; to mainly reveal
the coupled effects of the key extrusion parameters on
the temperature evolution in the process based on the
developed response surface models; and to find the
processing windows considering temperature control in
the space of initial billet temperature and extrusion speed
under different extrusion ratio for quick process design
and optimization.

2 Experimental

Inconel 625 alloy is a difficult-to-deform material
because of its pretty narrow forming window.
Temperature is one of the most important factors for
controlling the microstructure and performance in
extrusion of large thick-walled Inconel 625 alloy pipe.
But due to complex interactive influences of key
extrusion parameters on temperature, identifying suitable
processing window considering temperature control is
difficult. Thus, in this work, a method for identifying the
extrusion process window considering temperature
control using response surface methodology (RSM) is

proposed.

There are two important temperature parameters for
the control of the microstructure and performance of the
extruded pipe. One is the peak temperature denoted by
T1ax In the extrusion process, another is the temperature
rise Ty Which is defined as Tiiee=Tmax—T0, 1o 1 the initial
billet temperature. In this work, the response surface
models respectively correlating Ty and T to key
extrusion parameters, namely the initial billet
temperature 7, extrusion speed v and extrusion ratio 4,
are developed using virtual orthogonal FE simulation
experiments. So, the first step for developing the
response surface models is to build a thermal-mechanical
coupled FE model for the extrusion process.

2.1 Thermal-mechanical coupled finite element model

Figure 1(a) shows the extrusion principle of large
thick-walled Inconel 625 pipe and the die structure
diagram. Based on the extrusion principle, a thermal-
mechanical coupled FE model for the process of ELTP
with Inconel 625 alloy was developed under DEFORM
software environment in Ref. [14], as shown in Fig. 1(b).
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Fig. 1 Extrusion principle (a) and FE model (b) of extrusion

process of large thick-walled Inconel 625 pipe

In summary, the main technical details of the
developed FE model for ELTP with Inconel 625 alloy are
as follows.

1) A 2D axisymmetrical model has been developed
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in consideration of geometry symmetry of the extrusion
billet and dies. The billet and dies are meshed using
quadrilateral elements. The local mesh refinement in the
deformation zone is conducted in order to improve
computational accuracy and efficiency. And the adaptive
remeshing technology is employed to avoid mesh
distortion.

2) The thermal-mechanical coupled deformation
behavior data of Inconel 625 alloy from Refs. [15—17],
such as true stress—strain curves, thermal conductivity,
specific heat, are used in the model. And the model can
calculate temperature change of the billet when
transferring from furnace to the extruder for accurate
prediction of deformation and temperature. The details
can be seen in Ref. [14].

3) The key extrusion parameters ranges 7=
1000—1200 °C, v=100-200 mm/s, and A=4-7 are
selected according to Ref. [18]. Therefore, the process
boundary conditions of the model can be determined.
The heat boundary conditions of the model also can be
seen in Ref. [14]. And the reliability of the model has
been verified in terms of extrusion load based on the
experimental data in Ref. [19].

2.2 Virtual orthogonal experiments

After developing the thermal-mechanical coupled
FE model, the second step for establishing response
surface models of Ti,x and T is to obtain their response
data to various combinations of key extrusion parameters
through FE simulations. In general, the response surface
model can be developed by uniform experimental design,
orthogonal experimental design, central composite
experimental design, and so on [20]. In current study, the
virtual orthogonal experimental design based on FE
simulation is used to develop the response surface
models of Tpax and Trige.

Table 1 gives the actual and coded levels of the key
extrusion parameters used orthogonal
experiment design. The levels of the key extrusion
parameters are selected in their reasonable ranges as
mentioned above (7,=1000—1200 °C, v=100—200 mm/s,
and A=4—7). The orthogonally coded levels of the key
extrusion parameters are calculated by Eq. (1), in which,

to virtual

Amax and Ay, are the maximum and minimum levels of
each extrusion parameter, respectively; 4; is the ith level
of each extrusion parameter; x, x, and x; are the coded
levels of the initial billet temperature 7T,, extrusion speed
v and extrusion ratio 4, respectively.

%; = 24 — (A + Ain ) 21 (A = Argin) (1
Table 2 shows the orthogonal layout for virtual FE
simulation  experiments. There are twenty-five

combinations of the key extrusion parameters for the FE

simulation experiments. So, twenty-five FE models are
built and calculated. For each combination of the key
extrusion parameters, the calculated responses of
temperature rise Ty, and peak temperature 7, are also
listed in the Table 2 accordingly.

