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DRX rules during extrusion process of
large-scale thick-walled Inconel 625 pipe by FE method
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Abstract: A thermal-mechanical and micro-macro coupled finite element (FE) model for the hot extrusion process of large-scale
thick-walled Inconel 625 pipe was developed based on the DEFORM-2D platform. Then, the influence rules of the key extrusion
parameters on the average grain size and grain uniformity of the extruded pipe were revealed. The results show that with the increase
of initial billet temperature, extrusion speed and friction coefficient, the grain uniformity is firstly improved and then deteriorated.
Larger extrusion ratio leads to more uniform grain distribution. With the increase of initial billet temperature, the average grain size
of the pipe first decreases and then increases. Additionally, larger extrusion ratio can bring smaller average grain size. The extrusion

speed and friction coefficient have slight effects on the average grain size of the extruded pipe.
Key words: Inconel 625 alloy; large-scale thick-walled pipe; extrusion; dynamic recrystallization; grain size; grain uniformity

1 Introduction

Because of preferable heat resistance, agreeable
strength, high ductility, favorable fatigue and corrosion
resistance of Inconel 625 super alloy, large-scale
thick-walled pipes made from it are widely used in many
domains such as oil and chemical industry, thermal
power generation, nuclear power plant, aerospace and
defense industry [1-3]. In general, these pipes can be
manufactured by many technologies such as rolling,
spinning, forging and extrusion without remnant
materials (EWRM). However, the EWRM process has
become an irreplaceable forming technology for the
manufacturing of large-scale thick-walled pipes due to
some advantages such as obtaining finer microstructure,
lower production cost, higher production efficiency and
material utilization ratio.

The microstructure evolution of Inconel 625 alloy
has been studied by many researchers through isothermal
compression and torsion tests [4—7]. The results show
that the dynamic recrystallization (DRX) is a key
mechanism of microstructure transformation and is
mainly affected by temperature, strain and strain rate. At

the same time, the DRX model of this alloy is also
developed by WU et al [6], which provides an important
foundation for the microstructure prediction of the
deformed parts.

In addition, Inconel 625 is a single-phase austenite
superalloy, so it is difficult to refine grains of this alloy
by heat treatment. However, in view of the lower
stacking fault of Inconel 625, DRX is highly probable to
occur in hot plastic forming process and leads to grain
refinement. Therefore, exploring the DRX rules under
the key extrusion parameters, such as initial billet
temperature (7}), extrusion speed (v), extrusion ratio (1)
and friction coefficient (), is very useful for the optimal
design and steady control of the extrusion process in
terms of the microstructure of the extruded pipe.

For the microstructure of the extruded superalloy
pipe, PENG et al [8] and WANG [9] experimentally
studied the non-uniform distribution characteristics of
grains along the thickness and length direction of the
extruded GH690 pipe. GUO et al [10] studied the grain
distribution in the extruded Inconel 625 pipe, which was
non-uniform as well. In their research, the grain
distribution characteristic of the extruded pipe was
analyzed, but the influence rules of the key extrusion
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parameters, such as Ty, v, u and 4, on the microstructure
evolution of the pipe in the extrusion process were not
discussed in detail. LIU et al [11] studied the effect of
extrusion deformation on the grain size of FGH 96 alloy
solution-treated at different temperatures, but the
influence rules of extrusion parameters on the grain size
were not discussed. GUO et al [12] studied the effects of
initial billet temperature and extrusion speed on the DRX
behavior of 304 stainless steel pipe during the extrusion
process. From above analyses, researches on the DRX
behavior of Inconel 625 pipe in the extrusion process are
still lacking. Therefore, it is necessary to reveal the
influence rules of key parameters on the DRX behavior
of large-scale thick-walled Inconel 625 pipe in extrusion
process for effective control of the pipes’ microstructure.

However, it is wasteful and inefficient to reveal the
influence rules of the key extrusion parameters by
experiments due to high cost and the complexity in
obtaining the microstructure of pipes. The finite element
(FE) method 1is an efficient and economical
alternative [12—14]. Therefore, in this work, a thermal-
mechanical finite element model combined with the
DRX model of Inconel 625 alloy was firstly developed
for the extrusion process of large-scale thick-walled pipe.
And then, on the basis of the FE model, the influence
rules of the key extrusion parameters on the DRX
behavior of the large-scale thick-walled Inconel 625 pipe
were revealed.

