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Abstract: Engineering components are usually manufactured with sequential production processes.
Work hardening due to previous production processes affects the machinability of the workpiece in
subsequent operations. In this research, the surface work hardening of a workpiece manufactured
by two sequential processes with heat treatment/milling (HT + M) and milling/heat treatment
(M + HT) of superalloy GH4169 was investigated. First, the surface microstructure characteristics,
including plastic deformation and grain size of the machined workpiece surface processed by the
two sequential processes, were quantitatively presented. Then, the microhardness on the machined
workpiece surface and its cross-section was measured and analyzed. Finally, a surface microhardness
calculation model considering twin boundary deformation was proposed. Here, we also present
the microstructure evolution principle of the machined workpiece surface by the two sequential
processes. It was found that the degree of work hardening of HT + M machining was 179%, whereas
that of M + HT was only 101%. The research results can be applied to the optimized selection of
process sequence for manufacturing superalloy GH4169.

Keywords: milling; solution heat treatment; work hardening; sequential production processes

1. Introduction

Nickel-based superalloy GH4169 (Inconel 718) can maintain good comprehensive
performance at a high temperature and is widely used in hot-end components, such
as turbine discs and the turbine blades of an aero-engine [1]. However, the excellent
high temperature strength leads to poor machinability of GH4169 alloy, which is mainly
manifested in a significant tendency toward work hardening [2]. A large degree of work
hardening can improve the microhardness and strength of the workpiece surface, but
increases the difficulty of subsequent cutting operations and affects the surface quality of
the finished machined parts [3].

Surface microhardness is an index used to evaluate the mechanical properties of work-
pieces. It is closely related to the microstructure of materials. The mechanical and thermal
loads exerted by the machining process cause severe plastic deformation on the workpiece
surface, which leads to changes in the microstructure of the material, including grain re-
finement and phase transformation, and, accordingly, changes in the microhardness of the
machined surface [4]. Several researchers have studied the effect of cutting parameters on
work hardening through microstructure change and obtained the optimal cutting parame-
ters [5,6]. However, the production of superalloy GH4169 workpieces requires multiple
production processes, such as heat treatment and cutting operations. Thus, consideration
should not be limited to only the influence of a single cutting process on the workpiece
surface quality.
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The effects of heat treatment and the cutting process on the workpiece surface quality
have been previously studied. As a post-treatment process, heat treatment can change
the microstructure of the machined surface of a metal material by recrystallization in the
hardened area. Yadav et al. [7] investigated the effect of heat treatment on the microstruc-
ture and mechanical properties of Inconel 718 chips formed in the cutting process. The
workpiece was machined and then heat treated at different temperatures. It was found
that recrystallization occurred on the machined surface in the plastic deformation zone,
and that the extent of recrystallization could be controlled by heat treatment to improve
the thermal stability and microhardness. The effects of grinding and annealing on the
microstructure and mechanical properties were analyzed by Sina et al. [8]. They found
that work hardening caused by machining can be reduced by heat treatment by means
of recrystallization. In the studies of Yadav and Sina, their process procedure (machining
followed by heat treatment) was not able to completely eliminate work hardening. The
study of Wang Y. et al. [9] also found that further heat treatment is necessary to improve
the microstructure of Inconel 718, because recovery and recrystallization occur. Heat treat-
ment can change the content and distribution of the strengthening phase in the superalloy
GH4169, which determines the material properties, and further affects the subsequent
machinability of the material. Careri et al. [10] studied the effects of heat treatment and the
cutting process on the surface integrity of nickel-based superalloys. These results showed
that the material without strengthening by heat treatment achieved better machinability;
however, the work hardening was greater and was not accurately predicted. Neslusan
et al. [11] addressed the influence of heat treatment on machining process. The regime of
heat treatment significantly affects aspects of the material such as structure and hardness,
which can influence the final results in terms of cycle times and surface integrity. Hongliang
et al. [12] studied the work hardening characteristics of a nickel-based superalloy at dif-
ferent temperatures of solution heat treatment. The solution treatment was optimized
through the dissolving temperature of precipitations and the mean size of grains. The
strain hardening exponent of the nickel-based superalloy first increased and then decreased
during cold deformation. Several other papers have shown that heat treatment can affect
the work hardening behavior of the machining workpiece by changing the microstructure
of nickel-based alloys [1,13,14].