2.3 Response surface models

The response surface models are orthogonally
regressed using a second order polynomial function with
three independent variables x;, x,, and x3, as expressed by
Eq. (2), where qq is the average response and a; (i=1-9)
are the response coefficients, Y is the response variable.

Y(x1,%5,x3) = ay +ayx; +ayx, +azx; +azxx, +
2 2 2 2
AsX) X3 +AgXy X3 +a7X] +agXy” +dgXy 2)

Using the data in Table 2, the response surface
models of T, and T, In terms of coded factors,
expressed by Eqgs. (3) and (4), have been fitted using
stepwise regression method for the improvement of
predictive accuracy under Design-Expert software
environment. And the corresponding response surface
models in terms of actual factors are expressed by
Egs. (5) and (6).

Tio (X1, Xy, %3) = 144.39-95 45, +33.46x, +18.12x; —

8.9x,x, —4.96x,x3 +11.75x,x; +34.55x,” (3)
T (X1, X5, %3) = 1244.39 4+ 4.55x, +33.46x, +
18.12x; —8.9xx, —4.96x)x; +

11.75x,x; +34.55x, 4)
T Ty, v, 2) = 484310232 —8.10594T; +

11s¢

1.76667v +24.95154).—1.78088x 10~ Tyv —

00330627,/ +015663vA +345474x107° T2 (5)
T (T v, 2) = 484310232 — 710594T; +

1.76667v +24.95154).—1.78088x 10~ Tyv —

00330627,/ +0.15663vA+3.45474x10°T,>  (6)

In order to evaluate the regression models of T
and T, the analysis of variance (ANOVA) is carried
out. And the ANOVA test results for T}, and Ty models
are shown in Table 3 and Table 4, respectively. The
model F-values of 608.88 and 107.35 imply that the
models are significant. The high adjusted determination
coefficient (Adj R?) also indicates that the models are
significant. Values of “Prob > F” less than 0.05 indicate
that the model terms are significant. In this case, x|, x, x3,
X1X2, X1X3, XoX3, Xi° are significant model terms. The
predicted values of R? (Pred R*) are in reasonable
agreement with the adjusted R* (Adj R).
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Table 1 Actual and coded levels of key extrusion parameters used to virtual orthogonal experiment design
Actual Coded
No. Initial billet Extrusion speed Extrusion Initial billet Extrusion Extrusion
temperature 7,/°C v/(mm-s™") ratio A temperature x; (7o) speed x, (v) ratio x3 (1)
1 1000 100 4 -1 -1 -1
2 1050 125 5 —0.5 —0.5 -1/3
3 1100 150 6 0 0 173
4 1150 175 7 0.5 0.5 1
5 1200 200 - 1 1 -
Table 2 Virtual orthogonal experiment layout and calculated responses of 7},,.x and T}, by FE simulations
No. Coded value Actual value Response
x1 (To) x; (v) x3 (A) Ty/°C v/(mm-s™") A T1ise/°C Tna/°C
1 -1 0 1/3 1000 150 6 277 1277
2 -1 0.5 -1/3 1000 125 5 246 1246
3 —0.5 0 -1 1050 150 4 188 1238
4 0 -1 -1/3 1100 100 5 97 1197
5 0.5 0 -1/3 1150 150 5 108 1258
6 0 1 -1 1100 200 4 150 1250
7 0 0 1 1100 150 7 169 1269
8 0.5 0.5 173 1150 175 6 127 1277
9 | 0.5 -1 1200 175 4 76 1276
10 —0.5 0.5 -1/3 1050 175 5 208 1258
11 0 0.5 -1 1100 175 4 139 1239
12 0.5 -1 -1 1150 100 4 70 1220
13 1 0.5 1 1200 125 7 75 1275
14 1 0 -1 1200 150 4 72 1272
15 —0.5 1 1/3 1050 200 6 245 1295
16 1 1 -1/3 1200 200 5 97 1297
17 -1 0.5 1 1000 175 7 331 1331
18 -1 1 -1 1000 200 4 278 1278
19 -1 -1 -1 1000 100 4 225 1225
20 0.5 1 1 1150 200 7 159 1309
21 1 -1 1/3 1200 100 6 65 1265
22 0.5 -0.5 -1 1050 125 4 168 1218
23 0 0.5 1/3 1100 125 6 135 1235
24 0.5 -0.5 -1 1150 125 4 77 1227
25 0.5 -1 1 1050 100 7 169 1219