2 Development of thermal-mechanical and
micro-macro FE model

2.1 Geometrical model and mesh design

Figure 1 shows the EWRM principle of large-scale
thick-walled Inconel 625 pipe and the die structure
diagram. In the extrusion process, the extrusion pad,
which is usually made from low alloy steel with
lower deformation resistance, deforms when the pipe is
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Fig. 1 Extrusion principle of extrusion without remnant

materials process

completely extruded. Thus, the whole extruded pipe can
be pushed out by the deformed extrusion pad. This
extrusion process can improve not only the production
efficiency, but also the material utilization ratio.

In current study, considering the symmetric
geometry of the billet and extruded pipe, a 2D
axisymmetric FE model for the process was established.
Because of the same moving speed between extrusion
needle and extrusion pad in the extrusion process, the
ram shown in Fig. 2(a) was used to describe the
geometries of the extrusion pad and the extrusion needle.
On the other hand, the extrusion die and the container
were fixed and contacted with each other in a practical
extrusion process. Thus, the die shown in Fig. 2(a) was
used to represent the geometries of the container and
bottom die. In addition, in order to balance the
simulation accuracy and efficiency, the mesh refinement
is necessary in the main deformed region (see Fig. 2(b)),
and the mesh design method was described and verified
in Ref. [15], which is reasonable and acceptable.
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Fig. 2 2D axisymmetric geometrical model (a) and mesh
design (b) of FE model

2.2 DRX evolution model

As mentioned above, the DRX is a key
microstructure evolution mechanism of Inconel 625 alloy
in the hot deformation process. In Ref. [6], the DRX
evolution behavior of this alloy in the hot deformation
process was studied through the isothermal compression
experiments, and the dimensions of the experimental
samples were d8 mm X 12 mm. At the same time, the
DRX evolution models were also developed, which are
expressed by Eqs. (1)-(6). And Eq. (7) is the
constructive equation of Inconel 625 obtained from
Ref. [16]. In the equations, Z is the Zener—Hollomon
parameter which is a function of temperature and strain
rate; & is the strain rate (s '); & is the critical strain for
DRX; R is the mole gas constant (R=8.314 J/(mol'K)); T
is the deformation temperature (K); ¢ is the effective
strain; dj is the initial grain size of billet (um); Xprx is
the volume fraction of DRX grains; dprx is the DRX
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gain size; &5 represents the strain when 50% of material
experiences DRX; d is the grain size after DRX and o, is
the peak stress. According to the results in Ref. [6], the
values of Xprx and dprx predicted by these models agree
well with the experimental results, which verifies the
DRX models:
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2.3 Thermal-mechanical and macro-micro coupled

FE model and verification

In Ref. [10], the Inconel 625 pipe with dimensions
of d69.4 mm x 123 mm was extruded under the
conditions of v=40 mm/s, 7,=1473 K and /=4.1. At the
same time, the grain distribution characteristics at top,
middle and tail of the extruded pipe were analyzed.
Therefore, in this section, the extrusion process of
Inconel 625 pipe was simulated under the condition of
v=40 mm/s, 7,=1473 K and A=4.1. The initial grain size
of the billet, dy was set as 120 um [10].

In addition, because the DRX evolution of Inconel
625 is sensitive to the deformation temperature [4, 5], the
heat loss (including the emissivity and heat convection)
of the billet when transferred from the furnace to the
extruder was considered in the present FE model. The
transferring time was 60 s, the heat conversion
coefficient between billet and air was set as
20 W/(m*K), the emissivity coefficient was 0.7. In the
glass lubricated extrusion process, the heat transform
coefficient and friction coefficient between billet and
extrusion tools were set as 1500 W/(m*K) and 0.02,
respectively. In summary, the required simulation
condition for the reliability evaluation of the DRX
coupled FE model is shown in Table 1 [10, 17-19].

The DRX model and the constitutive model of the
Inconel 625 alloy were encoded into the DEFORM-2D
platform by the FORTRAN language. Subsequently, the
required simulation conditions, which are shown in Table
1, were set in the pre-processor of DEFORM-2D, and the
thermal-mechanical and macro-micro coupled FE model
for Inconel 625 pipe extrusion process was developed.

Moreover, the calculation procedure of the Inconel 625
pipe extrusion considering DRX related microstructure
evolution is shown in Fig. 3.

