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Abstract - In the industrial cutting of alloy GH4169, high cutting force and temperature have
always been important factors affecting machining quality and efficiency. In view of this, this study
aims to improve the cutting performance of the alloy GH4169, and special attention was given to
the changes in cutting force and temperatures under different parameters with ceramic turning
experiments, and the optimal cutting parameters were determined based on orthogonal
experimental design. The work findings indicate that the resultant force initially increased and then
declined with the increase of cutting speed, while it showed increasing trend with the increased of
both feed rate and depth of cut. Meanwhile, cutting temperature was positive related to both the
cutting speed, feed rate and depth of cut. Based on the range analysis and variance analysis, the
depth of cut had the greatest impact on the resultant force and cutting temperature, followed by
cutting speed and feed rate, and only the depth of cut significantly affected the changes in resultant
force and cutting temperature. Finally, an optimal cutting condition with the lowest resultant force
and temperature was determined, where cutting speed is 150 m/min, feed rate is 0.05 mm/r, and
depth of cut is 0.1 mm. It is proposed to be used in the industrial machining of alloys GH4169 for
the grater product quality and benefits.

Keywords: Orthogonal experimental design, Analysis of variance, Cutting performance, GH4169,

Optimization.

1. Introduction

Nickel-based alloy GH4169, also known as Inconel
718, it is a high-temperature material that has
garnered significant attention in various industrial
sectors [1]. Alloy GH4169 exhibits exceptional
performance and mechanical properties, making it
an ideal choice for critical components in demanding
environments [2,3]. Alloy GH4169 demonstrates
outstanding strength, high-temperature corrosion
resistance, and excellent mechanical characteristics,
including high tensile and yield strengths, fatigue
resistance, and creep behavior. These attributes
enable its application in aerospace, power
generation, and oil and gas industries [4]. In
aerospace, alloy GH4169 is widely used for turbine
disks, compressor blades, and combustion chambers
due to its remarkable fatigue resistance and ability
to maintain strength at high temperatures [5,6].
Additionally, it finds extensive application in gas and
steam turbines in the power generation sector,
where it offers excellent resistance to corrosion and
oxidation. The current application of GH4169
underscores its significance in enhancing the
performance and reliability of high-temperature

components, indicating its potential for further
advancements in various industries [7,8].

Recently, the machining of nickel-based alloy
GH4169 faces great challenges primarily related to
cutting forces and cutting temperatures [9]. These
issues significantly impact the machining process in
terms of efficiency and quality [10,11]. One major
concern revolves around the high cutting forces
encountered when machining with alloy GH4169.
This alloy is renowned for its exceptional strength
and mechanical properties, leading to increased
cutting forces during turning, milling, or drilling
operations [12]. These forces impose significant
stress on cutting tools, resulting in tool wear and
reduced tool life. Moreover, the elevated cutting
forces escalate power consumption and may cause
workpiece deformation [13]. The effects of different
machining parameters on cutting forces during
cutting process of alloy GH4169 was investigated by
Zhai et al. [14] with experiment and simulations. A
reasonable range of parameters for efficient cutting
is proposed in the optimisation to provide a
reference for efficient machining of alloy GH4169 by
PCBN tools.
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In the related work, Deng et al. [15] carried out a
2D simulation of the milling of super alloy GH4169 a
carbide ceramic tool, they found that the milling
parameters, including depth of cut, cutting and
feeding speed, have great impact on the changes in
cutting forces. Meanwhile, Shi et al. [16] explored the
turning force of the alloy GH4169 under high
pressure cooling conditions, their work showed that
the application of high-pressure cooling leads to a
reduction in cutting forces.

Another critical issue is the generation of
elevated cutting temperatures during alloy GH4169
machining. Due to its poor thermal conductivity, the
heat produced during cutting tends to accumulate in
the cutting zone, leading to high cutting
temperatures. These temperatures can have
detrimental effects on both the cutting tool and the
workpiece.  Excessive  cutting  temperatures
contribute to tool wear, tool degradation, and
thermal damage to the machined surface, including
increased surface roughness and metallurgical
changes [9,17-19]. Hao et al. [20] focused on
exploring the thermostatic cutting of the nickel-
based super alloy GH4169, they found that
maintaining a constant cutting temperature during
machining can improve its cutting performance. In
the related work, temperature in the turning of
nickel-based HSTR GH 4169 with PCBN inserts was
focused by Ji et al. [21], and special attention was
given to the relationship between the cutting
parameters (cutting speed, feed and depth of cut)
and cutting temperature. They found that those
cutting parameters have great impact on the cutting
temperature, and an optimal turning parameter was
determined, which can be used to improve the
performance of machining alloy GH4169 using PCBN
tools.