The values of R? for the developed Tis. and Tiax
models are found to be above 0.95, which indicates high
correlation between the simulated values and the
predicted values. shows the high
correlation between the simulated values and the

Figure 2 also

predicted values.
To further verify the reliability of the developed

response surface models, five random selected extrusion
processes, as listed in Table 5, are simulated by FE
calculation. The simulated and predicted values of Ty
and Tpn.x show that the developed response surface
models can precisely describe the relationships between
the responses (7, and Tp.) and the key extrusion
parameters (7p, v and 1), as shown in Table 5.
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Table 3 ANOVA test results for temperature rise model

Source Sum of squares (SS) Degree of freedom (df) Mean square (MS)  F-value p-value (Prob>F) Note
Model 137307.3 7 19615.33 608.88 <0.0001 Significant
X 105812 1 105812 3284.52 <0.0001
X 12975.96 1 12975.96 402.79 <0.0001
X3 4922.43 1 4922.43 152.80 <0.0001
X1 X, 473.92 1 473.92 14.71 0.0013
X1 X3 183.56 1 183.55 5.70 0.0289
X2 X3 993.63 1 993.63 30.84 <0.0001
X 5193.03 1 5193.03 161.20 <0.0001
Residual 547.66 17 32.22
Cor Total 137855 24
Std. Dev. 5.68 R 0.996
Mean 158.04 Adj R 0.994
C.V./% 3.59 Pred R’ 0.991
Press 1300.15 Adeq precision 82.571
Table 4 ANOVA test results for peak temperature model
Source Sum of squares (SS) Degree of freedom (df) Mean square (MS)  F-value p-value Prob>F Note
Model 24207.3 7 3458.18 107.35 <0.0001 Significant
X 240.58 1 240.58 7.47 0.0142
Xy 12975.96 1 12975.96 402.79 <0.0001
X3 4922.43 1 4922.43 152.8 <0.0001
X1 X 473.92 1 473.92 14.71 0.0013
X1 X3 183.55 1 183.55 5.7 0.0289
X3 X3 993.63 1 993.63 30.84 <0.0001
xl2 5193.03 1 5193.03 161.2 <0.0001
Residual 547.66 17 32.22
Cor Total 24754.96 24
Std. Dev. 5.68 R 0.978
Mean 1258.04 Adj R 0.969
CNV./% 0.45 Pred R* 0.948
Press 1300.15 Adeq precision 36.039
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Fig. 2 Correlation graphs between simulated values and predicted values: (a) 7y model; (b) 7. model
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Table 5 FE calculation conditions and simulated and predicted 75 and Tipax

No. Ty/°C v/(mm~s71) y) Predicted T, /°C Simulated 7,,,/°C Predicted T};,./°C Simulated 7;,/°C
1 1168 118 4 1238.7 1234 70.7 66
2 1189 132 5 1263.5 1258 74.5 69
3 1130 154 5.6 1255 1251 125 121
4 1058 126 6 1235.6 1235 177.6 177
5 1132 148 7 1280 1269 148 137

3 Results and discussion

3.1 Effects of Kkey
temperature

extrusion parameters on

Based on the above developed response surface
models of T} and Tp,,x correlating to the key extrusion
parameters (7, v and 4), the single-factor effects and
coupled effects of the key extrusion parameters on T
and Ti,, can be disclosed explicitly. When arbitrary two
of the key extrusion parameters are determined, the
single-factor effects of the left one parameter on the
temperature evolution can be revealed. And when one of
the key extrusion parameters is given, then the coupled
effects of the left two parameters on the temperature
evolution can be disclosed.

3.1.1 Single-factor effects

Figure 3 gives the single-factor effects of the initial
billet temperature Toon 7. and Ty when v=150 mm/s
and A=6. It can be seen that T, gradually decreases with
the increase of Tj,. This is because the deformation heat
and friction heat all will reduce due to the decline of
deformation resistance when T7j increases. We can also
see that T, first decreases and then increases with
increasing 7y. This is because Tn.x is the sum of
decreasing Ty and increasing 7, as shown in Fig. 3.

1300
= — Peak temperature T,,,, 1 300
4 — Temperature 7T,
o 1290
= 1250 o
& 1280 R
% 1200 &
E 12701 g
b5} [
g.. 1150 5
5 1260} g
e L
g {1100 ©
1250
1240 130

1000 1050 1100 1150 1200
Initial billet temperature 7,/°C

Fig. 3 Single-factor effects of initial billet temperature 7, on
Trise and Tmax

Figure 4 shows the single-factor effects of the
extrusion speed von Ty and Ty when 73=1100 °C and

4=6. Ty and Ty, rapidly linearly increase with
increasing the extrusion speed. This is reasonable
because deformation heat and friction heat all will
increase due to larger deformation resistance resulting
from increasing deformation rate for high extrusion
speed v.