Table 1 Extrusion parameters setting for reliability evaluation
of FE model [10,17-19]

Parameter Value
Pipe size/mm d 69.4x12.3
Initial grain size/um 120
Transferring time of billet 60
from furnace to extruder/s
Initial billet temperature/K 1473
Initial die temperature/K 573
Extrusion ratio 4.1
Die taper angle/(°) 75
Extrusion speed/(mm-s ') 40
Heat convection coefficient between
billet and air/(W-m >K ") 20
Thermal emissivity of billet 0.7
Coulomb friction coefficient 0.02
Heat transform coefficient between
1500

billet and extrusion tool/(W-m >K™")

Figure 4 shows the experimental billet and the billet
temperature distribution after the heat loss. It can be seen
that the billet temperature decreases due to the heat
convection and heat emissivity. The lowest temperature
is at the corner of the billet. The temperature on the outer
surface of the billet is lower than that on the inner
surface of the billet due to larger heat radiation area of
the outer surface.

Figure 5 shows the distribution of grain size after
DRX, DRX volume fraction and DRX grain size of the
simulated pipe. Figure 5(a) shows the grain distribution
of the simulated pipe. It can be seen that the grain size at
the tail and top of the simulated pipe is larger than that at
other places due to lower DRX volume fraction and
smaller DRX grain (Figs. 5(b) and (c)) caused by
smaller deformation degree and lower deformation
temperature.

In addition, the grain distribution in the middle of
the extruded pipe was also analyzed in Ref. [10]. And the
position of the observed sample points in the middle of
the extruded pipe is shown in Fig. 6. Point 4 is about
1 mm from the inner surface of the pipe, point B is in the
middle of pipe thickness, point C is about 1lmm from
outer surface of the pipe. The samples were etched with
the corrosive comprising 10 mL H,SO,4, 100 mL HCI and
10 g CuSOy after grinding, and the grain distribution at
points 4, B and C is obtained through the Axiovert
200MAT optical microscope, which is shown in
Fig. 7[10].
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Fig. 3 Flow chart of DEFORM-2D FE simulation considering DRX microstructure evolution
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Fig. 5 Distribution of microstructure-related parameters calculated with established FE model: (a) Grain size after DRX; (b) DRX

volume fraction; (c) DRX grain size
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Fig. 6 Selection method of sample points for microstructure
observation along pipe thickness direction in middle of pipe
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Fig. 7 Grain distribution in middle of extruded pipe at different
positions [10]: (a) Point 4; (b) Point B; (c) Point C

In addition, 50 grains were randomly selected in
Figs. 7(a)—(c) to calculate the average grain size at points
A, B and C. At the same time, for obtaining the grain size
of the sample at points 4, B and C on the simulated pipe,
five sample points were selected near points 4, B and C.
The method to select the five points is shown in Fig. 8,
and the average value of the five points is used to
represent the simulated grain size of points 4, B and C.
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Fig. 8 Selection method of statistical points around points 4, B
and C for obtaining grain size of simulated pipe

Figure 9 shows the comparison of the simulated
grain sizes with the experimental results in the middle of
the pipe. It can be seen that the simulated grain size
decreases from inside to outside of the pipe, the tendency
agrees well with the experimental observation. In
addition, the relative errors between the simulated and
experimental results are 0,=8.13%, 053=9.3% and
0c=15.56%, respectively, at points of 4, B and C.
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Fig. 9 Comparison between simulated grain size and
experimental grain size

From the above analyses, the simulated grain
distribution characteristics in the middle of the pipe are
the same as the experimental observations. And the
average error is 10.997%. This indicates that the FE
model developed in this work can accurately describe the
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DRX behavior of Inconel 625 pipe during the hot
extrusion process.

3 DRX evolution of pipe in extrusion process

In the above section, the thermal-mechanical and
micro-macro coupled FE model for the extrusion process
of Inconel 625 pipe was developed. And in this section,
the DRX evolution behavior of the large-scale
thick-walled Inconel 625 pipe during the extrusion
process was revealed based on this FE model. For this
purpose, the simulation conditions shown in Table 2
[15,18,19] were used.

Figure 10 shows the grain size distribution of the
pipe at different extrusion stages. It can be seen that the

Table 2 Extrusion parameters revealing DRX behavior of
large-scale thick-walled Inconel 625 pipe during extrusion
process [15,18,19]

Parameter Value
Pipe size/mm d300x50
Initial grain size/pm 120
Transferring time of billet from 60
furnace to extruder/s
Initial billet temperature/K 1373
Initial die temperature/K 573
Extrusion ratio 5
Extrusion speed/(mm-s ') 150
Thermal emissivity of billet 0.7
Coulomb friction coefficient 0.02
Heat convection coefficient between 20
billet and air/(W-m >K ")
Heat transform coefficient between 1500

billet and extrusion tool/(W-m K ")

Grain size after
DRX/um

Grain size after
DRX/pm

120 I 120 l
86.3

gl i
5.7
>4 190

(a) (b)

Grain size after

grain size of the pipe becomes smaller when the billet is
extruded through the die orifice due to the occurrence of
DRX. And it can be seen from Fig. 10(e) that there is a
coarse grain area at the top and tail of the pipe due to the
smaller deformation degree and lower deformation
temperature (see Figs. 11(a) and (b)) which can result in
a smaller DRX degree (see Figs. 11(c) and (d)).