The objective of this study was to examine the microhardness distribution on the
workpiece surface of GH4169 processed by sequential operations of solution heat treatment
and a milling operation, and to reveal the work hardening mechanism required to optimize
the selection of the process sequence for GH4169 production operations. The microstruc-
tural deformation features of the processing workpiece surface were characterized using a
scanning electron microscope (SEM) and a laser confocal microscope. Based on the results
of the experiment, a surface microhardness calculation model was proposed to understand
the work hardening of GH4169.

2. Materials and Methods
2.1. Materials

The nickel-based superalloy GH4169 was used to study the effect of the sequential
processes of heat treatment and milling on the microstructural evolution and microhardness
of the machined surface. The as-received GH4169 was preheated during manufacture with
process parameters of 960 ± 10 ◦C, 4 h, water cooling, 720 ± 10 ◦C, 9 h, furnace cooling
at 55 ◦C/h to 620 ± 10 ◦C, 8 h, air cooling. The chemical composition of the as-received
GH4169 is shown in Table 1.

Table 1. Chemical composition of as-received GH4169 (wt.%).

Element Ni Cr Fe Nb Mo Ti Al Mn Si C Co

Component 52.6 19.2 16.4 5.1 3.0 1.0 0.51 0.02 0.1 0.04 0.1
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The initial microstructure of the material is shown in Figure 1. As shown in Figure 1a,
the microstructure of GH4169 comprises equiaxed grains and a large number of straight
twin boundaries. The average gain size is about 95 µm, and the matrix microhardness is
443 ± 10 HV. Two types of strengthening precipitates exist in GH4169, namely γ′′ (Ni3Nb)
and γ′ (Ni3(Al, Ti)) [15], as shown in Figure 1b.

Metals 2021, 11, x FOR PEER REVIEW 3 of 12 
 

 

Table 1. Chemical composition of as-received GH4169 (wt.%). 

Element Ni Cr Fe Nb Mo Ti Al Mn Si C Co 
Component 52.6 19.2 16.4 5.1 3.0 1.0 0.51 0.02 0.1 0.04 0.1 

The initial microstructure of the material is shown in Figure 1. As shown in Figure 
1a, the microstructure of GH4169 comprises equiaxed grains and a large number of 
straight twin boundaries. The average gain size is about 95 μm, and the matrix microhard-
ness is 443 ± 10 HV. Two types of strengthening precipitates exist in GH4169, namely γ″ 
(Ni3Nb) and γ′ (Ni3(Al, Ti)) [15], as shown in Figure 1b. 

 
Figure 1. Initial microstructure of superalloy GH4169: (a) the grain microstructure; (b) the γ′′ and γ′ 
phases. 

2.2. Experimental Procedure 
The effects of sequential processes of milling (down-milling) and solution heat treat-

ment on work hardening were experimentally studied. Two sequential processes of man-
ufacturing GH4169 were designed. In the process of M + HT, the workpiece was machined 
with a milling operation, then handled by solution heat treatment. The workpiece was 
manufactured with solution heat treatment and a subsequent milling operation in another 
process of HT + M. The sequential processes of manufacturing GH4169 and the nomen-
clature are shown in Figure 2 and Table 2, respectively. 

 
Figure 2. Sequential processes of manufacturing the GH4169 workpiece. 

Table 2. Sample nomenclature. 

Sample Condition Sample Nomenclature 
Milling M 
Heat treatment HT 
Milling and heat treatment at 960 °C for 1 h M + HT 
Heat treatment at 960 °C for 1 h and milling HT + M 

Figure 1. Initial microstructure of superalloy GH4169: (a) the grain microstructure; (b) the γ′ ′ and γ′

phases.

2.2. Experimental Procedure

The effects of sequential processes of milling (down-milling) and solution heat treat-
ment on work hardening were experimentally studied. Two sequential processes of manu-
facturing GH4169 were designed. In the process of M + HT, the workpiece was machined
with a milling operation, then handled by solution heat treatment. The workpiece was
manufactured with solution heat treatment and a subsequent milling operation in an-
other process of HT + M. The sequential processes of manufacturing GH4169 and the
nomenclature are shown in Figure 2 and Table 2, respectively.
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Figure 2. Sequential processes of manufacturing the GH4169 workpiece.

Table 2. Sample nomenclature.