1300 220
= — Peak temperature T, i

8 1280r 4 — Temperature rise Tm: cLy )
el {180 2
» 1260} =
= 1 wl
= 1 =
E 160 o
£ 12401 =
] 1140 B
4 &
it I 5
S 1220 |-

1200 100

100 125 150 175 200
Extrusion speed v/(mm-s™)

Fig. 4 Single-factor effects of extrusion speed v on 7T and
Tmax

Figure 5 shows the single-factor effects of the
extrusion ratio A on Ty, and Ty when T;=1100 °C and
v=150 mm/s. We can see that Ty and Tn.x slowly
linearly increase with the increase of A due to larger
deformation heat and friction heat resulting from larger
deformation degree for large extrusion ratio 4.
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= — Peak temperature T}, 1200
9 1280+ &+ — Temperature rise T, O
E {180 2
&
; 1260} 2
E 160 5
2 1240} g
E 1140 g
s 1220} 5
3 120 £

1200 L s : 100

4 5 6 7

Extrusion ratio 4

Fig. 5 Single-factor effects of extrusion ratio 4 on T and T
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3.1.2 Coupled effects

The coupled effects of any two of the key extrusion
parameters on 7Ty and Tp,,, can be described by plotting
the response surface of the developed response surface
models. The calculation conditions for plotting the
response surfaces are as follows:

1) To reveal interactive effects of 7y and v on Tjj
and Tp.y, the corresponding calculation condition is 4=6,
Ty, and v change in their ranges of 7, = [1000, 1050,
1100, 1150, 1200] °C and v=[100, 125, 150, 175, 200]
mm/s, respectively.

2) To reveal interactive effects of 4 and v on Ty and
Tmax, the corresponding calculation condition is 7=
1100 °C, 4 and v change in their ranges of 1=[4, 5, 6, 7]
and v =[100, 125, 150, 175, 200] mm/s, respectively.

3) To reveal interactive effects of Ty and A on T
and Tph., the corresponding calculation condition is
v=150 mm/s, T and A change in their ranges of 7,=[1000,
1050, 1100, 1150, 1200] °C and A= [4, 5, 6, 7],
respectively.

Based on the developed response surface model of
Tise and above calculation conditions, the response
surfaces of Ty to T and v (), A and v (b), and T, and A
(c) have been plotted as shown in Fig. 6. From Fig. 6(a),
we can see that a combination of the highest 7, and the
smallest v will lead to the smallest T for a given 4, and
vice versa. It can be seen from Fig. 6(b) that a
combination of the smallest A and the smallest v will lead
to the smallest T for a given Ty, and vice versa. And
from Fig. 6(c), it can be seen that a combination of the
highest T, and the smallest 4 will lead to the smallest T
for a given v, and vice versa. So, the response surfaces of
Tiise to Tp and v (a), 4 and v (b), and Tj and 4 (c) provide a
guideline for choosing an appropriate combination of the
key extrusion parameters in terms of the change of Ti;.
during the extrusion process.

Based on the developed response surface model of
Twax and above calculation conditions, the response
surfaces of T, to Ty and v (a), 4 and v (b), and Ty and 4
(c) have been plotted as shown in Fig. 7. From Fig. 7(a),
it can bee seen that a combination of a middle value of T}
and the smallest v will lead to the smallest T, for a
given A. From Fig. 7(b), we can observe that a
combination of the smallest A and the smallest v will lead
to the smallest T, for a given T, and vice versa. And
from Fig. 7(c), it can be seen that a combination of a
middle value of T, and the smallest A will lead to the
smallest Ty, for a given v. So, the response surfaces of
Tnax to Ty and v (a), 4 and v (b), and T; and A (c¢) provide
a guideline for choosing an proper combination of the
key extrusion parameters in terms of the change of Tj,.
during the extrusion process.
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Fig. 6 Response surfaces of Ty to T and v (a), 4 and v (b), Ty
and 4 (¢)

3.2 Identifying processing window
temperature control

As discussed above, temperature effect is one of the
most important concerns for controlling the
microstructure and performance in ELTP with difficult-
to-deform Inconel 625 alloys. So, finding processing
window based on temperature control is pretty beneficial
to quick design and optimization of the process. But the
first step is to find the allowable peak temperature in the
process of ELTP with Inconel 625 alloys.