In general, the machining process of GH4169 can
be improved by controlling the cutting forces and
temperatures, resulting in enhanced productivity,
superior surface quality, and great tool life, effective
strategies and techniques are being developed for
machining GH4169 [22]. Researchers and engineers
are exploring various approaches, including
optimizing cutting parameters, selecting wear-
resistant cutting tools, and implementing advanced
cooling and lubrication methods [23]. However, the
high cutting force and temperature generated in the
machining of alloy GH4169 is still an urgent problem
to be solved, especial in precision machining.

To this end, a turning experiment was carried out
to research the cutting performance of alloy GH4169,
and main attention was given to the effect of turning
parameters on the cutting force and temperature.
Meanwhile, an optimal turning process was
determined, it is hope to adopted in the industrial
machining of alloy GH4169 for the great cutting
performance.

2. Materials and Methods
2.1 Workpiece and Cutters

Nickel-based alloy GH4169 was wused as
workpiece, its chemical composition and properties
were given in Figure 1la and Tables 1-2, and its
thermal conductivity of workpiece was measured by
high temperature thermal conductivity tester (HAD-
DRJ-II, Beijing Heng Odd Instrument Co.Ltd, China).
Besides, as shown in Figure 1b, SiCw toughened
Al;03 ceramic cutter with hardness of 22.1 GPa, rake
angle of -3° and clearance angle of 7°, was used in
this work, which is manufactured by Fengle
Technology Co., Ltd, Dalian, China.

Table 1 Chemical composition of alloy GH4169

Al C Cr Cu Fe Mn
0.24 0.07 18.24 | <0.01 0.29
Mo Ni S P Ti Nb
2.88 52.9 0.01 0.01 0.88 5.22

Table 2 Material properties of alloy GH4169

Density Tensile stress Yield stress
8446 kg/m3 1326 MPa 1138 MPa
Ration of Poisson Thermal conductivity
0.3 11.3

2.2 Cutting Force
Measurement

and Temperature

As display in Figure 1c, turning experiment was
performed on a lathe of CA6140 (Shenyang First
Machine Tool Factory, Shenyang, China). The
dynamic turning forces of F., Fr and F, were
measured by 9257B Kistler dynamometer
(Switzerland), and the resultant force, FR, was used
for further analysis, which was calculated by Eq. 1

[24].
F, :1/F02+Ff2+Fp2 (1)

where Fr is the resultant force in N, Fc is the main
force in N, Fris the feeding force in N, and F; is the
back force in N. The dynamic turning temperature T
at the cutting zone was acquired by FLIR T630sc
thermal imager (America). The resultant force FR
and cutting temperature T were obtained the
average values from the five repeated turning
experiments.

ic cutter, (c)
measurements of cutting force and temperature.
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2.3 Orthogonal Experiment Design

Orthogonal experiment design was used in this
work, it is a statistical method that utilizes
orthogonal arrays to ensure equal representation of
factor combinations in a limited number of
experiments. By varying factors systematically and
observing responses, it identifies influential factors
and optimal settings efficiently, minimizing costs and
resources while improving performance [25-27]. In
this work, the variables of cutting speed v, feed rare
f and cutting depth a, were selected based on the
related reports and industrial machining of alloy
GH4169, and the orthogonal experiment design was
given in Table 3.

Table 3. Orthogonal experimental design

No. Cutting Feeding Cutting depth
speed vc rate f ap (mm)
(m/min) (mm/r)

1 150 0.05 0.1
2 150 0.10 0.2
3 150 0.15 0.3
4 200 0.05 0.2
5 200 0.10 0.3
6 200 0.15 0.1
7 250 0.05 0.3
8 250 0.10 0.1
9 250 0.15 0.2

3. Results and Discussion
3.1 Range Analysis for Cutting Force

Based on the range analysis result of cutting force
in Table 4 and Figure 2a, it can be found that the
resultant force initially increased and then declined
with the increase of turning speed. According to
related work, built-up edge (BUE) is the key factor
affecting the changes in cutting force. At low cutting
speeds, there was a higher tendency for the
formation of a BUE on the cutting tool surface. The
presence of the BUE increases the cutting force.
However, as the cutting speed increases, the BUE
becomes less stable and tends to break away,
reducing the cutting force. Furthermore, it can be
obtained that resultant force showed increasing
trend with the increased of both feed rate and depth
of cut (Figure 2b and c). The increase in feed rate
and depth of cut results in a larger volume of
material being removed per unit time. This higher
material removal required more cutting force to
sever and remove the increased amount of metal,
leading to an overall increase in cutting force.
Furthermore, as the feed rate and depth of cut
increased, the contact area between the cutting tool
and workpiece also increased. A larger contact area
resulted in a greater chip formation and a higher
resistance to the cutting action, leading to an
increase in cutting force.