Sample Condition Sample Nomenclature

Milling M
Heat treatment HT
Milling and heat treatment at 960 ◦C for 1 h M + HT
Heat treatment at 960 ◦C for 1 h and milling HT + M

A face milling cutter head, model XMR01-063-A27-SD09-06, was used in the experi-
ment. A carbide cutting tool with a rake angle of 0◦ and a clearance angle of 15◦ was used
to machine the workpiece. The cutting parameters were set as follows: the cutting speed
was 120 m/min, the feed rate of each tooth was 0.2 mm/z, the axial cutting depth was
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0.2 mm, and the cutting width was 13 mm. The solution heat treatment was undertaken
using a muffle furnace. The heat treatment process parameters were 960 ± 10 ◦C, 1 h, air
cooling.

After the experiment, sections of the workpieces manufactured by the two sequential
processes were cut from the cross-section perpendicular to the feed direction using wire
electrical discharge machining (WEDM). Then, sections were ground and polished to a
mirror surface without scratches. Microhardness measurements were obtained by Vickers
micro-indentation hardness testing method with a diamond indenter subjected to a load of
50 g. Finally, the microstructure of GH4169 after sequential processes was examined using
a scanning electron microscope (SEM) and a laser confocal microscope (LCM). For SEM
and LCM examinations, samples after mechanical polishing (with Sic to a grit size of 2000)
were chemically etched. The chemical etchant comprised 0.5 g CuCl2, 10 mml HCl, and
10 mml ethanol, and the etching time was 40 s.

3. Results and Discussion
3.1. Microstructure Analysis of Sequential Machined GH4169 Surface

Figure 3 shows the evolution procedure of the surface microstructure generated in
the sequential production processes. The initial microstructure of GH4169 is shown in
Figure 3a. After the workpiece was machined, the machined surface produced a certain de-
gree of plastic deformation, which was mainly characterized by the bending deformation of
twin boundaries that were straight lines before machining (Figure 3b). When the machined
workpiece was heat treated, the surface microstructure generated during machining was
completely changed. The deformed grains caused by the cutting operation disappeared,
and fine equiaxed grains were formed by recrystallization (Figure 3c). However, when the
as-received GH4169 was processed by the HT + M process, different changes appeared on
the workpiece surface in the microstructure compared with the M + HT workpiece. All
grains grew significantly after the material was heat treated (Figure 3d). The severe plastic
deformation occurred on the workpiece surface during the machining process after the
as-received GH4169 was heat treated (Figure 3e). Compared with the surface of the M
workpiece (Figure 3b), more grains of the HT + M workpiece surface were elongated in the
horizontal direction and more twin boundaries were bent.
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Metals 2021, 11, 1367 5 of 12

Surfaces with a different microstructure were obtained by the two sequential pro-
duction processes. In the M + HT process, a small degree of plastic deformation (a small
number of curved twin boundaries) occurred on the workpiece surface followed by recrys-
tallization. Finally, a surface without plastic deformation with fine grains was obtained. In
contrast, in the HT + M process, grains grew first, then a large degree of plastic deforma-
tion (more curved twin boundaries and prolate grains) occurred on the machined surface.
Finally, a plastic deformed surface with large grains was obtained.

The microstructures of the cross-section near the machined surface processed in the
sequential production processes are shown in Figure 4a–c. As shown in Figure 4a,b, the red
curves represent the position of the twin boundary before and after the machining process.
After the as-received GH4169 was machined, the bending deformation degree of the twin
boundary was small, characterized by the position of the solid line and the dotted line, and
the deformation depth was about 15 µm. By comparison, the deformation depth of the
twin boundary was about 40 µm for the workpiece processed by the HT + M process. The
deformation degree of the HT + M workpiece was much larger than that of the M workpiece.
Figure 4c shows the microstructure of the cross-section of the workpiece processed by
the M + HT process. The red curves in Figure 4c represent the grain boundaries of the
recrystallized grain. It can be seen from Figure 4c that the recrystallized grain near the
machined surface was the smallest and the depth of the recrystallized area was about
30 µm.
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3.2. Grain Size of Sequential Machined GH4169 Surface

