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Abstract
The machined surface integrity has significance on fatigue life. The step-by-step feed cutting is put forward and adopted to
machine ZL109 aluminum-silicon piston alloy. In addition, the forward and reverse finish cutting is also proposed to improve the
machined quality and fatigue life. The result indicates that the step-by-step feed cutting can effectively avoid scratching and
decrease surface roughness, bring about the compressive residual stress, and improve machined quality. Moreover, there is
smaller elastic-plastic recovery and thermal expansion on the machined surface, when the step-by-step feed cutting is adopted,
so that the machining dimension accuracy can be ensured perfectly. The forward and reverse finish cutting can effectively
decrease the surface roughness and the tensile residual stress due to the thermal stress. So the larger the cutting thickness is,
the smaller surface residual stress is, when the cutting depth is 0.15–0.30 mm in the forward and reverse finish cutting. It can
improve the machined quality of ZL109 aluminum-silicon piston alloy and the fatigue life when the reasonable cutting parameter
is adopted. Those results have an important practical significance.

Keywords Surface integrity enhancement . ZL109 aluminum-silicon piston alloy . Multi-step machining . Step-by-step feed
cutting . Forward and reverse finish cutting

1 Introduction

The piston bears huge mechanical stress and thermal stress in
the high temperature and pressure working condition. There is
huge inertia force due to the high-speed reciprocating motion.
The high temperature brings about piston skirt expansion and
the cylinder liner’s lateral pressure results in severe wear. The
piston is prone to fatigue due to the thermal-mechanical cou-
pling and the wide force range in engine. The eutectic ZL109
aluminum-silicon piston alloy (AlSi12CuMgNi) has a good
mechanical property, casting, and cutting property. Moreover,
there is high-hardness silicon particles (1000 HV) evenly dis-
tributed in the bulk. Therefore, ZL109 aluminum-silicon

piston alloy also has a high wear resistance. In addition, its
density is smaller than iron, which can decrease inertia force in
the piston reciprocating motion, so much that is widely
adapted to piston material [1–4]. However, the result shows
that highmachined quality in production of ZL109 aluminum-
silicon alloy is not easy to obtain. There are shortcomings of
ZL109 aluminum-silicon piston alloy in cutting: (1) Tool wear
severe. High-hardness silicon particles can effectively im-
prove wear resistance. But it is prone to react with carbon
elements in tool materials and bring about silicon carbide in
cutting, which aggravates tool wear and decreases the ma-
chined quality. (2) The chip scratches the machined surface.
Cutting ZL109 aluminum-silicon piston alloy will bring about
the strip chip being prone to scratch, decreasing the machined
surface. In addition, built-up edge produced during cutting
aluminum alloy can also decrease the machined quality. (3)
The machined dimensional accuracy is not easy to control.
The constant extrusion process is cutting. A lot of cutting heat
will be produced in cutting process. There are elastic-plastic
recovery and thermal expansion on the machined surface
which affect the dimension accuracy. (4) Processing bring
about tensile residual stress. Surface residual stress is due to
that the mechanical stress leads to the plastic deformation and
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the thermal stress results in the plastic strain [5]. The cutting
heat will bring about the surface expansion in processing. And
the surface cooling and shrinkage will result in tensile residual
stress eventually. The results indicate that surface residual
stress is mainly affected by plastic strain due to thermal stress,
when cutting edge is sharp completely [6, 7]. Moreover, ten-
sile residual stress decreases the fatigue life significantly.

The processing surface integrity has an important effect on
the fatigue life. El-Helieby and Rowe [8] studied the effect of
the reverse bending carbon steel bringing about surface resid-
ual stress on the fatigue performance. The result indicates that
the carbon steel’s fatigue life is closely related to the surface
residual stress. The larger the surface residual stress is, the
smaller the fatigue life is. The compressive residual stress
can effectively improve the fatigue life. Jeelani and Musial
[9] studied the effect of machining 2024-T351 aluminum al-
loy surface integrity on fatigue life. The results show that the
machined surface integrity significantly affects the 2024-T351
aluminum alloy’s fatigue performance. The higher the cutting
speed is, the greater the fatigue life is. This is mainly because
the compressive residual stress decreases with the cutting
speed increasing. In addition, the machined quality is bad in
low-speed cutting, so that the fatigue life is low. James, et al.
[10] studied the surface residual stress versus fatigue perfor-
mance. The result indicates that the surface residual stress has
a significant effect on the fatigue life. Tensile residual stress
can decrease the workpiece fatigue life. Compressive residual
stress can improve the fatigue life significantly. Zou et al. [11]
studied the effect of the abrasive water jet shot peening the
carburized GDL-1 steel surface integrity on fatigue perfor-
mance. The result shows that the fatigue life can improve by
19% after shot peening; meanwhile, the location of the fatigue
source is far away from the machined surface. It is mainly due
to the abrasive water jet shot peening bringing about the grain
refinement on the surface layer and the compressive residual
stress.

