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Abstract

In the multi-step cutting process, the final machined surface quality is affected by the entire cutting process, especially the effect
of work hardening and thermal softening induced by the previous steps (roughing or semi-finishing machining). In this paper,
two-step (roughing-finishing) and three-step (roughing-semi-finishing-finishing) turning operations were designed by a single-
factor experiment, and the effect of the change of cutting parameters in the previous steps on finishing surface quality was
analyzed. Experimental results indicated that the microhardness in the machined surface layer of semi-finishing was smaller than
that of roughing at the same depth, and the depth affected by work hardening of semi-finishing was thinner. Therefore, compared
to two-step machining, the surface roughness affected by the work hardening and thermal softening of the previous steps was
smaller after three-step machining, and the variation range of surface roughness with the change of the cutting parameters was
smaller. Moreover, the relative height between the convex peak and the concave valley was larger. And the spacing between
adjacent two convex peaks became larger and more uneven after three-step machining. The disturbed layer depth or the plastic
deformation layer (PDL) depth was obviously reduced. However, the grains were severely distorted and stretched. It was because
that semi-finishing weakened the work hardening of roughing in the three-step cutting process; therefore, the surface quality was
better after finishing. By studying the effect of work hardening and thermal softening induced by the previous steps on finishing
surface quality, the cutting parameters of roughing and semi-finishing were optimized to ultimately improve surface quality.

Keywords Multi-step turning - Work hardening - Surface topography - Microstructure - Titanium alloy

1 Introduction

With the rapid development of modern technology, especially
in the field of high-end equipment manufacturing such as
aerospace and marine navigation, the requirements on the sur-
face quality of high-speed machining are getting higher and
higher. Titanium alloy Ti-6Al-4V is widely used due to their
excellent mechanical properties. However, the inherent prop-
erties such as low thermal conductivity and low modulus of
elasticity of titanium alloy cause great difficulties for high-

>< Anhai Li
anhaili @sdu.edu.cn

Key Laboratory of High Efficiency and Clean Mechanical
Manufacture of MOE, School of Mechanical Engineering, Shandong
University, Jinan 250061, People’s Republic of China

National Demonstration Center for Experimental Mechanical
Engineering Education (Shandong University), Jinan 250061,
People’s Republic of China

speed machining [1]. The machined surface defects or bad
surface integrity is the main part that leads to early failure of
material corrosion, friction, and fatigue, so to optimize and
improve the surface quality are the key to improving the ma-
terial service life. However, surface quality is affected by
many factors [2—4], especially cutting parameters and tool
parameters as well as tool flank wear [5-12]. The effect of
the cutting parameters on the surface quality during the cutting
process is very complicated, and it is a multi-factor compre-
hensively interacting process, which involves the cutting
force, cutting temperature, the extrusion, and friction between
the tool and the machined surface. The differences of cutting
force and cutting temperature will have an effect on the sur-
face roughness, microhardness, residual stress, the disturbed
layer or PDL, and so on, and ultimately affect the material
service life.

Different degrees of material pretreatment can also affect
the surface quality, such as heat treatment and rolling. The
AISI 4340 steel was heat-treated under different conditions
to change the microhardness of surface layer. It was found
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that the surface residual stress changed from tensile stress to
compressive stress in the cutting process. As the microhard-
ness increased, it changed the distance from the peak of resid-
ual compressive stress to surface [13].

Currently, the researches on surface quality are mostly fo-
cused on the single-step machining process (roughing or
finishing). However, in the actual machining process, the prod-
ucts are usually obtained through multi-step cutting. Because of
the influence of cutting force, cutting temperature, and strain
accumulation [14, 15], compared to the bulk material, the me-
chanical properties of machined surface layer were significantly
modified, which further affected the later machining process.
For milling hardened steel SKD11, the experiment and simula-
tion found that, compared to the first step machining, the extru-
sion and friction between the tool and the machined surface
were more intense when the second step was machined, which
led to a significant increase in the residual compressive stress
[16]. The results of multi-step cutting simulation on an annealed
304 stainless steel [17] showed that the machined surface layer
affected by the first step had an effect on the chip thickness,
cutting forces, residual strain, and cutting temperature. At the
same time, the distribution and depth of the residual stress were
significantly changed. According to simulation results, charac-
teristics of residual stress could be controlled by optimizing the
second cut. However, when the Cu-Zn alloy was studied
through experiments and simulations, it was found that the
residual tensile stress appeared on the surface after roughing
or finishing [18]. On the contrary, residual compressive stress
appeared on the surface after roughing and finishing. Mainly
because the strain and stress were remained in certain depth of
the machined surface layer, and the layer had the distribution of
microhardness caused by work hardening. But the surface was
residual tensile stress after roughing and then two or three times
finishing.