From the microstructural analysis, it is evident that the machining and heat treatment
process can cause changes in the grain size. Because mechanical properties, particularly
strength and microhardness, are directly dependent upon the grain size, the laser confocal
microscope was used to measure the average grain size of the surface under various
process conditions. The measurement results are shown in Figure 5. It is clear that there
was a moderate decrement in grain size after the workpiece was machined and a drastic
decrement in grain size after the machined workpiece was heat treated. The average grain
size of the as-received GH4169 was 95 µm. After the workpiece was machined at the
cutting speed of 120 m/min, the surface grain size decreased by 18% (M process), whereas
the average grain size was 3 µm after the machined workpiece was heat treated at 960 ◦C
for one hour (M + HT process). In the HT + M process, the average grain size increased
from 95 to 110 µm when the as-received GH4169 was heat treated. After the heat-treated
workpiece was machined, the surface grain size decreased by 24%. The grain refinement
degree of the machined surface in the HT + M process was larger than that of the M process.
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3.3. Surface and Sub-Surface Microhardness of Sequential Machined GH4169

It was found that the surface microstructure of the workpiece underwent changes
after the M + HT and HT + M processes were performed on the as-received GH4169. The
microhardness of GH4169 is closely related to its microstructure [16]. After the sequential
production processes, the surface microhardness was measured for various workpiece
conditions, as shown in Figure 6. The bar chart shows the microhardness of the workpiece
matrix and the surface (HV0, HV), and the line chart shows the degree of work hardening
(HV/HV0 × 100%). It is clear from Figure 6 that there was a significant decrement in
the matrix hardness from the as-received GH4169 (443 ± 10 HV0.05) to the heat-treated
state (240 ± 5 HV0.05). Thus, it can be concluded that the solution heat treatment made
the material soft. Previous studies have shown that heat treatment above 750 ◦C induced
dissolution of γ′′ and γ′ nanoprecipitates, which should lead to the strengthening of
GH4169 [17,18].
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Comparing the microhardness on the surface of GH4169 processed by the sequential
production processes, it can be found that the surface microhardness of the M workpiece
was the largest (498 ± 10 HV). The value of the microhardness of the HT + M workpiece
surface was ranked second (429 ± 10 HV), and the result of the M + HT workpiece was the
smallest (244 ± 5 HV). However, the degree of work hardening of the workpiece processed
by the HT + M process was the highest, followed by that of the M process, and that of the
workpiece processed by M + HT process was the lowest. Their values were 179%, 112%,
and 101%, respectively. According to the results, it should be noted that, although the
degree of work hardening of the HT + M workpiece was very high, the microhardness
on surface was still less than that of the as-received material. Furthermore, the work
hardening of the M + HT workpiece was only 101%; that is, no work hardening occurred
on the surface of the workpiece that underwent the M + HT process.



Metals 2021, 11, 1367 7 of 12

Due to the mechanical load caused by the application of the tool to the workpiece
during the cutting operation, not only was the workpiece surface strengthened, but the
subsurface microhardness of the workpiece was also changed. Microhardness measure-
ments were tested in cross-section from the machined surface for M, HT + M, and M + HT
processes. The microhardness profiles for the three workpiece conditions, beginning from
the machined surface and ending 120 µm into the workpiece, are shown in Figure 7. It
can be seen from Figure 7 that the microhardness of the cross-section presented a gradient
distribution along the depth direction. The microhardness on the surface reached the
highest value and then decreased to the value of the matrix area. The HT + M workpiece
showed the largest variation of microhardness, followed by the M workpiece. The M + HT
workpiece had the smallest variation. Their work hardening depths were 75, 45, and
0 µm, respectively. The HT + M process resulted in a significant hardening gradient and
depth on the processed surface of the workpiece, whereas the surface microhardness of
the workpiece processed by the M + HT process was the same as that of the matrix; that is,
the work hardening caused by the cutting operation was eliminated by the solution heat
treatment.
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3.4. Relationship between Microstructure and Work Hardening

Plastic deformation in the cutting process of superalloy GH4169 is commonly ac-
commodated by twinning and slip. The deformation twin is mainly formed during the
high-speed cutting operation, whereas the plastic deformation in the low-speed cutting
operation is accommodated by slip [19]. During the machining process, dislocations caused
by plastic strain produce the dislocation pile-up at the grain boundary and the twin bound-
ary. The dislocation pile-up has a repulsive force on subsequent dislocations, which is
proportional to the number of dislocations in the dislocation pile-up group [20]. When
dislocations of the dislocation pile-up reach a certain number (n), the external force cannot
induce new plastic deformation, which produces dislocations; thus, work hardening occurs
on the machined surface. The relationship between the number of dislocations in the
dislocation pile-up and shear stress is shown in Equation (1):