The greater the machined surface roughness is, the more
serious the surface stress concentration is, eventually resulting
in the fatigue life decreasing. Arola and Williams [12] studied
the machined AISI 4130 CR steel surface integrity versus
fatigue stress concentration. The results show that the high-
cycle fatigue life decreases when the surface roughness in-
creases from 2 to 6 μm. Novovic et al. [13] summarized the
effect of surface morphology and integrity on fatigue perfor-
mance. The results indicate that if the machined surface
roughness exceeds 0.1 μm, the surface roughness can have
an important effect on the fatigue life. But the influence can be
neglected if the machined surface roughness is less than
0.1 μm, when considering residual stress is neglected. Ardi
et al. [14] discussed the effect of the processed nickel-based
superalloy surface finish on the fatigue life. The results show
that turning brings about the plow groove being generally the
source of the fatigue crack initiation, which decreases the

fatigue life significantly. Andrews and Sehitoglu [15]
established a computer model about rough surface versus fa-
tigue crack initiation and propagation. The results show that
the fatigue life depends greatly on the surface roughness. But
the material’s inherent defects will significantly decrease the
effect of the surface roughness on the fatigue life. Suraratchai
et al. [16] studied the effect of the machined aluminum alloy
surface roughness on the fatigue performance. The result in-
dicates that cutting results in the grooves bringing about the
stress concentration, which can decrease the fatigue life.

It indicates that the moderate hardening can effectively
prevent surface crack initiation and improve the fatigue life.
However, the excessive hardening will lead to the spalling and
crack initiation [17], which not only does prevent cracks but
also accelerates fatigue. Li et al. [18] studied the effect of
machined TC4 titanium alloy surface integrity on fatigue per-
formance. It indicates that machined hardening, grain refine-
ment, and compressive residual stress can effectively prevent
the fatigue crack initiation and propagation, and improve the
fatigue life. The machined GH4169 superalloy surface hard-
ening versus fatigue performance was studied by Wu et al.
[19]. The results show that the higher the rotating bending
surface microhardness is, the greater the fatigue life at room
temperature is. The fatigue initiation is generally from the
surface defect. Li [20] studied the effect of shot peening
TC21 titanium alloy surface integrity on fatigue resistance.
The results indicate that the machined hardening has an effec-
tive effect on fatigue performance. The moderate machined
hardening is beneficial to the fatigue crack initiation, but can
prevent the fatigue crack propagation. In addition, the exces-
sive hardening brings about the softening layer; meanwhile,
there are micro-cracks accompanied. It will also decrease the
fatigue life.

In conclusions, the machined quality has an important ef-
fect on the fatigue life. The smaller residual stress and the
surface roughness are, the greater the fatigue life is [21, 22].
It is necessary to improve the machined surface quality in
order to prolong the fatigue life. The machined surface resid-
ual stress is mainly due to the mechanical stress bringing about
the plastic deformation and the thermal stress results in the
plastic strain. In the paper, the step-by-step feed cutting is
put forward according to the cutting performance about the
piston aluminum alloy. The forward and reverse finish cutting
is also adapted to machine ZL109 aluminum-silicon piston
alloy. It can bring about compressive residual stress, decrease
the surface roughness, and obtain reasonable hardness.

2 Turning experiment

The results indicate that the modification treatment can refine
grain size and improve the cutting performance and the ma-
chined aluminum-silicon alloy quality [23]. The ZL109

Int J Adv Manuf Technol (2020) 107:617–629618



aluminum-silicon piston alloy without modification treatment
is adapted to experiment. It can better reflect the effect of the
step-by-step feed cutting and the forward and reverse finish
cutting on improving the machined quality. Its chemical com-
position and physical parameters are shown in Tables 1 and 2
respectively. The sample is a cylinder, which has a dimension
of Ø120 mm × 15 mm. The experimental material is only
treated by aging treatment in nature.

