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Effect of cross wedge rolling on the microstructure of GH4169 alloy
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Abstract: The metal microstructure during the hot forming process has a significant effect on the mechanical properties of final products. To
study the microstructural evolution of the cross wedge rolling (CWR) process, the microstructural model of GH4169 alloy was programmed
into the user subroutine of DEFORM-3D by FORTRAN. Then, a coupled thermo-mechanical and microstructural simulation was performed
under different conditions of CWR, such as area reduction, rolling temperature, and roll speed. Comparing experimental data with simulation
results, the difference in average grain size is from 11.2% to 33.4% so it is verified that the microstructural model of GH4169 alloy is reliable
and accurate. The fine grain of about 12-15 um could be obtained by the CWR process, and the grain distribution is very homogeneous. For
the symmetry plane, increasing the area reduction is helpful to refine the grain and the value should be around 61%. Moreover, when the
rolling temperature changes from 1000 to 1100°C and the roll speed from 6 to 10 r-min™", the grain size of the rolled piece decreases first and

then increases. The temperature may be better to choose the value around 1050°C and the speed less than 10 r-min™".
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1. Introduction

GH4169 alloy, a nickel-based superalloy, is widely used
in aeronautical and aerospace fields since it has very excel-
lent mechanical properties at high temperature [1-3]. How-
ever, GH4169 alloy possesses large deformation resistance,
poor technological plasticity, and a narrow processing tem-
perature range. When complex products of GH4169 alloy
are formed by forging or extrusion, there will be more
forming processes, lower tool life, and higher cost. There-
fore, in order to increase the productivity and reduce cost,
cross wedge rolling (CWR) was proposed to form products
of GH4169 alloy to give full play to the advantages of high
efficiency, high material utilization ratio, high quality, long
tool life, and so on [4-5].

Particularly, in the special working environment, prod-
ucts made of GH4169 alloy are strictly required to have fine
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and homogeneous structure to bear the high creep load and
alternate stress [6]. However, GH4169 alloy is a single aus-
tenite structure that does not produce polycrystalline transi-
tion and phase recrystallization during the heating process,
so its grain size cannot be adjusted by heat treatment and
mainly relies on the hot working process [7]. That is, for
GH4169 alloy, process parameters directly determine the
microstructure of final products. Therefore, the CWR form-
ing process selected must be proper so as to control the mi-
crostructural evolution and get the ideal structure. Obviously,
it is extremely important to simulate the microstructural
evolution of GH4169 alloy during the CWR process,
through which reasonable CWR parameters could be ob-
tained to satisfy the actual requirements.

Recently, a good deal of research was carried out on the
simulation of microstructural evolution, whereas only a few
dealt with CWR. Wang ef al. [5, 8-9] and Yan [10] simu-
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lated and predicted the microstructural change for 40Cr
during the CWR process; Zhao et al. [11] analyzed the sof-
tening mechanism of 6061 aluminum alloy in the CWR
process through metallographic experiments. Therefore, the
microstructural research on GH4169 alloy for the CWR
process is absent at the present time.

In this paper, the microstructural model of GH4169 alloy
was programmed into the user subroutine of DEFORM-3D
by FORTRAN to realize the secondary development of the
software. Then, the microstructural evolution coupled with
deformation and thermal transformation for the CWR proc-
ess was simulated. The effects of different CWR conditions
on the microstructure were analyzed, and reasonable rolling
parameters were finally recommended to provide a basis for
forming products of GH4169 alloy.

2. Microstructural model of GH4169 alloy

Establishing the quantitative relationship between the
mechanical parameters of the hot forming process and the
microstructural evolution of materials is one of the main
microstructural research subjects. It is well known that nu-
merous models about the microstructural evolution of IN718
have been established [1, 12-19]. In this paper, the micro-
structural model of GH4169 alloy tabulated in Table 1 was
accepted. In the model, 1038°C is the solution temperature
of d-phase and dynamic recrystallization (DRX), meta-
dynamic recrystallization (MRX), static recrystallization
(SRX), and grain growth are all included.

3. Secondary development of DEFORM-3D

Consulting reference literatures about the microstructural
simulation [18-22], the above microstructural model of
GH4169 alloy was programmed into the user subroutine of
DEFORM-3D through computer programming language
(FORTRAN), and the flow chart is shown in Fig. 1. The ef-
fect of recrystallized and non-recrystallized grain size on the
average grain size and the impact of retained strain on the
microstructure during the rolling process were fully taken
into account. Then, the microstructural simulation of
GH4169 alloy during the CWR process would be carried
out. Through comparing the difference in average grain size
between experimental data and simulation results, it is veri-
fied that the model established is reliable and accurate.

