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Nickel-based superalloy GH4169 has high strength and stability at high temperature and is widely used
in aerospace and military fields. However, due to the problems of hard spots and poor thermal conducti-
vity in actual processing, it is difficult for workers to select reasonable processing parameters during
processing, which increases the difficulty of processing. In order to optimize the milling parameters,re-
duce the milling cost and operational difficulties in actual machining, we used ABAQUS finite element
analysis software to simulate the 3D milling of GH4169 nickel base superalloy. The variation of milling
force during milling was studied. The influences of milling speed, feed per tooth and radial depth on
milling force were analyzed and the results of the simulation were compared with those obtained by
orthogonal experiment. The variation of milling force was verified. Finally, we obtained the reasonable

milling parameters.
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1 Introduction

GH4169 is a nickel-based superalloy composed of
Ni-Cr solid solution and Ni3nb and Ni3 (Al, Ti, Nb)
as a strengthening phase.[1] GH4169 nickel-based su-
peralloys have been widely used in the aerospace in-
dustry due to their high oxidation resistance, high
strength and high corrosion resistance under high
temperature conditions. It is mainly used to manu-
facture parts such as turbine blades and camshafts in
acro engines|2-3]. However, in the actual processing,
there are often problems such as tool wear, high work-
piece temperature, work hardening and large cutting
force, which affect the processing efficiency and pre-
cision[4-5]. It is one of the most difficult to process
high temperature alloy materials.|0]

Ma et al.[7] used neural network genetic algorithm
to predict residual stress in GH4169 nickel-based su-
peralloy milling and optimized milling parameters. Liu
et al.[8] used DEFORM-3D finite element softwate to
analyze the milling force in GH4169 milling and veri-
fied the simulation results by single factor experiment
and orthogonal experiment. LI et al.[9] used spectrum
analysis to decouple the surface roughness into two
parts: moving surface roughness and random surface
roughness. They found that the moving surface rou-
ghness was affected by the tool and process, and the

random surface roughness was affected by the blade
edge defect. Waseem Akhtar et al.[10] finished the
GH4169 with a coated carbide insert and a whisker-
enhanced ceramic insert, respectively and found that
the surface integrity was best at minimum cutting feed
rates and medium cutting speeds and depth of cut.

In order to explore the reasonable milling parame-
ters of GH4169 nickel-based superalloy, we used
ABAQUS finite element simulation analysis software
to carry out three-dimensional modeling analysis of
milling process. The effects of milling speed[11], feed
per tooth and radial depth on the milling force were
simulated and combined with experimental verifica-
tion. The results will provide the basis for the selection
of processing parameters.

2 Constitutive model

High-speed milling is a process of complex thermal
dynamic coupling with a large amount of processing
heat and material strain[12]. The Johnson-Cook]|13-
14] constitutive model can more accurately reflect the
work hardening, thermal softening, etc. of the material
under high strain rate, large strain and high tempera-
ture conditions. The model is simple and applicable
and the expression is:

& =LA+ BE T+ ClnC Il - (—22)7], 0

The Johnson-Cook model parameters of the

GH4169 nickel-base superalloy were found in the ma-
tetial manual as shown in Tab. 1.
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Tab. 1 Jobnson-Cook model parameters of GH4169 nickel
base superalloy

Parameter A B n C m

450 1700
[MPa] _ [MPa]

Numerical

1.3 0.017 0.65
value

3 Finite element analysis result
3.1 Milling force stress field distribution

The finite element analysis parameters are shown
in Tab. 2 below. The stress field distribution of the
surface of GH4169 nickel-based superalloy material
obtained by finite element analysis is shown in Fig. 1.
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In the process of milling together with the main cut-
ting edge and the minor cutting edge, the cutting edge
of the material surface is most concentrated, which is
equivalent to the first deformation zone, in which the
material begins to fail.