Table 4. Range analysis result of cutting force

Runs Ve f ap (mm) | Fr(N)
(m/min) | (mm/r)

1 150 0.05 0.1 400
2 150 0.10 0.2 486
3 150 0.15 0.3 657
4 200 0.05 0.2 468
5 200 0.10 0.3 708
6 200 0.15 0.1 493
7 250 0.05 0.3 640
8 250 0.10 0.1 388
9 250 0.15 0.2 483
K 514.33 502.67 | 427.00

K> 556.33 527.33 | 479.00

K3 503.67 544.33 668.33

RF 52.66 41.66 241.33
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Figure 2: Cutting force changed at different
(a) cutting speed, (b) feed rate and (c) depth.

In the range analysis in the Table 4, Kr means the
average value of level i of a variable, and the value of
RF is the difference between the highest and lowest
value of Kri of each variable. The greater value of RF
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shows the great impact of the factor on the cutting
force [27,28]. In this work, the Rr value of depth of
cut ap was equal to 241.33, which was higher than
those of cutting speed v: (52.66) and feed rate f
(41.66). Therefore, depth of cut (ap) had the greatest
impact on the cutting force, followed by cutting
speed v: and feed rate f. Furthermore, during the
machining of alloy GH4169, the low cutting force can
improve the cutting stability and tool service life.
Based on the values of Kp, the optimal cutting
condition can be determined with the lowest cutting
force as follows: 250 m/min cutting speed, 0.05
mm/r feed rate, and 0.1 mm depth of cut.

3.2 Analysis of Variance for Cutting Force

The result with analysis of variance (ANOVA) in
Table 5 shows the significant influence of different
variables on cutting force. In this work, a significance
level of a=0.05 (Fo.05=19.00) was adopted. If the F-
value of a variable is bigger than that of Fo05=19.00,
it can be considered as the significant variables
affecting cutting force, otherwise insignificant [29-
31]. Based on the results, the F-values of cutting
speed (2.31) and feed rate (1.31) were all lower than
Fo0.05=19.00, while only the F-value of depth of cut
(48.12) was higher than F0.05=19.00. Thus, only the
depth of cut had significant contribution to the
cutting force, while both the feed rate and cutting
speed insignificantly affected the cutting force.

Table 5. ANOVA result of cutting force (a=0.05,
Fo.05=19.00)

a larger volume of material per unit time. This leads
to more significant plastic deformation and a larger
shear zone, resulting in increased heat generation
and higher cutting temperature. Finally, the higher
depth of cut involves removing a larger volume of
material with each pass. This led to greater plastic
deformation and increased energy dissipation,
resulting in a higher cutting temperature. In general,
the higher cutting speed, feed rate and depth of cut
improve the cutting temperature during the turning
of alloy GH4169.

Table 6. Range analysis result of cutting temperature

Varia- | Sum of Degree | F-value | Prominence
bles square of
freedom

Ve 4651.56 2 2.31 | Insignificant
f 2633.56 2 1.31 | Insignificant
ap 96792.89 2 48.12 | Significant
Error | 2011.56 2

Total |106089.57 8

3.3 Range Analysis for Cutting Temperature

As display in the Table 6 and Figure 3, the cutting
temperature showed increasing trends with both
cutting speed, feed rate and depth of cut. According
to related works, cutting temperature arises from
various factors and increases with higher cutting
speed, feed rate, and cutting depth. It is primarily
caused by friction between the cutting tool and
workpiece, plastic deformation of the material, and
the conversion of mechanical energy into heat.
Increased cutting speed intensifies the friction
between the tool and workpiece, resulting in greater
heat generation. The higher velocity of the tool
against the workpiece surface enhances energy
conversion and subsequently raises the cutting
temperature. Meanwhile, a higher feed rate removes

Runs | ve(m/min) | f(mm/r) | ap (mm) | 7(C)
1 150 0.05 0.1 304
2 150 0.10 0.2 442
3 150 0.15 0.3 572
4 200 0.05 0.2 413
5 200 0.10 0.3 640
6 200 0.15 0.1 428
7 250 0.05 0.3 656
8 250 0.10 0.1 373
9 250 0.15 0.2 532
Kr1 439.33 457.67 368.33
Kr2 493.67 485.00 462.33