It was found that the machined surface layer depth affected
by roughing was more than 0.3 mm in the high-speed machin-
ing process of titanium alloy [19, 20]. The machined surface
layer affected by cutting force and cutting temperature was
severely work-hardened and softened at different depths after
roughing, which would seriously affect the finishing cutting
process and ultimately affect the surface quality.

Multi-step cutting is a multi-step loading and stress relax-
ation process, and the final surface quality depends on the
entire cutting process. In particular, strain accumulation and
temperature induced by the previous steps lead to a big differ-
ence between the machined surface layer and bulk material in
terms of microhardness and residual stress. Therefore, the me-
chanical properties of machined surface layer and subsurface
layer were altered before the finishing operation [19, 21]. In
this paper, a multi-step turning process was conducted by
single-factor cutting experiments. Vickers microhardness
was measured along the machined surface layer after the
roughing and semi-finishing, respectively. At the same time,
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the effect of work hardening and thermal softening induced by
the previous steps on finishing surface quality were studied,
especially from the following aspects of the surface rough-
ness, surface topography, and microstructure. And the effect
of the variation of cutting parameters of the previous steps on
finishing machining was revealed. Eventually, the parameters
of multi-step machining were further optimized to improve the
surface quality.

2 Cutting materials and experimental
conditions

The workpiece material used in the experiment was titanium
alloy Ti-6Al-4V, and the chemical compositions of the mate-
rial and mechanical properties were given in Tables 1 and 2,
respectively. And microstructure and phase compositions of
titanium alloy Ti-6Al-4V were shown in Fig. 1. The samples
used in the machining process were titanium alloy bars with
the diameter 100 mm and the length 25 mm. A multi-step
cutting diagram was shown in Fig. 2.

All turning experiments were carried out on a CKD6150K
turning lathe under dry cutting conditions. The coated carbide
tools were used, the type of roughing tools was
SNMG120408-EF, and the type of semi-finishing and
finishing tools was SNMG120404-EM. The tool angle after
installed was 14° of rake angle and 11° of clearance angle
when machining. The final surface quality was obtained
through two-step machining (firstly roughing and finally
finishing) and three-step machining (firstly roughing, then
semi-finishing, and finally finishing). In the two-step machin-
ing process, the roughing cutting parameters were variable, as
shown in Table 3. However, finishing cutting parameters were
constants, and the cutting process was carried out at the cut-
ting speed of 100 m/min, feed rate of 0.05 mm/r, and depth of
cut of 0.1 mm. In the three-step machining process, the
roughing cutting parameters were fixed values, and the cutting
process was carried out at the cutting speed of 50 m/min, feed
rate of 0.25 mm/r, and depth of cut of 1 mm. And the semi-
finishing parameters were variable, as shown in Table 4.
Consistent with the two-step machining, the same finishing
parameters were used. At the same time, in order to reduce
the impact of the tool on the cutting process, new tools were
used for each cutting operation.

The surface roughness of each sample after finishing was
measured by a hand-held surface roughness meter. Each

Table 1 Chemical composition of titanium alloy Ti-6Al-4V

Elements Al v Fe C N H O Other Ti

Weight 5.5-6.75 3.64.5 0.3 0.08 0.05 0.15 0.10 0.50 Base
(Wt%)
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Table2 Mechanical and physical properties of titanium alloy at room temperature

Density (kg/m®) Melting point (°C) Specific heat Thermal
(25 °C) (J/kg-°C) conductivity
(W/mXK)

Yield stress (MPa) Young’s modulus (GPa) Poisson’s ratio Elongation (%)