3.1. Establishment of the CWR model

The CWR model was established with Pro/e software and
then was imported into DEFORM-3D software in STL for-

Table 1. Microstructural evolution model of GH4169 alloy

Parameter Expression

When & >0.01s7", 5, =8.87x107d,"* 2%,
when £ <0.01s™,¢,=9.57x10°d,*"*Z*'¥
When 7 <1038°C and ¢, = 0.037d,**Z""*,

Critical strain, &,

Fraction of DRX, Xy =1-exp[-In2(s/5,,)""];

KNirex ! Yo when 7' >1038°C and &, ; = 0.029d,**Z""*,
Xdrex =1- exp[_ In 2(8/80_5)1.90]

Grain size of DRX, . = 13011032012

dgrex / UM

Fraction of MRX,  fo5 =5.043x107 &£  exp(19600/ RT),

erex /% erex =1- CXp[— In 2(t/t0.5 )]

Grain size of MRX, @mrex = 4-85%10" 714700

Aoy /M) exp (~240000/RT)
Fraction of SRX,  fos =3.16™"" exp(74790/ RT),
Koo/ %0 X, = 1= exp[=In 20¢/1,5)"']
Grain size of SRX, d,.. =678exp(-31694/RT)
dyex / pmM

Grain growth, d/ um d; = d03 +9.8x lolgtexp(—437000/RT)

Note: ¢ is the effective strain rate, s™'; d, the initial grain size,
um; Z the Zener-Hollomn parameter, 7 = £%123 -exp(Q / RT); O
the hot deformation activation energy, kJ-mol™'; R the gas constant,
R=8.314 J-mol K !; T the deformation temperature, K; g, the
strain for 50% of DRX; and ¢ the time for 50% of MRX (or
SRX), s.
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Fig. 1. Flow chart of the DEFORM-3D subroutine.
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mat, as shown in Fig. 2. The rolled piece made of GH4169
alloy was defined as a plastic and the rollers as a rigid (non-
deformable object) in the simulation. Due to its symmetry,
one half of the model was simulated to reduce the comput-
ing time. The shear friction between the rolled piece and
dies was adopted, and it was ignored between the rolled
piece and the guide plate.

The main calculation parameters are presented in Table 2.

Fig. 2. FEM model of CWR.

Table 2. Calculation parameters

Rolled piece diameter / mm 40
Area reduction / % 75
Forming angle / (°) 25
Spreading angle / (°) 7

Rolling temperature/ °C 1050
Roll speed / (rmin™") 8
Spreading length / mm 80

Heat transfer coefficient / (W-m 2K ™) 2.5x10*
Convection coefficient / (W-m 2K ™) 200

3.2. Comparison between the results of experiment and
simulation

Through numerical simulation, the average grain size
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distribution of the rolled piece could be obtained. Fig. 3 dis-
plays the three points selected from the rolled piece, and the
values of their grain size are shown in Table 3, which are
gotten by using the powerful postprocessor of DE-
FORM-3D.

80

Fig. 3. Tracking points of the experiment part (unit: mm).

Table 3. Comparison between the results of experiment and
simulation

Pt remitiym B
1 26.50 2291 13.6
2 24.57 21.83 11.2
3 11.84 15.79 334
Average 20.97 20.18 38

Under the certain simulation condition, products made of
GH4169 alloy were formed on the cross wedge rolling mill,
and then, the metallographic experiment was performed.
The chemical composition of GH4169 bars used in the ex-
periment is as follows: Si 0.11wt%, Cr 19.13wt%, C
0.033wt%, Mn 0.04wt%, Ni 51.45wt%, Mo 3.04wt%, Ti
1.01wt%, Al 0.47wt%, Nb 5.14wt%, and balanced Fe.

The metallographic images of the three points were ob-
tained, as shown in Fig. 4, and their grain sizes were re-
ceived by using the Image-Pro Plus software, as presented in
Table 3. Comparing the difference in average grain size
between the experimental data and simulation results, it can
be seen that the difference is from 11.2% to 33.4%, whereas

Fig. 4. Metallographic images of the tracking points: (a) point 1; (b) point 2; (c) point 3.
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the average error is only 3.8%, so the microstructural model
of GH4169 alloy is reliable and accurate, providing a basis
for the following simulations.

4. Simulation results and discussion

From the microstructural model of GH4169 alloy, it is
observed that the grain size is mainly dependent on strain,
strain rate, and temperature. Thus, with emphasis on area
reduction, rolling temperature, and roll speed, the influence
law of CWR process parameters on the microstructure was
analyzed. According to the developed software DE-
FORM-3D, the numerical simulations of microstructural
evolution were carried out for GH4169 alloy under different
CWR conditions. Table 4 presents the main simulation pa-
rameters, and others are the same as those shown in Table 2.