YAN [15] investigated high-temperature and
high-speed hot deformation behavior of Inconel 625

considering
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alloy by hot compression tests. The results show that
fully dynamic recrystallization occurs when the samples
are deformed at 1200 °C and the grain starts growing,
but the grain size is fine enough. Thus, the temperature
of 1200 °C can be regarded as limiting hot deformation
temperature for obtaining favorable microstructure.
However, due to the high strain rate and low heat
conductivity of Inconel 625 alloy, temperature rise
occurs due to deformation heat in compression tests. In
fact, the temperature in the deforming samples is higher
than 1200 °C. So, the Ilimiting hot deformation
temperature should be higher than 1200 °C.

Based on the above consideration, the temperature
rise due to deformation heat is calculated by using
Eq. (7) [21] in order to find the true limiting hot
deformation temperature.

AT:njgodg/(pcV) (7)

where AT is the temperature rise, # is the transformation
factor from deformation work to thermal energy, o is the
true stress, ¢ is the true strain, p is the material density, ¢
is the specific heat capacity. For Inconel 625 alloy, # is
0.9, ¢ is 659 J/(kg'K) and p is 8.44 g/cm’. According to
the stress—strain curve under the conditions of
Ty=1200 °C, & =50 s' and &=0.9, the calculated
temperature rise is about A7=40 °C. So, the true limiting
hot deformation temperature can be regarded as about
1240 °C.

So, in this work, the peak temperature in ELTP with
Inconel 625 alloy is constrained to be lower than
1240 °C  for controlling the microstructure and
performance of the extruded pipe. And according to the
developed response surface model of peak temperature,
the response surface of peak temperature to the initial
billet temperature and extrusion speed can be plotted for
a given extrusion ratio. Therefore, the processing
window of ELTP with Inconel 625 alloy, which is
described by contour map of peak temperature in the
space of the initial billet temperature and extrusion speed,
has been determined for each extrusion ratio of =4, 5, 6,
7], respectively, as shown in Fig. 8.

From Fig. 8, we can observe that the larger the
extrusion ratio is, the narrower the processing window is.
This can be easily understood according to the coupled
effects of the key extrusion parameters on the peak
temperature as discussed above.

3.3 Discussion on processing window

Using the processing window, we can quickly find a
combination of the key extrusion parameters to ensure
the peak temperature to be lower than 1240 °C for the
control of the microstructure and performance of the
extruded pipe. For example, in the case of 1=4, the
determined processing window is shown in Fig. 8(a). If
we select the initial billet temperature as 1050 °C, then
the extrusion speed can be selected in an approximate
range of 100—171 mm/s. And if we want to limit the peak
temperature to be equal to 1230 °C, then the extrusion
speed is about 151 mm/s, as shown in Fig. 8(a). The
corresponding combination of the key extrusion
parameters is A=4, 7;=1050 °C and v=151 mm/s which is
obtained conveniently and quickly.

Although Fig. 8 only gives the processing windows
for extrusion ratio /=4, 5, 6 and 7, in fact, the processing
window for any extrusion ratio can be plotted in the
space of the initial billet temperature and extrusion speed
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Fig. 8 Processing windows based on peak temperature control for ELTP with difficult-to-deform Inconel 625 under different

extrusion ratios: (a) =4; (b) A=5; (c¢) 1=6; (d) =7

based on the response surface model of the peak
temperature. So, the work carried out in this work
provides a convenient guideline for the quick design and
optimization of the process of ELTP with difficult-to-
deform Inconel 625 alloy.

4 Conclusions

1) The response surface models, which respectively
correlate the temperature rise and peak temperature to
the key extrusion parameters of ELTP with Inconel 625
alloy, have been developed by orthogonal regression
analysis based on the calculated data from thermal-
mechanical coupled finite element simulations.

2) The response surfaces of the developed models
of temperature rise and peak temperature have revealed
the coupled effects of any two of the key extrusion
parameters on temperature in ELTP with Inconel 625

alloy, which provide a clear direction for choosing an
adequate combination of the key extrusion parameters in
terms of the temperature change in the process.

3) The suitable processing windows of ELTP with
difficult-to-deform Inconel 625 alloy, which are depicted
by contour map of peak temperature in the space of
initial billet temperature and extrusion speed, have been
determined for different extrusion ratios. The work
establishes a guideline for quick process design and
optimization of ELTP with Inconel 625 alloy.
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