The research ideas are as follows: (1) designing tool paths.
The constant extrusion process is cutting, which will bring
about a lot of cutting heat in process. There are elastic-
plastic recovery and thermal expansion on the machined sur-
face [26]. Obviously, the machined dimension accuracy is
affected by the elastic-plastic recovery and thermal expansion.
Moreover, cutting aluminum-silicon alloy can bring about the
strip chip, which curls around the machined surface in process
and decreases surface roughness. In addition, it will result in
stress concentration and decrease fatigue life. Therefore, a
reasonable tool path should be adapted to avoid the scratching
by the strip chip. In the test, the step-by-step feed cutting is put
forward to solve the problem. The schematic diagram for the
step-by-step feed (three-step feed) is shown in Fig. 1. It can be
seen from Fig. 1 that the work face will be machined in three
times along the feed direction, when the step-by-step feed is
used. After each feed is completed, the tool will return to the
starting point and continues the next feed. (2) The forward and
reverse finish cutting is to improve the machined quality
through adjusting finish cutting direction. When a finish cut-
ting is done in the direction which is opposed to a rough
cutting, the residual strain of the work surface decreases so
much that the surface finish of a cutting surface may be im-
proved [27]. This is the reversal finish cutting. It was proposed
by Masuko and Kumable in 1958. It is necessary to cut only
proper cutting thickness. The results indicate that the proper
value of the cutting depth is about 0.03~0.05 mm on carbon
steel and 0.02~0.05 mm on ductile materials [27, 28].

The results indicate that the residual stress mainly depends
on the thermal stress bringing about the plastic strain, when

the cutting edge is completely sharp [6, 7]. A lot of cutting
heat will result in the grain enlargement in process. Then, the
surface cooling and shrinkage bring about tensile residual
stress eventually. The micro-structure of roughing ZL109
aluminum-silicon piston alloy surface is shown in Fig. 2. It
can be seen from Fig. 2 that the grain enlargement is more than
the grain refinement in rough cutting surface. The ordinary
finish cutting can improve the machined quality. But it is
difficult to bring about the compressive residual stress on the
machined ZL109 aluminum-silicon piston alloy [29].

The reversal finish cutting can effectively decrease the ther-
mal stress leading to the plastic strain. However, the results
indicate that the reversal finish cutting quality depends on the
cutting thickness. The high quality can be obtained when the
cutting depth is very small. Therefore, the reversal finish cut-
ting is difficult to apply in the production. The forward and
reverse finish cutting is put forward to improve the machined
ZL109 aluminum-silicon piston quality. After rough cutting,
first finish cutting in the direction which is opposed to the
rough feed cutting, then finish cutting along the roughing feed
direction. This is the forward and reverse finish cutting. The
high quality can be obtained when the method is adapted. The
schematic diagram about forward and reverse finish cutting is
shown in Fig. 3. (3) The effect of cutting parameters on the
forward and reverse finish cutting quality is studied, in order
to ensure the practicability. The cutting speed and feed are
generally fixed in fact, but the cutting thickness is necessary
to be adjusted often. However, the test studied the effect of the
cutting speed, the cutting thickness, and feed on the machined
quality.

The CNC (PUMA200MA) is adapted to carry out the dry
turning test. The machine tool of cutting ZL109 aluminum-
silicon piston alloy is shown in Fig. 4. Carbide tool is used for
rough cutting (model: YD101 CCGX09T308-LC).
Polycrystalline diamond insert (model: CCMW09T308F-L1,
medium grain size) is adapted to finish cutting, which has a
good dry cutting performance. From Fig. 4, mode of tool
shank is SCLCR2525M09 (cutting direction is right) and
SCLCL2525M09 (cutting direction is left) respectively. Its
nose angle is 80 degree, clearance angle is 7 degree, cutting
edge angle is 95 degree, shank height is 25mm, shankwidth is
25 mm, tool length is 150 mm, and cutting edge length is
9.525 mm. Mode of tool in rough and finish cutting is
CCGX09T308-LC (carbide) and CCMW09T308F-L1
(PCD20, medium grain size) respectively. Clearance angle is