Tab. 2 Finite element analysis parameter

Factor
Cutting Radial Feed per Axial
N. speed depth of tooth depth of
A cut C cut
[m/min] B [mm] [mm/z]  D[mm]
1 60 0.4 0.04 6
80 0.7 0.07 6
3 100 1 0.1 6
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Fig. 1Shear zone stress field distribution clond map

3.2 The change of milling force

During the milling process, the tool is in periodic
contact with the workpiece material, so the milling
process is a periodic intermittent cutting process.In a
milling cycle, the actual contact time of the tool with
the workpiece material is very shortl!l. The tool grad-
ually comes into contact with the material at the be-
ginning of the machining and the milling force in-
creases with the contact area. When the contact area

between the blade and the material reaches the maxi-
mum, the friction of the rake face is maximized and
the milling force reaches the maximum value. Then
the tool and the chip gradually separate from the
workpiece material and the milling force gradually re-
duces. At the same time, the cutting heat generates
during the machining process causes the heat soften-
ing of the material so that the cutting force during the
machining process reduces. Fig. 2 below shows the
milling force variation curve for simulation analysis.
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Fig. 2 Milling force change curve
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3.3 Influence of different milling parameters on mill-
ing force

The effect of milling speed on milling force

The effect of milling speed on milling forces is di-
vided into two parts.In the first part, as the milling
speed increases, the vibration and impact during mill-
ing increase and the milling force increases.In the sec-
ond part, as the milling speed increases, the tempera-
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ture rises during the machining process and the ther-
mal softening of the material causes the milling force
to decreasell®!7l. The effect of milling speed on the
milling force is shown in Fig. 3. The milling force gen-
erally decreases during the machining process. There-
fore, as the milling speed increases, the influence of
the reduction of milling force caused by thermal sof-
tening of the material is more obvious and the milling
speed has a greater influence on Fx.
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Fig. 3 The effect of milling speed on milling force

The effect of feed per tooth on milling force

As shown in Fig. 4 below, as the feed per tooth
increases during the milling process, the instantaneous
milling area will increase, resulting in an increase in the
milling force Fx in the X direction. Meanwhile, as the
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feed per tooth increases, the vibration and impact be-
tween the tool and the workpiece also increase, result-
ing in an increase in milling force. However the feed
per tooth has less effect on the milling force in the Y
direction.
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Fig. 4 The effect of feed per tooth on milling force

The effect of radial depth of cut on milling force
During the milling process, as the radial depth of

cut increases, the instantaneous milling area will in-

crease, resulting in increased milling forces. As shown

in Fig. 5 below, the increase in radial depth of cut in-
creases the vibration and shock during milling, thus
the radial force increases. The feed force Fx is less af-
fected by the radial depth of cut and the degree of
change is small.
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Fig. 5 The effect of radial depth of cut on milling force

4 Milling experiment and analysis
4.1 Experiment apparatus

The machine used for the milling experiment is:
Mikron UCP710 five-coordinate high-speed machin-
ing center. The Kistler9265B dynamic force gauge
with piezoelectric crystal sensor can measure the mill-
ing force in three directions during milling. The
matched Kistler 5019 charge amplifier is used to am-
plify the acquired signal. The milling experiment was
carried out with a carbide milling cutter produced by
Seco Tools. The coating was F40M with a diameter of
25 mm and 3 teeth.

4.2 Milling experiment research

In order to save cost and improve accuracy, or-
thogonal experiments were used to study the effects
of various cutting amounts. In order to accurately re-
flect the influence of the amount of processing used
in actual production on the milling force, the milling
experiment used three-factor and three-level experi-
mental arrangements. Dry cutting and down milling
were used in the experiment. Tab. 3 and 4 show the
orthogonal experimental results and range analysis of
the influence of processing amount on the feed force
Fx and the radial force Fy, respectively.

Tab. 3 Orthogonal experimental results and range analysis of feed force Fx

Factor
Serial Feed force
number Cutting speed Radial depth of cut Feed per tooth Fx [N]
A [m/min] B [mm] C [mm/7]
1 60 0.4 0.04 518.6
2 60 0.7 0.07 533.5
3 60 1 0.1 760.3
4 80 0.4 0.07 465.2
5 80 0.7 0.1 604.8
6 80 1 0.04 493.8
7 100 0.4 0.1 555.2
8 100 0.7 0.04 332.8
9 100 1 0.07 479.2
T1 1812.4 1539 1345.2
T2 1563.8 1471.1 1477.9 4743.4
T3 1367.2 1733.3 1920.3
m1 604.1 513 448.4
m2 521.3 490.4 492.6
m3 455.7 577.8 640.1
R 148.4 87.4 191.7
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Tab. 4 Orthogonal experimental results and analysis of radial force Fy

Factor
Serial Radial force
aumber Cutting sp'eed Radial depth of cut Feed per tooth Fy [N]
A [m/min] B [mm] C [mm/z]

1 60 0.4 0.04 920.7
2 60 0.7 0.07 910.7
3 60 1 0.1 1045.4
4 80 0.4 0.07 861.6
5 80 0.7 0.1 940.9
6 80 1 0.04 1164.1
7 100 0.4 0.1 789
8 100 0.7 0.04 764.9
9 100 1 0.07 1102.5

T1 2876.8 2571.3 2849.7

T2 2966.6 2616.5 2874.8 8499.8
T3 2656.4 3312 2775.3

m1 958.9 857.1 949.9

m2 988.9 872.2 958.3

m3 885.5 1104 925.1
R 103.4 246.9 33.2

The relationship between the factors obtained by
the range analysis and the feed force Fx and the radial
force Fy (factor trend graph) is shown in Fig. 6.