Kr3 520.33 510.67 622.67
Rr 81.00 53.00 254.33
(a)ﬁﬁ[)-
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Figure 3: Cutting temperature changed at different
(a) cutting speed, (b) feed rate and (c) depth.
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In the Table 6, the Rr value of depth of cut a, was
equal to 254.33, which was higher than both cutting
speed v (81.00) and feed rate f(53.00). Thus, it can
be obtained the cutting temperature of alloy GH4169
was mainly affected by that depth of cut (ap),
followed by cutting speed v. and feed rate f. Besides,
during the machining of alloy GH4169, the low
cutting temperature can improve the cutting quality
of machined surface and service life of cutters. For
the lowest cutting temperate, the optimal cutting
condition can be determined, where cutting speed is
150 m/min, feed rate is 0.05 mm/r, and depth of cut
is 0.1 mm.

3.4 Analysis of Variance for Cutting
Temperature

Table 7 displays the significant influence of
different variables on cutting temperature with a
significance level of a=0.05 [32]. The F-values of
both cutting speed (2.06) and feed rate (0.85) were
less than Fo.05=19.00, and only the F-value of depth of
cut (20.00) was bigger than Fo.05=19.00. Therefore, it
can be obtained that only the depth of cut
significantly affected the cutting temperature, while
both the feed rate and cutting speed had insignificant
contribution to the cutting temperature.

Table 7. ANOVA result of cutting temperature (a=0.05,

Fo.05=19.00)
Varia- Sum of Degree F- Prominence
bles square of value

freedom

Ve 10224.22 2 2.06 |Insignificant
f 4214.89 2 0.85 | Insignificant
ap 99228.22 2 20.00| Significant
Error | 4960.89 2
Total | 118628.22 8

3.5 Optimization and Validation for
Machining of Alloy GH4169

In the industrial cutting of alloy GH4169,
minimizing cutting forces and temperatures can
provide significant advantages. By reducing cutting
forces, the tool life is prolonged, resulting in cost
savings and increased productivity. Additionally,
lower cutting forces contribute to improved surface
finish, enhancing the aesthetic and functional quality
of the machined components. Moreover, minimizing
cutting temperatures helps prevent the detrimental
effects of excessive heat, such as material distortion
and degradation. This ensures dimensional accuracy
and maintains the mechanical properties of the alloy.
Overall, the benefits of reducing cutting forces and
temperatures in alloy GH4169 machining are crucial

for achieving high-quality, precise, and efficient
manufacturing processes.

Based on the experimental results in the sections
of 3.1-3.4, the optimal cutting condition with the
lowest cutting forces was 250 m/min cutting speed,
0.05 mm/r feed rate, and 0.1 mm depth of cut, and
the optimal cutting condition with the lowest cutting
temperature was 150 m/min cutting speed, 0.05
mm/r feed rate, and 0.1 mm depth of cut. The cutting
speed insignificant affected on both the cutting force
and temperature. In addition, high cutting speeds
imply that the machine tool requires more power
consumption to drive the main spindle rotation.
Taking into account energy efficiency, tool life, and
product quality, the optimal cutting parameters are
proposed as: 150 m/min cutting speed, 0.05 mm/r
feed rate, and 0.1 mm depth of cut. At this
combination of cutting parameters, the lower cutting
force and temperature as possible can be obtained,

which was equal to 400 N and 304°C. This parameter
combination is suggested to applied in the actual
cutting of alloy GH4169 with sake of higher surface
quality and product benefits.

4. Conclusions

For improving the machinability of alloy GH4169, a
turning experiment was conducted by using ceramic
cutter, and the effects of cutting speed, feed rate and
depth of cut on the resultant force and cutting
temperature were studied, the main conclusions are
listed as follows:

(1) Resultant force increased first and then
decreased with the cutting speed, while it increased
with the increase of both feed rete and depth of cut.

(2) Cutting temperature showed increasing
trends with both the cutting speed, feed rate and
depth of cut.

(3) According to the range analysis and variance
analysis, depth of cut had the greatest effect on the
resultant force and cutting temperature, followed by
cutting speed and feed rate. Both feed rate and depth
of cut insignificantly affected the resultant force and
cutting temperature, and only depth of cut had
significant contribution to the them.

(4) Taking the lowest resultant force and
temperature as objective, an optimal cutting
parameter was determined as cutting speed of 150
m/min, feed rate of 0.05 mm/r, and depth of cut of
0.1 mm. It can be used in the industrial machining of
alloys GH4169 with the grater product quality and
benefits.
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