4428 1605 580 7.3 825

110 0.41 10

sample was measured seven times to acquire accurate results
along the circumferential direction in different areas and then
the average of the seven measured values was taken as the
surface roughness value. Three-dimensional (3D) machined
surface topography after finishing was measured by using
3D-zoom surface measurement instrument (VK-X250K),
and the area of sampling point is 467 mm X 624 mm. The
HVS-1000 microhardness instrument was used to measure
the microhardness of the machined surface layer after
roughing or semi-finishing, at a load of 100 g and waiting
time of 15 s. Considering the indenter, the measurement of
microhardness was started at the depth of 20 um below the
machined surface and every 10-um interval, was measured
until the measured microhardness value was close to the bulk
microhardness of the material; the measurement diagram was
illustrated in Fig. 3. And the same depth was measured three
times during the measurement to reduce the error. Using the
cross-sectional method, the microstructure of the finishing
machined surface layer was observed by using a scanning
electron microscope (SEM) and a VHX-600 ESO digital mi-
croscope. For the convenience of measurement, the sample
was cut by wire electrical discharge machining, cut into small
pieces along the cutting machining direction for inlaying,
ground using sandpaper, and then polished with diamond grits
until the surface to be measured appeared mirror. The cross-
sections of samples were chemically etched by corrosive lig-
uid that was made up of HNO3, HF, and H,O, according to the
ratio of 5:3:100. Each sample was etched for 25 s and cleaned

Fig. 1 The microstructure and phase compositions of titanium alloy Ti-
6Al-4V

for final observation. At the same time, in order to obtain the
desired microstructure, each sample is magnified 2000 times.

3 Results and discussion

In this experiment, the influences of the change of roughing
cutting parameters in the two-step machining process and
semi-finishing cutting parameters in the three-step machining
process were studied, respectively, in terms of the microhard-
ness, surface roughness, and surface topography, as well as
subsurface microstructure. The microhardness of machined
surface layer was measured after roughing or semi-finishing.
When analyzing the results of surface roughness, surface to-
pography, and surface microstructure, since the finishing cut-
ting parameters were constants, the horizontal axis was the
roughing or semi-finishing cutting parameters, while the ver-
tical axis was the finishing measurement results.

3.1 Microhardness

In the high-speed machining process of titanium alloy Ti-6Al-
4V, the change of cutting parameters and tool parameters will
affect cutting force, cutting temperature, extrusion, friction,
etc. However, due to the poor thermal conductivity of titanium
alloy, the accumulation of temperature in the contact area be-
tween the tool and the workpiece results in the softened layer
generated near the machined surface layer. At the same time,
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Fig. 2 Cutting experiment. (a) Experiment equipment and (b) cutting
diagram
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Table 3  Roughing cutting parameters of two-step machining

Level Cutting speed v (m/min) Feed f'(mm/r) Depth of cut a, (mm)

1 30 0.25 1.00
2 40 0.25 1.00
3 50 0.25 1.00
4 60 0.25 1.00
5 70 0.25 1.00
6 50 0.15 1.00
7 50 0.20 1.00
8 50 0.30 1.00
9 50 0.35 1.00
10 50 0.25 0.50
11 50 0.25 0.75
12 50 0.25 1.25
13 50 0.25 1.50

because of cutting force, hardened layer is generated beneath
the softened layer with the increase of depth. Finally, due to
lack of the effect of cutting force, it will be bulk material
beneath the hardened layer. Therefore, it could be divided into
three different zones including the softened zone, the hard-
ened zone, and the bulk material zone beneath the machined
surface [22].

According to the analysis of the measured microhardness
value for all samples, the microhardness beneath the machined
surface is shown in Figs. 4 and 5. Figure 4 showed the distri-
bution of microhardness, with the change of cutting speed,
feed, and depth of cut, respectively, which was measured
along the machined surface layer after roughing. At the same
time, Fig. 5 was respectively the distribution of microhardness
after semi-finishing with the change of feed or depth of cut. It
could be seen from Figs. 4 and 5 that, with the change of
cutting speed, feed, and depth of cut, the distribution of mi-
crohardness along machined surface layer was generally con-
sistent; microhardness value increased firstly along machined
surface layer and then decreased, and finally close to the bulk
microhardness (BMH) value.