N ≈ Kπτ0L/Gb (1)

where K is the coefficient related to the dislocation type, τ0 is the applied effective shear
stress driving the dislocation movement, and L is the length of the dislocation pile-up group,
namely the distance between the dislocation source and the grain boundary. According to
Equation (1), a small length of the dislocation pile-up group (L) means a small number of
dislocations when the effective shear stress τ0 is constant.
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The Hall–Petch equation is a microhardness calculation model based on grain size, as
expressed by Equation (2) [21]:

HV = HV0 + kd−1/2 (2)

where HV is the microhardness of the material, HV0 is the initial microhardness, d is
the average grain size of the material, and k is the coefficient. Smaller grains have more
grain boundaries, which can hinder dislocation slip. During the cutting process, the
dislocation movement needs to overcome the increase in resistance due to the accumulation
of dislocations at the grain boundary. Therefore, a metal material with a smaller grain size
has higher strength and microhardness.

The superalloy GH4169 used in this study contains a large number of twin boundaries.
The Hall–Petch equation for predicting material microhardness based on grain size only
considers the effect of grain boundaries on dislocation slip, and does not consider the
effect of a large number of twin boundaries. It can be seen from the microstructure of
the machined surface (Figures 3 and 4) that twinning boundaries inside the grain were
bent due to the plastic deformation during the machining process. This indicates that the
twin boundary was resistant to shear deformation during the cutting operation and a large
number of dislocations would form a dislocation pile-up at the twin boundary.

Therefore, a new microhardness calculation model considering twin boundary defor-
mation was proposed to explain the work hardening for GH4169. The elastic moduli of the
grain boundary, the twin boundary, and the grain of GH4169 are considered to be the same.
There are two twin boundaries, on average, inside the grain. The thickness of the grain and
twin boundaries is t. The yield stress of the material is σy, where σfG and σfGB are the yield
stress within the grain and the yield stress at the grain boundary, respectively [22]:

σy = AGσf G + AGBσf GB (3)

t = kMAd1/2
avg (4)

AG =
1
4 π

(
davg − 2t

)2 − 2t
(
davg − 2t

)
1
4 πd2

avg
(5)

AGB =

1
4 π

(
d2

avg −
(
davg − 2t

)2
)
− 2t

(
davg − 2t

)
1
4 πd2

avg
= 1− AG (6)

where AG is the proportion fraction of the area inside the grain to the total grain area, AGB
is the proportion fraction of the area of the grain boundary and the twin boundary to the
total grain area, kMA is the coefficient, and davg is the average grain diameter. AG and AGB
are substituted into Equation (3) to obtain Equation (7):

σy = σf G +
16 + 8π

π
kMA

(
σf GB − σf G

)
d−1/2

avg −
64 + 16π

π
k2

MA

(
σf GB − σf G

)
d−1

avg (7)

Tabor has given the relationship between the ultimate strength σu and the microhard-
ness HV, as shown in Equation (8) [23]:

σu =
HV
2.9

( n
0.217

)n
(8)

where n is the strain hardening coefficient.
The relationship between the ultimate strength σu and the yield strength σy is ex-

pressed as Equation (9):
σu = Cσy (9)

where C is a coefficient, which was found to be equal to 0.801 [24].
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Equations (8) and (9) are substituted into Equation (7) to obtain Equation (10). Then, a
new microhardness calculation model is developed which facilitates the understanding of
work hardening for the superalloy GH4169:

HV =
2.9× 0.217n

0.801× nn × [σf G +
16 + 8π

π
kMA

(
σf GB − σf G

)
d−1/2

avg −
64 + 16π

π
k2

MA

(
σf GB − σf G

)
d−1

avg] (10)