In addition, the symmetry plane where the defects might
be the most for the CWR process was selected to analyze
the final microstructure of products formed by CWR under
various conditions.

Table 4. Simulation parameters

Areareduction, Rolling temperature,  Roll speed, n /
No. .1
v/l % T/°C (rmin"")
1 23,44, 61 1050 8
2 61 1000, 1050, 1100 8
61 1050 6,8, 10

(a)
l3:'\.Uﬂ

2825
Y2150

14.75

8.000
Grain size / um

4.1. Effect of area reduction on grain size

During the CWR process, the effect of area reduction on
the microstructure is relatively remarkable. Fig. 5 presents
the distributions of grain size in the symmetry plane under
different area reductions being 23%, 44%, and 61% at a roll
speed of 8 r-min”" and a rolling temperature of 1050°C.

From Fig. 5(a) presenting the distribution of grain size
under the area reduction of 23%, it can be seen that the av-
erage grain size decreases apparently at the surface. Because
of the larger deformation at the surface during the CWR
process, the strain could easily exceed the critical strain for
the onset of DRX. Of course, DRX occurs, and then, the
grain size is refined. However, the grain size has almost no
changes in the center. During CWR, the deformation
spreads hardly from the surface to the center for the small
area reduction, leading to the result that the central strain is
not large enough for the complete DRX. Consequently, the
central grain size may nearly maintain the original value.
Fig. 5(b) shows that when the area reduction reaches 44%,
the strain could completely spread from the surface to the
center and come to the critical strain to cause DRX in the
whole plane, so the grain size is reduced obviously in the
symmetry plane. Nevertheless, grains at the surface are a lit-
tle smaller than others. When the area reduction is 61%,
small and uniform grains are obtained, as seen in Fig. 5(c).

(c)

Fig. 5. Grain size in the symmetry plane under various area reductions: (a) y=23%; (b) y=44%:; (c) y =61%.

Comparing Figs. 5(a)-5(c), it is found that when the area
reduction is increased from 23% to 61%, the refined effort
becomes more and more significant. The reason for this is
that as the area reduction increases, the dislocation density
and the stored energy would be added so as to provide more
driving force to promote the occurrence and accomplish-
ment of DRX, which can reduce the grain size.

Clearly, in the CWR process, because the deformation
spread from the surface to center, the central grain could be
refined only under larger area reduction. Therefore, for the

GH4169 alloy formed by CWR, the area reduction should
be chosen the value around 61%; otherwise, the mixed grain
structure will be obtained, affecting the mechanical proper-
ties of the products. Moreover, the greater the area reduction,
the better the distribution and refining effect.

4.2. Effect of rolling temperature on grain size

Rolling temperature is one of the main influencing fac-
tors on grain size. Fig. 6 shows the distributions of grain size
in the symmetry plane when the roll speed is 8 r-min™' and
the area reduction is 61% at different rolling temperatures
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Fig. 6. Grain size in the symmetry plane under various rolling temperatures: (a) 7=1000°C; (b) 7=1050°C; (c) 7=1100°C.

(1000, 1050, 1100°C).

Fig. 6(a) displays the distribution of grain size at the roll-
ing temperature of 1000°C. It is obvious that the small grain
size is obtained even at lower rolling temperature. At a low
temperature, the rolled piece has little heat dissipation, and
because of the heat generated by deformation and friction,
the temperature raises rapidly. Thus, the rolled piece will be
always at the high forming temperature, which can enhance
atomic diffusion and grain boundary migration to accelerate
DRX. In addition, the large deformation completed in a
short time might result in that the strain rate increases in-
stantaneously, which is beneficial for getting small grain
size. However, the grain size is a little bigger in the region
close to the surface and the grain distribution is un-uniform.
At the higher temperatures of 1050 and 1100°C, the fine and
uniform grain is obtained, as shown in Figs. 6(b) and 6(c)
due to the low temperature gradient.

In order to study the change trend of grain size with in-
creasing the rolling temperature, 21 points were tracked (as
shown in Fig. 7), and their average grain sizes were received,
as listed in Table 5.
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Fig. 7. Across section of tracking points.

When the rolling temperature changes from 1000 to
1050°C, the grain size decreases from 13.36 to 12.40 pm, as
listed in Table 5. At lower temperature, the temperature near

Table 5. Average grain size at different rolling temperatures

1000
13.36

1050
12.40

1100
13.47

Rolling temperature, 7/ °C

Average grain size, d / pm

the surface is higher than anywhere. Then, the recrystalliza-
tion would occur earlier, leading to the fact that the time for
grain growth might be so long that the grain size in the spe-
cial region was even bigger than that at 1050°C. Thus, af-
fecting by the uneven distribution, the average grain size at
1000°C would be larger than that at higher temperature.