In addition, it can also be seen from Fig. 10(e) that
the grain size in the inner layer of the pipe extruded at
the stable stage gradually increases from top to the tail.
The reason for this is the continuous decrease of the
deformation temperature in the extrusion process (see
Fig. 11(b)), which can result in a continuous decrease of
the DRX volume fraction (see Fig. 11(c)) and DRX grain
size (see Fig. 11(d)). Furthermore, it can also be seen that
from Fig. 11(a) the effective strain of the pipe extruded
in the stable stage has a slight change due to the
unchanged extrusion ratio and constant extrusion speed
in the extrusion process. So, it can be found from the
above analysis that the deformation temperature is the
main factor influencing the microstructure distribution of
the extruded pipe.

4 Effects of key extrusion parameters on
DRX evolution behavior

The DRX evolution behavior in the extrusion
process was analyzed in the above sections. It can be
found that there is a coarse grain area at the top and tail
of the pipe, respectively, due to the lower DRX degree
caused by the lower temperature and smaller deformation
degree. And the coarse grain area will generally be
removed in a practical application. Therefore, the pipe
extruded in the stable stage was set as the research object
in this section, and the effects of the key extrusion
parameters on the average DRX volume fraction,

Grain size after Grain size after

DRX/um DRX/pm DRX/pm
L

86.3 86.3 £ 743
- L
o =0

g g iz B

5%

52.7 52.7 28 467
=9

19.0 { 190 Top 19.0

(c) (d) (e)

Fig. 10 Grain size distribution after DRX of pipe at different extrusion stages: (a) Step 300; (b) Step 900; (c) Step 1500; (d) Step

2100; (e) Step 2500
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Fig. 11 Distribution of effective strain (a), temperature (b), DRX volume fraction (c) and DRX grain size (d)

average DRX grain size, average grain size and grain
uniformity of the pipe extruded in stable stage were
analyzed.

4.1 Simulation conditions and evaluation indicator
4.1.1 Simulation conditions

According to the reasonable range of the key
extrusion parameters including Ty, v, 4 and 4 mentioned
in Ref. [15], the following calculation conditions were
used in this work for revealing the influence rules of the
key extrusion parameters on the DRX evolution behavior
of pipe extruded in the stable stage.

1) In order to reveal the influence rule of 7; on the
DRX evolution behavior of the extruded Inconel 625
pipe, v=150 mm/s, /=6 and x=0.02 were chosen, T}, was
set as 1273, 1323, 1373, 1423 and 1573 K, respectively,
but other parameters were retained as listed in Table 2,
then five valid 2D-FE models for hot extrusion process
of large-scale thick-walled Inconel 625 pipe were
developed.

2) For revealing the influence rule of v on the DRX
evolution behavior of the extruded Inconel 625 pipe,
Ty=1373 K, 7=6 and ©=0.02 were chosen, v was set as
100, 125, 150, 175 and 200 mm/s, respectivily, but other
parameters were retained as listed in Table 2, then five
valid 2D-FE models for hot extrusion process of large-
scale thick-walled Inconel 625 pipe were developed.

3) In order to reveal the influence rule of 1 on the
DRX evolution behavior of the extruded Inconel 625
pipe, v=150 mm/s, 7,=1373 K and x=0.02 were chosen,
A was set as 4, 5, 6 and 7, respectively, but other
parameters were remained as listed in Table 2, then four
valid 2D-FE models for hot extrusion process of
large-scale thick-walled Inconel 625 pipe were
developed.