Table 1 Chemical composition (wt%.) of ZL109 aluminum-silicon
piston alloy [24]

Si Cu Mg Ni Fe Ti Zn Mn Al

11.5–13.0 0.8–1.3 0.8–1.3 0.8–1.3 ≤ 0.7 ≤ 0.2 ≤ 0.2 ≤ 0.15 Bal

Table 2 Physical performance parameters of ZL109 aluminum-silicon piston alloy [25]

Tensile strength (MPa) Expansion Coef Shear strength (MPa) Volume stability

Room Temp High Temp 20–300 °C 170–220 ≤ 0.025%D
≥ 200 ≥ 83 22.03 × 10−6
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7 degree, rake angle is 0 degree, cutting edge length is
9.525 mm, and nose radius is 0.8 mm and chip free groove
for the polycrystalline diamond tool.

The rough cutting parameters are fixed: the cutting speed is
v = 150 m/min, feed is f = 0.15 mm/r, and the cutting thickness
is ap = 0.5 mm. The cutting speed is v = 50–350 m/min, feed is
f = 0.05–0.30mm/r, and the cutting depth is ap = 0.05–0.3 mm
in finish cutting. The cutting parameters are obtained by ex-
perimental research [29] and refer to the Bohai Piston
Company’s production experience. The experimental scheme
of cutting the ZL109 aluminum-silicon piston alloy is shown
in Table 3. The first group adapts the ordinary cutting. The
step-by-step feed cutting is used in groups two to twenty. The
finish cutting direction was in accordance with that of the
rough cutting in groups one and two. The direction of the
finish cutting was contrary to that of the rough cutting in group

three. The forward and reverse finish cutting is adapted in
groups four to twenty.

The detailed information of making the detection sample to
analyze the surface quality is shown in Fig. 5. X-ray diffrac-
tion stress analyzer (model: Xstress 3000) is adapted to mea-
sure the surface residual stress; the chromium target is used.
The diffraction crystal plane is <311>. Adopting the fixed
angle to scan, the angle values are 0°, 15°, 30°, and 45° re-
spectively. The diffraction angle is 139.5 degree.

The exposure time is 10 s. The surface residual stress is
measured along the cutting speed and feed direction respec-
tively. The surface residual stresses are tested 12 times for
each workpiece to calculate the average value.

A portable surface roughness measuring instrument
(TR200) is used to measure the machined surface roughness.
The surface roughness is measured 20 times for each work-
piece to calculate the average value. Themicro-structure of the
machined ZL109 aluminum-silicon piston alloy was mea-
sured through the three-dimensional microscopic system
(Model, VHX-600E) after the detection sample is corroded.
Corrosives are 20 wt%. sodium hydroxide [30].

MH-6 microhardness tester is used to measure the ma-
chined surface hardness. The indenter is a diamond tetragonal
body. The applied load is 25 g and the holding time is 10 s.

Its Vickers hardness (HV) and hardening degree (NH) can
be calculated based on the formula [31]:

HV ¼ 1:8544 P=d2 ð1Þ

NH ¼ HV=HV0ð Þ � 100% ð2Þ

Fig. 1 Schematic diagram for the
step-by-step feed (three-step feed)

Fig. 2 Micro-structure of roughing ZL109 aluminum-silicon piston alloy
surface
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where HV (MPa) embodies the machined surface hardness.
HV0 (MPa) refers to the bulk hardness. P (N) represents the
applied load. d (mm) is the indentation diagonal length.

3 Experimental results

3.1 The step-by-step feed cutting

The chip morphology is the dynamic response about the ma-
chined surface with the applied load. In the process, the dy-
namic mechanical property of the machined surface results in
the chip morphology transformation [26]. The results show
that cutting the most plastic metal will generally bring about
the continuous chip. The strip chips will scratch the machined

surface, increase the surface roughness, lead to the stress con-
centration, and decrease the fatigue life eventually [12].