However, when the temperature reached 1100°C, the
grain size began to increase. This is mainly associated with
the fact that the rolled piece has generated complete DRX,
and after complete DRX, the average grain size is fully de-
termined by Zener-Hollomn parameter (Z). So with the in-
crease of rolling temperature, the grain size increases gradu-
ally.

Therefore, when the product of GH4169 alloy is formed
by CWR, selecting the low rolling temperature of 1000°C,
the grain near the surface would grow up so easily that the
mixed grain structure will be developed, affecting the me-
chanical performance of products. On the contrary, increas-
ing the temperature properly the fine microstructure will be
obtained. Nevertheless, the temperature cannot be too high
since the coarse grain will be formed, decreasing the
strength and plasticity of products. Besides, the temperature
of the metal surface can easily reach the low melting tem-
perature of GH4169 alloy during CWR so as to cause the
defects of overheating or overburning, which may influence
the comprehensive performance of products.

From the discussion above, it is concluded that the im-
pact of rolling temperature on the microstructure is rela-
tively complicated, and the temperature should be controlled
at about 1050°C to gain the fine and uniform grain structure.

4.3. Effect of roll speed on grain size

Fig. 8 presents the distributions of grain size in the sym-
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Fig. 8. Distribution of grain size in the symmetry plane at various roll speeds: (a) n=6 r-min"; (b) n=8 r-min"; (¢) n=10 r-min".

metry plane when the area reduction is 61% and the rolling
temperature is 1050°C at different roll speeds (6, 8, 10 r-min™").

Figs. 8(a) and 8(b) show the distributions of grain size at
the roll speed of 6 and 8 r-min”", respectively, and it is seen
that the grain refinement is remarkable. With the decrease in
roll speed, the strain rate is reduced to decrease the critical
strain, below which DRX will not take place. Therefore,
DRX is liable to occur. Moreover, during the CWR process,
both large deformation and high temperature are helpful to
the occurrence and accomplishment of DRX. Thus, at low
roll speed, the fine grain can be obtained. In particular, at the
high roll speed of 10 r-min"', as shown in Fig. 8(c), the in-
homogeneous grain is found because the grain size close to
the surface is the largest, reaching the value of 18.11 pm.
That can be attributed to grain growth caused by the tem-
perature effect. As the rollers are accelerated, the strain per
unit time may increase so that the heat generated by
deformation is increased immediately. Besides, the heat near
the surface does not tend to transfer, so the thermal effect is
intensified. In consequence of the rise in temperature, the
grain size grows heavily.

Table 6 shows the average grain size of 21 tracking
points at different roll speeds. It can be found that the grain
size decreases first. Due to the large deformation, the com-
plete DRX occurs to reduce the grain size even at high roll
speed. As mentioned before, with complete DRX, the grain
size is related to parameter Z, so it will be decreased as the
roll speed increases. However, along with increasing roll
speed, the grain size begins to increase. This is attributed to
the temperature effect that leads to the occurrence of grain
growth. Then, the coarse grain may be generated.

Table 6. Average grain size at different roll speeds

Roll speed, n / (r-min ™) 6 8
13.64 12.40

10
14.47

Average grain size, d/pm

In short, the changes in grain size are complicated with
the increase of roll speed. Moreover, it is impossible to se-

lect the roll speed bigger than 10 r-min'; otherwise, the
large and nonuniform grain structure would be obtained,
lowering the performance of final products.

5. Conclusions

(1) The secondary development of DEFORM-3D soft-
ware was carried out by the use of FORTRAN. Then, the
thermal-mechanical simulation coupled with the micro-
structure of GH4169 alloy was established for the CWR
process. Comparing the results between experiment and
numerical simulation, the reliability and accuracy of the mi-
crostructural model were verified, in which the average dif-
ference of grain size is only 3.8%.

(2) Numerical simulation results and experimental data
show that the products formed by the CWR process possess
a fine grain structure. The grain size is not only refined to
12-15 um but is also homogeneous.

(3) Through analyzing the results of numerical simulation,
the influence law of different CWR conditions on the mi-
crostructure was obtained. The grain size of the rolled piece
increases as the area reduction decreases, and the area re-
duction should be chosen the value around 61%.

(4) With the increase in rolling temperature and roll
speed, the grain size decreases first and then increases.
Based on the above analysis, it would be better to choose the
temperature around 1050°C and the speed below 10 r-min™,
so the grain structure finally obtained would be small and
homogeneous.
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