The microhardness of the as-received GH4169 was very high and decreased by 46%
after the solution heat treatment was performed. Compared with low hardness, this high
degree of hardness would result in slight plastic deformation on the workpiece surface
during the cutting operation. As can be seen from the microstructure of the cross-section
in Figure 4, the plastic deformation depth of the M and HT + M workpieces was 15 and
40 µm, respectively. Due to the slight plastic deformation on the machined surface, a small
number of dislocations accumulated at the grain boundary. As a result, the degree of
work hardening and depth of work hardening of the M workpiece were only 112% and
45 µm, respectively. Under the same machining parameters, the grain boundary of the
HT + M workpiece was able to accumulate a mass of dislocations due to significant plastic
deformation. Therefore, the degree of work hardening and depth of work hardening of the
HT + M workpiece reached 179% and 70 µm, respectively. The evolution procedure of the
processed surface microstructure of the workpiece treated by the HT + M process is shown
in Figure 8.
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Figure 8. Schematic diagram of microstructure evolution of the machined workpiece surface by
sequential production process: (a) original equiaxed grained microstructure; (b) a small number
of dislocations formed within grains due to milling; (c) recrystallized grains without dislocations
formed on the milling surface after the M + HT process; (d) original grains’ growth due to heat
treatment; (e) elongated grains with a large number of dislocations formed on the surface after the
HT + M process.

In the machining process of GH4169, most of the work performed by the cutting force
on the workpiece surface was lost through the chip in the form of heat. The remaining
energy was stored on the machined surface in the form of increasing crystal defects,
composed mainly of dislocations [25]. The machined surface was in an unstable high-
energy state due to the increase in stored energy. When it was heat-treated, the stored
energy acted as a driving force to promoted recrystallization [26].

As can be seen from Figure 4c, the cross-section of the M + HT workpiece near the ma-
chined surface was composed of recrystallized grains, which showed a gradient structure.
After the as-received GH4169 was machined, the dislocation density on the subsurface was
in a gradient distribution, namely, the dislocation density gradually decreased from the
machined surface to the matrix [27]. As a result, the driving force of recrystallization on the
machined surface was larger than that on the subsurface during the heat treatment. Thus,
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the recrystallization presented a gradient structure on the cross-section. According to the
experimental results, the depth of work hardening of the M process and the recrystalliza-
tion depth of the M + HT process were 45 and 30 µm, respectively. Hence, it can be said
that recrystallization occurred within the area of work hardening and the solution heat
treatment can eliminate the work hardening caused by the machining process by means of
recrystallization. The evolution procedure of the processed surface microstructure of the
workpiece treated by the M + HT process is also shown in Figure 8. In addition, although
the grains on the processed surface of the workpiece treated by the M + HT process were
refined, the microhardness on this surface was similar to that of the matrix. The refined
grains did not improve the microhardness of the surface because the strengthening phase
was dissolved at the same time by the heat treatment. The material composition tended to
be uniform after the heat treatment was performed, which resulted in the disappearance of
the microhardness gradient on the machined surface [28].

4. Conclusions

The effects of sequential production processes (HT + M and M + HT) on the work
hardening of superalloy GH4169 were studied. Microstructure characterization and micro-
hardness analysis offered relevant evidence for the choice of the manufacturing process in
superalloy GH4169. A surface microhardness calculation model considering twin bound-
ary deformation was proposed, and the evolution procedure of the workpiece surface
microstructure in the sequential production processes was discussed. The main conclu-
sions are summarized as follows.

• There was a degree of plastic deformation on the workpiece surface during the ma-
chining process, which was characterized by grain deformation and twin boundary
bending. The degree and depth of plastic deformation of the workpiece surface pro-
cessed by the HT + M process were greater than those of the M process. The plastic
deformation depths beneath the machined surface under the two conditions were
15 and 40 µm, respectively, whereas the machined surface was recrystallized with a
depth of 30 µm in the M + HT process.

• Grains on the surface subjected to the sequential production processes were refined to
different degrees. The grain size of the as-received GH4169 was 95 µm and grew to
110 µm after the solution heat treatment was performed. The surface grain sizes of the
workpiece were reduced to 78 and 84 µm in M and HT + M processes, respectively.
The recrystallized grain size of the workpiece surface processed by the M + HT process
was 3 µm.

• According to the grain refinement and twin boundary bending, a surface microhard-
ness calculation model was proposed to explain the work hardening for GH4169.

• The effects of the M + HT and HT + M processes on the work hardening of the
workpiece surface were significantly different. In the M + HT process, a surface with a
low degree of work hardening (112%) and a small deformation depth (15 µm) was
first formed. Then, a surface without work hardening was formed by recrystallization.
In the HT + M process, grains grew first; then, a surface with a high degree of work
hardening (179%) and a large deformation depth (40 µm) was formed.
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