4) For revealing the influence rule of # on the DRX

evolution behavior of the extruded Inconel 625 pipe,
v=150 mm/s, =6 and T,=1373 K were chosen, u was set
as 0.01, 0.015, 0.02 and 0.025, respectively, but other
parameters were remained as listed in Table 2, then four
valid 2D-FE models for hot extrusion process of large-
scale thick-walled Inconel 625 pipe were developed.
4.1.2 Evaluation indicator

In order to obtain the DRX grain size, DRX volume
fraction and grain size after DRX of the pipe extruded in
the stable stage, these values along the pipes’ thickness
direction but at different positions in the pipes’ length
direction were used (see Fig.12). And then, ten points
with even distance were selected on each position (see
Fig.12). So, a total of 50 sample points were selected for
each pipe. Also, parameter d,,, described as Eq. (8) was
used to evaluate the values of DRX grain size, DRX
volume fraction and grain size of the pipe extruded in
stable stage. The standard deviation (o) of the grain
size expressed as Eq. (9) was used to evaluate the grain

| Pipe thickness |

Point selection at each
position (g;, i=1-5)
v

Fig. 12 Selection of sample points for obtaining grain size of
simulated pipe extruded in stable stage
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uniformity of the pipe extruded in stable stage. The
larger oindicates the worse grain distribution. In Egs. (8)
and (9), n is the number of the total sample points, x; is
the grain size after DRX of the ith point.

dyg =D %, /1 ®)
1

Z (xi - davg )2
— ©)

4.2 Effects of key extrusion parameters
4.2.1 Initial billet temperature

Figure 13(a) shows the effect of initial billet
temperature on the average DRX grain size and average
DRX volume fraction of the pipe extruded in stable
stage. It can be seen that the average DRX grain size and
the average DRX volume fraction of the pipe increase
with the increase of initial billet temperature. The reason
for this can be that a higher deformation temperature of
Inconel 625 can improve the DRX degree and increase
the DRX grain size [4,5].

32 1.00
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Fig. 13 Effect of initial billet temperature on DRX behavior in
large-scale thick-walled Inconel 625 pipe extruded in stable
stage: (a) Average DRX grain size and average DRX volume

fraction; (b) Average grain size and grain uniformity

It can be seen from Fig. 13(b) that the average grain
size of the pipe extruded in stable stage firstly decreases
and then increases with the increase of initial billet
temperature. The reason for this phenomenon can be
explained by the fact that the incompleted DRX grains
exist when the pipe is extruded under a lower initial
billet temperature due to the lower DRX volume fraction.
With the increase of initial billet temperature, the DRX
grain size and DRX volume
continuously, which can decrease the volume fraction of
the original grains, and then decrease the average grain
size of the pipe. When the initial billet temperature
becomes higher, the completed DRX grain can be
obtained. So, the DRX grain grows larger at higher
deformation temperature, and the average grain size of
the pipe becomes larger.

In addition, the grain uniformity of the pipe
extruded in stable stage firstly becomes better and then
goes worse with the increase of initial billet temperature
(see Fig. 13(b)). This phenomenon can be explained by
that the uniformity of exit temperature in the extrusion
process, which has a significant influence on the
microstructure uniformity of the pipe, first becomes
better and then goes worse with increasing initial billet
temperature [15]. Furthermore, it can also be seen from
Fig. 13(b) that the pipe with finer and more uniform
grain can be obtained when the pipe is extruded at 7}, of
1323-1423 K.

4.2.2 Extrusion speed

Figure 14(a) shows the effect of extrusion speed on
the average DRX volume fraction and the average DRX
grain size of the pipe. It can be seen that increasing
extrusion speed can improve the average DRX volume
fraction and increase the average DRX grain size of the
pipe. The reason for this is that the increase of extrusion
speed can induce more deformation heat and less heat
loss of the billet, which can result in the increase of

fraction increase

deformation temperature of the billet. So, the average
DRX volume fraction and the average DRX grain
increase with increasing the extrusion speed.

Figure 14(b) shows the effect of extrusion speed on
the average grain size and grain uniformity. It can be
found that the average grain size of the pipe has a slight
decrease with the increase of extrusion speed.

The grain uniformity of the pipe firstly becomes
better and then goes worse with increasing the extrusion
speed. This can be attributed to that the exit temperature
uniformity, which is the key factor influencing the
microstructure uniformity of the pipe, firstly becomes
better and then goes worse with increasing extrusion
speed [15]. At the same time, it can also be seen from
Fig. 14(b) that the grain distribution of the pipe will be
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more uniform when the extrusion speed is in the range of
125—-150 mm/s.
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Fig. 14 Effect of extrusion speed on DRX behavior in large-

scale thick-walled Inconel 625 pipe extruded in stable stage:

(a) Average DRX grain size and average DRX volume fraction;

(b) Average grain size and grain uniformity

4.2.3 Extrusion ratio

Figure 15(a) shows the effect of extrusion ratio on
the average DRX volume fraction and average DRX
grain size of the pipe extruded in stable stage. It can be
seen that larger extrusion ratio can induce higher
average DRX volume fraction and larger average DRX
grain size. The reason for this can be that the larger
extrusion ratio can induce larger deformation degree and
more deformation heat, which can enhance the DRX
degree and increase the DRX grain size of Inconel 625
pipe.