According to the orthogonal experimental results
of the feed force Fx, the order of the influence of each
cutting amount factor on Fx is the feed per tooth fz >
cutting speed v > radial depth of cut aw. The feed rate
per tooth, ie the feed rate, has the greatest influence
on the feed force Fx and the Fx increases monoton-
ically with the increase of the feed rate. The milling
speed also has a large effect on Fx. The feed force Fx
decreases monotonously with the increase of the cut-
ting speed due to the thermal softening of the material
caused by the increase in cutting speed. Radial depth
of cut has less effect on Fx. The factor level that min-
imizes Fx is combined into A3B2C1, ie: v=100m/min,
aw=0.7mm, fz=0.04mm/z.

According to the experimental results of the radial
force Fy, the order of the influence of each cutting
amount factor on the radial force Fy is the radial depth
of cut aw > cutting speed v > feed per tooth fz. The
radial depth of cut has the greatest influence on the
radial force, and Fy monotonically increases with the

increase of the radial depth of cut. Because the radial
force Fy is mainly caused by milling impact and vibra-
tion, the increase of the radial depth of cut will inevi-
tably aggravate the milling vibration and impact. The
milling speed also has a large influence on the radial
force Fy. Fy increases first and then decreases with the
increase of the milling speed. It is the result of the
combined effect of the milling speed on the cutting
force. The feed per tooth fz has a small effect on the
radial force Fy. The factor level that minimizes Fy is
combined into A3B1C3, ie: v=100m/min,
aw=0.04mm, fz=0.1mm/z.

Considering the influence of each cutting amount
on Fx and Fy, the milling speed has a great influence
on both. The higher milling speed is beneficial to re-
duce the milling force, but the cutting speed is limited
by the tool life. Taking into account the tool life and
cutting force factors, 60~80m/min is a reasonable
milling speed. Considering the influence of tool dura-
bility, Fx and Fy, the reasonable cutting amount for
milling GH4169 is:milling speed v=60~80m/min, ra-
dial depth of cut aw=0.7mm, feed per tooth
£2=0.07mm/ z.
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Fig. 6 Relationship between various factors and feed force Fx: and radial force Fy

4.3 Comparative analysis

According to Fig. 3-6, the simulation law that the
milling force is affected by the cutting speed, the radial
depth of cut and the feed per tooth is consistent with
the experimental law. We compared the simulation re-
sults with the cutting force data of the 1,4 and 7
groups in the orthogonal experiment (as shown in Fig.
7) and the values of the cutting force in the simulation
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and experimental results were largely deviated. The er-
ror between the values is due to the simplification of
the model and the inaccuracy of the material parame-
ters in the simulation. At the same time, the vibration
of the machine tool, the wear of the tool and other
factors that are not considered in the experiment may
make the results different. So we can use the simula-
tion method to study some regular problems in the
milling process and also predict the actual milling
force based on the error compensation.
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Fig. 7 Comparison of milling force simulation results and test results

5 Conclusions

By using ABAQUS finite element simulation anal-
ysis software, the effects of milling speed, feed per
tooth and radial depth of cut on the milling force were
studied and verified by experiments. The conclusions
are as follows:

(1) The increase in milling speed leads to a reduc-
tion in the milling force, in which the thermal soften-
ing of the material dominates and the change in the
milling force in the X direction is particularly pro-
nounced.

(2) The increase in the feed per tooth leads to an
increase in the instantaneous milling area, so the mill-
ing force increases, but the milling force in the Y di-
rection is less affected.

(3) Propetly reducing the radial depth of cut can
reduce the vibration and impact during milling and re-
duce the milling force, but has less effect on the vari-
ation of milling force in the X direction.

(4) The most reasonable parameters for milling
GH4169 are: milling speed v=60~80m/min, radial
depth of cut aw=0.7mm, feed per tooth fz=0.07
mm/z.
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