Table 4  Semi-finishing cutting parameters of three-step machining

Level Cutting speed v (m/min) Feed f(mm/r) Depth of cut g, (mm)

1 80 0.05 0.3
2 80 0.10 0.3
3 80 0.15 0.3
4 80 0.20 0.3
5 80 0.25 0.3
6 80 0.15 0.1
7 80 0.15 0.2
8 80 0.15 0.4
9 80 0.15 0.5
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Fig. 3 The diagram of microhardness measurement

It could be found from Fig. 4a that, with the increase of
cutting speed within the experimental range, the microhard-
ness value had a declining trend at 20 um, the maximum
microhardness increased beneath the machined surface, and
the depth of hardening increased obviously. It could be seen
from Fig. 4b, compared to cutting speed, the change of feed
did not affect obviously the microhardness of machined sur-
face layer. From Fig. 4c, it could be seen that, with the increase
of the depth of cut, the maximum value of microhardness
increased obviously in machined surface layer. The distance
of the maximum microhardness to the machined surface in-
creased and the depth of the machined surface layer affected
by cutting process increased obviously. It was shown from
Fig. 5a, b that, compared to Fig. 4a—c, the microhardness
value of the machined surface layer decreased obviously at
20 pm after semi-finishing, the maximum microhardness val-
ue decreased relatively, and the distance of the maximum mi-
crohardness to the machined surface decreased and the depth
of the machined surface layer decreased obviously. Compared
to the effect of roughing cutting parameters on the microhard-
ness of machined surface layer, the effect of semi-finishing
was relatively reduced.

From Fig. 4a or b or ¢, it could be seen that, when machin-
ing at the cutting speed of 50 m/min, feed of 0.25 mm/r, and
depth of cut of 1 mm, the maximum microhardness of ma-
chined surface layer was about 100 um beneath the surface,
and the depth of the machined surface layer affected by cutting
process exceeded 160 pm. It could be seen from Fig. 5a that it
is the same as the change of feed parameters in the roughing
cutting process, the change of semi-finishing has little effect
on the microhardness of machined surface layer, but the mi-
crohardness is significantly lower than the microhardness of
roughing at same depth. It could be seen from Fig. 5b that
although there were two cutting processes at the depth of cut
of 0.1 and 0.2 mm, the distributions of microhardness along
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Fig. 5 The microhardness beneath the machined surface layer after semi-
finishing. a v =80 m/min, ¢, =0.3 mm. b v =80 m/min, /=0.15 mm/r

cutting process at the depths of cut of 0.3, 0.4, and 0.5 mm
after the semi-finishing. In addition, the maximum microhard-
ness value increased obviously with the increase of the depth
of cut.

In high-speed cutting process, the material withstood high
cutting force, cutting temperature, extrusion, friction, etc. [23],
resulting in the change of material properties beneath the ma-
chined surface within a certain depth. When the depth was less
than 60 pm beneath the machined surface, the microhardness
was lower than the bulk microhardness of the material. Mainly
because the influence of high cutting temperature on the ma-
chined surface layer was dominant when cutting, compared to
the cutting force at the same depth, the closer the high cutting
temperature was to the machined surface, the more obvious
the dominant role was. At the same time, due to the poor
thermal conductivity of titanium alloy, the surface layer soft-
ened by high cutting temperature decreased gradually with the
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increase of depth, and the influence of cutting force on the
surface layer gradually took the dominant role. Therefore,
the microhardness of machined surface layer reached the max-
imum at a certain depth. Finally, as the depth continued to
increase, the microhardness of machined surface layer affect-
ed by cutting force gradually weakened and eventually tended
to the bulk microhardness (BMH) of 314.23 MPa.