It can be seen from Fig. 15(b) that the average grain
size of the pipe becomes smaller with the increase of
extrusion ratio. The reason for this is that larger extrusion
ratio can induce a larger deformation degree which can
improve the DRX degree of the pipe. In addition,
Fig. 15(b) also shows that the grain uniformity becomes
better with increasing extrusion ratio. This can be
attributed to that the increase of extrusion ratio can result

in more uniform exit temperature distribution in the
extrusion process [15]. So, larger extrusion ratio is useful
for obtaining the pipe with finer and more uniform grain
in a practical extrusion process.
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Fig. 15 Effect of extrusion ratio on DRX behavior in large-
scale thick-walled Inconel 625 pipe extruded in stable stage:
(a) Average DRX grain size and average DRX volume fraction;

(b) Average grain size and grain uniformity

4.2.4 Friction coefficient

As shown in Fig. 16(a), larger friction coefficient
can induce higher average DRX volume fraction and
larger average DRX grain size. This is because larger
friction coefficient can induce more friction heat, which
can promote the occurrence of DRX and increase the
DRX grain size.

Figure 16(b) shows the effect of friction coefficient
on the average grain size and grain uniformity of the
pipe. It can be seen that larger friction coefficient can
lead to a slight decrease of average grain size of the pipes.
In addition, with the increase of friction coefficient, the
grain uniformity is firstly improved and then
deteriorated. This phenomenon can be explained by the
fact that the exit temperature uniformity in the pipe
extrusion process firstly becomes better and then goes
worse with the increase of friction coefficient [15].
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Fig. 16 Effect of friction coefficient on DRX behavior in
large-scale thick-walled Inconel 625 pipe extruded in stable
stage: (a) Average DRX grain size and average DRX volume

fraction; (b) Average grain size and grain uniformity
5 Conclusions

1) The
coupled finite element model, which can precisely

thermal-mechanical and micro-macro
predict the dynamical recrystallization behavior during
the hot extrusion process of large-scale thick-walled
Inconel 625 pipe, was developed by encoding the DRX
evolution model of Inconel 625 alloy into the
DEFORM-2D platform.

2) In the extrusion without remnant material process
of large-scale thick-walled Inconel 625 pipe, the coarse
grains are produced at the tail of the extruded pipe due to
smaller deformation degree and lower deformation
temperature. The grain size of the pipe extruded in the
stable stage gradually increases from head to tail due to
continuously decreasing DRX degree caused by
continuously decreasing deformation temperature.

3) With the increase of initial billet temperature, the
average grain size of the pipe extruded in stable stage
firstly becomes smaller and then gets larger. Larger
extrusion ratio can result in smaller grain size. The

extrusion speed and friction coefficient have slight effect
on the grain size of the pipe.

4) With the increase of initial billet temperature,
extrusion speed and friction coefficient, the grain
uniformity of the pipe extruded in stable stage first
becomes better and then goes worse. The larger extrusion
ratio can result in more uniform grain distribution.
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Inconel 625 KB EEEEHF ENSBEMmEUMEEFE

s AN A A FRRL B & R B2 HRLR?

1. PEAE MR SR AR R KR AL, 752 710072;
2. FEERYMIT A RAF, 7% 710032

m =

J:T DEFORM-2D ARG S, ESTHEUERTIN Inconel 625 KM JEREE B R TR ORARTEAT R 1K)

A BRITHR o P75 SRBEHT  Z B0 5 M Bl A P P24 b RO SR o A 28 S VR S A  FFE 4 SRR T,
B OB AR RE 57 i LR EE R XA K 3 n R KL A1 B SO P S SE 08 I 5 BRI 3 MR B IR BU g
R E MG SIE s AT R ARIR IO TE s, AP R R SN JE RIS B s LE R K g
P /INE RS RST 5 5% s o FEE A B2 RO 4 1450 et RS (RS R AN X

KEEIR: Inconel 625 &4; NHFHER; Hflk; ZNAFENM: RIS koA 21k

(Edited by Wei-ping CHEN)