It could be seen from the Fig. 4a—c that, as the roughing
parameters increased, the microhardness decreased at 20 um
below the machined surface. At the same time, the maximum
microhardness of the machined surface layer increased and the
depth of hardening increased. Mainly because the increase of
cutting parameters led to the increase of cutting temperature
and cutting force [9]. In particular, Fig. 5a, b, due to the higher
cutting speed in the semi-finishing, the cutting temperature
was higher, which led to more severe softening near the ma-
chined surface layer. The microhardness was obviously lower
than the microhardness in roughing at the same depth. At the
same time, depth of cut was smaller in semi-finishing, so
cutting force was relatively smaller; its effect on microhard-
ness was relatively smaller; and the affected depth was also
smaller. When the depth of cut was 0.1 mm in semi-finishing,
although it was less than the hardening depth of roughing, due
to the machined surface layer affected by the cutting temper-
ature, the layer was softened near the machined surface in the
semi-finishing cutting process. Especially in the range of 100—
160 pum beneath the machined layer of roughing (the range of
0-60 pm beneath the machined layer of semi-finishing), the
microhardness was lower than the bulk microhardness of the
material after semi-finishing; therefore, it could be seen that
the semi-finishing weakened the impact of roughing on the
work hardening of machined surface layer.

3.2 Surface roughness and surface topography

In the single-step cutting process, compared to the cutting
speed and the depth of cut, the effect of feed on the surface
roughness was relatively larger [9]. However, it could be seen
from Fig. 6a, b that as the cutting speed and feed increased, the
surface roughness decreased firstly and then increased after
finishing. However, it could be seen from Fig. 6¢ that, after
finishing, the surface roughness was on the rise with the in-
crease of roughing depth of cut. From Fig. 7a, b, it could be
found that, compared to the effect of change of roughing cut-
ting parameters on finishing surface roughness, the effect of
semi-finishing was significantly reduced, which could be re-
lated to the microhardness at 0.1 mm below the machined
surface during finishing cutting process.

Through the analysis, it was found that, due to the change
of cutting speed, feed, and depth of cut in roughing cutting
process, the surface roughness after finish machining varied
from 0.378 to 0.485 pum, from 0.378 to 0.488 pm, and from
0.304 to 0.536 wum, respectively. At the same time, due to the
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change of feed and depth of cut in semi-finishing, the surface
roughness after finishing machining varied from 0.282 to
0.357 um and 0.282 to 0.367 um, respectively. It could be
seen that, compared to the effect of the change of roughing
cutting parameters on finishing surface roughness, the effect
of semi-finishing was smaller, and the variation range of sur-
face roughness value was relatively smaller.

In the cutting process, affected by the cutting parameters,
tool angle, and other aspects, the machined surface presents a
certain degree of the convex peaks and concave valleys. In the
ideal state, the concave valley is the path taken by the tool in
the cutting direction. However, for the 3D surface topography
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of turning, it was mainly affected by the radius and feed,
showing a certain peak-valley characteristics along the feed
direction [22]. As can be seen from Figs. 8 and 9, the finishing
surface topography was presented. From Fig. 8a—c, it could be
seen that the change of roughing cutting speed had the most
effect on the finishing surface topography and the depth of cut
was the smallest. Compared to Fig. 8a—c, it could be seen from
Fig. 9a, b that the surface topography of the three-step ma-
chining was significantly better than that of the two-step.
From Fig. 8a—c, it could be found that the surface morphology
of the two-step machining was greatly influenced by the
change of roughing cutting parameters, and the relative height
between the convex peak and the concave valley was larger.
After two-step machining, it showed also the performance of
the larger surface roughness values and the larger variation
range of surface roughness. And the spacing between adjacent
two convex peaks became larger and more uneven.

Through Figs. 6, 7, 8, and 9, it could be seen from the
analysis and observation of finishing surface roughness and
finishing surface topography that, compared to the three-step
machining, when using two-step machining, the variation
range the surface roughness values and surface topography
was larger with the change of roughing cutting parameters.
The main reason was that the machined surface layer was
affected by the roughing or semi-finishing in the previous
step, especially the work hardening and softening.

Compared to the change of the semi-finishing cutting pa-
rameters, roughing cutting parameters had greater influence
on the microhardness of the machined surface layer, and the
microhardness was higher. The microhardness under the sur-
face of 100 pm, affected by the change of cutting parameters,
had a significant difference. In particular, it could be seen from
Fig. 4, as the depth of cut increases, the microhardness in-
creases significantly at the surface of 100 um, compared to
the cutting speed and feed rate after rough machining.
Although the same cutting conditions were used in finishing,
due to the different microhardness affected by the previous

Fig. 8 The effect of change of roughing cutting parameters on finishing surface topography. a f=0.25 mm/r, ¢, = 1 mm. b v=50 m/min, a, = 1 mm. ¢
v=>50 m/min, f=0.25 mm/r
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(b)

Fig. 9 The effect of change of semi-finishing cutting parameters on finishing surface topography. a v=_80 m/min, a,=0.3 mm. b v=_80 m/min, f=

0.15 mm/r

steps, cutting force and cutting temperature were also differ-
ent. Because the greater the microhardness of the machined
surface layer, the larger the cutting force and the higher the
cutting temperature during the cutting process. The increase of
the temperature in the area where tool, chip, and material
contact with each other resulted in the increase of the material
plasticity. The cutting force increased, and then the extrusion
and friction between the cutting edge and the machined sur-
face led to the plastic deformation of the machined surface so
that the residual area was squeezed or uplifted intensely; even-
tually, surface roughness value became larger, and the surface
topography became worse, as shown in Figs. 6 and 8.

At the same time, it was affected by the cutting process of
the previous steps; especially, the cutting force, high cutting
temperature, extrusion and friction, the work hardening ,and
softening on the machined surface layer were relatively un-
even after roughing, resulting in the uneven distribution of
microhardness. Then, it further influenced finishing surface
roughness and surface topography. At the same time, the un-
even distribution of microhardness in machined surface layer
after the previous steps, resulting in slight cutting vibration
during finishing cutting processing, could also cause surface
roughness to change.

3.3 Subsurface microstructure

In the cutting process, due to the influence of cutting force,
high cutting temperature, extrusion, and friction, the material
of machined surface layer within a certain depth is severely
plastic deformed, which leads to the difference in material
property between machined surface layer and the substrate
Therefore, the grains are distorted, stretched, and fibrillated,
causing the reduction of wear resistance, corrosion resistance,
and fatigue life.

The results of finishing subsurface microstructure were
presented in Figs. 10 and 11. It can be seen from Figs. 10
and 11 that all cutting directions were from right to left. It
could be seen from Figs. 10 and 11 that, compared to the
three-step machining, the depth of the disturbed layer or
PDL after two-step machining was generally larger. The rea-
son was that the microhardness of machined surface layer
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affected by roughing cutting process was higher, and the
finishing cutting force was larger under the same cutting con-
ditions, resulting in the greater impact on the subsurface
microstructure.

It could be found from Fig. 10a, as the roughing cutting
speed increased, the grains near the machined surface were
more and more seriously distorted and stretched along the
cutting direction, and deflection angle of grains was smaller.
Even when the roughing cutting speed was 70 m/min, the
grains were approximately parallel to the surface (P1 in the
figure). Compared to Fig. 10a—c, it could be seen from
Fig. 11a, b that the grains were generally severely distorted
and stretched along the cutting direction after three-step ma-
chining. This was because, as the roughing cutting speed in-
creased, the microhardness affected by the previous steps be-
came larger beneath the machined surface layer after
roughing. So the temperature was higher during finishing cut-
ting process, the material was more easily softened by high
cutting temperature and the plasticity became larger.
Therefore, the intense plastic deformation caused the subsur-
face grains to be seriously distorted and stretched along the
cutting direction, especially the grains near the machined sur-
face. However, semi-finishing speed was higher, the heated
material near the machined surface was more severely soft-
ened, and the increase of plasticity caused the grains to be
more severely distorted and stretched during finishing.

Uneven surface morphology will affect the surface friction
and wear, while the unevenly distorted and stretched grains
after finishing will lead to uneven microhardness near the
machined surface, which not only affect the initial friction
and wear of the material on machined surface but also affect
the material contact fatigue, reducing fatigue life. From
Fig. 10D, it could be found that it was affected by the change
of feed rate of the previous steps, and the deflection angle of
grains near the machined surface along the cutting direction
was obviously inhomogeneous. In some areas, the grain and
the surface were nearly parallel (P1 in the figure), and in an-
other areas, it maybe have a certain angle with the surface (P2
in the figure). At the same time, the PDL depth increased
slightly, but not obviously. However, it could be seen from
Fig. 11a that the PDL depth was relatively more homogeneous
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Fig. 10 The effect of change of roughing cutting parameters on the finishing subsurface microstructure. a f=0.25 mm/r, a, = 1 mm. b v= 50 m/min, a, =
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and its depth was relatively smaller. The main reason was that,
compared to semi-finishing, roughing depth of cut and feed
was larger during the cutting process of the previous steps.
And the distribution of work hardening and softening affected
by the cutting force, high cutting temperature, extrusion, and
friction was inhomogeneous beneath the machined surface
layer after roughing, which resulted in uneven cutting force
in finishing, and the cutting process was not stable.
Eventually, deflection angle of grains was obviously different
in different regions, and even the affected depth beneath the

machined surface was different. At the same time, the
finishing cutting vibration resulted from the uneven distribu-
tion of the microhardness also made the PDL depth uneven.
However, because the semi-finishing weakened the impact of
roughing on the work hardening of machined surface layer,
subsurface microstructure is better.

It could be found from Fig. 10c that the affected depth
increased obviously with the increase of the roughing depth
of cut. However, it was also affected by the change of the
depth of cut of the previous steps, and it could be found from

Fig. 11 The effect of change of semi-finishing cutting parameters on the finishing subsurface microstructure. a v =80 m/min, a, =0.3 mm. b v=_80 m/
min, /=0.15 mm/r
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Fig. 11b that the affected depth was relatively smaller. The
reason was that, as the roughing depth of cut increased, the
depth of work-hardened surface layer increased after
roughing. Therefore, the cutting force increased during
finishing, and then the affected depth of the subsurface micro-
structure would also increase. Although the three-step ma-
chining also included roughing, and the machined surface
layer was work-hardened, there was a semi-finishing before
finishing. Especially when the semi-finishing depth of cut
exceeded the work-hardened depth affected by roughing,
semi-finishing further weakened the effect of work hardening
on the machined surface layer. Therefore, the effect of work
hardening on subsurface microstructure decreased after
finishing. Finally, it could be seen from Fig. 11b that, in order
to reduce the effect on subsurface microstructure after
finishing, the semi-finishing depth of cut should try not to
exceed 0.3 mm.

4 Conclusion

Through the multi-step turning operations for the titanium
alloy Ti-6Al-4V, the effect of work hardening and softening
generated by the previous steps on finishing surface quality
was studied, especially form the point of view of the surface
roughness, surface topography, and subsurface microstruc-
ture. The conclusions are drawn as follows:

1. Compared to the microhardness of the machined surface
layer after roughing, it was obviously smaller after semi-
finishing at the same depth, and the affected depth was
smaller. However, the softened depth affected by the high
cutting temperature was bigger. At first, the material near
the machined surface was severely softened. As the depth
increased, the material affected by cutting force was grad-
ually hardened. When reaching a certain depth, the cutting
force effect was weakened, and the material microhard-
ness decreased and finally approached the bulk
microhardness.

2. In the two-step machining process, with the increase of
roughing cutting speed and the feed, finishing surface
roughness firstly decreased and then increased. The sur-
face roughness value was the smallest at the cutting speed
of 50 m/min or feed of 0.25 mm/r, respectively. However,
the surface roughness value increased with the increase of
roughing depth of cut. Compared to the two-step machin-
ing, the surface roughness value was not only smaller but
varies more slightly with the parameters after three-step
machining.

3. The change of roughing cutting speed had the greatest
influence on the finishing surface topography and the
depth of cut was smallest. The surface topography of the
two-step machining was greatly influenced by the change

@ Springer

of roughing cutting parameters, and the relative height
between the convex peak and the concave valley was
larger than three-step machining. And the spacing be-
tween adjacent two convex peaks became larger and more
uneven.

4. In the two-step machining, as the roughing cutting speed
increased, the grains near the machined surface were more
seriously stretched and distorted after finishing. Even
when machining at the cutting speed of 70 m/min, the
affected grains were approximately parallel to the ma-
chined surface. Moreover, affected by roughing feed, the
deflection angle of grains near the machined surface along
the cutting direction was obviously inhomogeneous.
However, with the increase of the roughing depth of cut,
the affected depth increased obviously. Compared to the
two-step machining, the disturbed layer depth or PDL
depth after three-step machining was obviously reduced.
At the same time, the deflection angle of grains near the
machined surface along the cutting direction was relative-
ly more homogeneous, but the grain near the machined
surface was severely distorted and stretched.
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