There is an elastic-plastic recovery phenomenon when cut-
ting the ZL109 aluminum-silicon piston alloy. It is difficult to
control and seriously affects the machined dimension accura-
cy. The elastic-plastic recovery mainly depends on the me-
chanical and physical performances of the metal, but it is also
affected by the processing [32]. We put forward the three-step
feed cutting to machine the ZL109 aluminum-silicon piston
alloy, to avoid the machined surface scratching by the strip
chip and improve the dimension accuracy. The work surface is
machined in three times along the feed direction. Machined
surface topography with one-step and three-step feed cutting
is shown in Fig. 6. From Fig. 6a and b, the method not only
can effectively avoid chip winding and scratching but also can

Fig. 3 Schematic diagram of
forward and reverse finish cutting

SCLCR2525M09

SCLCL2525M09

CCGX09T308-LC

CCMW09T308F-L1

PCD20

Fixture

Forward finish cutting

Feed direction

Reverse finish cutting

Feed direction

Workpiece

Forward finish
cutting shank

Reverse finish
cutting shank

Tool

Tool

Tip

Fig. 4 Machine tool of cutting
ZL109 aluminum-silicon piston
alloy
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cut the elastic-plastic recovery and the thermal expansion with
minimum cutting thickness. Moreover, the cutting force and
heat is minimum because the cutting depth is very small, so
much that there is smaller elastic-plastic recovery and thermal
expansion on the machined surface. From Fig. 6 a1 and b1, the
deformation marks of the one-step feed cutting surface (the
ordinary cutting) are more obvious than those of the three-step
feed cutting surface.

In addition, the three-step feed cutting can provide a good
heat dissipation environment under the dry cutting condition.
It should reduce the tool temperature in process and decrease
the tool wear [33]. Meanwhile, the method can decrease the
effect of the thermal stress bringing about the plastic strain on
the residual stress. Therefore, it can effectively decrease the
residual stress, and even lead to the compressive residual
stress.

The results of Huang et al. [34] indicate that the
fatigue life mainly depends on the maximum tensile
residual stress. The smaller the real residual stress σreal
is, the higher the fatigue life is. The real stress σreal is
as follows:

σreal ¼ σload þ φrs þ φscrs ð3Þ

where σload embodies the tensile residual stress is ap-
plied. φrs refers to the machining bringing about the

residual stress. φscrs represents excrescent stress because
the surface topography leads to the stress concentration.
Therefore, the compressive residual stress on the ma-
chined surface can improve the fatigue life effectively.
Of course, the tensile residual stress will decrease the
fatigue life obviously.

Comparison between one-step and three-step feed process-
ing quality is shown in Fig. 7. It can be seen from Fig. 7 that
the one-step and three-step feed cutting results in surface
roughness of about 0.4 μm. But the fluctuation of the three-
step feed method brings about the surface roughness being
slight than that of the one-step feed cutting. Under the same
cutting condition, the one-step feed turning leads to the tensile
residual stress, but the three-step feed turning can bring about
the compressive residual stress. Moreover, the fluctuation
range of the residual stress is very small, if the three-step feed
cutting is adapted. It can improve the fatigue life. The three-
step feed cutting surface hardness is higher than ordinary
cutting.

In addition, there are a few of the pitting corrosion on the
machined surface. Obviously, it can improve the piston wear
resistance. Therefore, the three-step feed cutting can not only
avoid the chip scratching the machined surface effectively but
also improve the dimension accuracy, processing quality, and
fatigue life. Therefore, the three-step feed cutting is also
adapted to the rough cutting in the next test.

Table 3 The experimental
scheme of cutting ZL109
aluminum-silicon piston alloy

Rough cutting

Cutting speed 150 m/min Cutting depth 0.5 mm Feed 0.15 mm/r

Finish cutting Groups Cutting speed (m/min) Cutting depth (mm) Feed (mm/r)

1 300 0.20 0.05

2 300 0.20 0.05

3 300 0.20 0.05

4 300 0.20 0.05

5 300 0.05 0.05

6 300 0.10 0.05

7 300 0.15 0.05

8 300 0.25 0.05

9 300 0.30 0.05

10 50 0.2 0.05

11 100 0.2 0.05

12 150 0.2 0.05

13 200 0.2 0.05

14 250 0.2 0.05

15 350 0.2 0.05

16 300 0.2 0.10

17 300 0.2 0.15

18 300 0.2 0.20

19 300 0.2 0.25

20 300 0.2 0.30

Int J Adv Manuf Technol (2020) 107:617–629622



Fig. 5 Detailed information of
making the detection sample to
analyze the machined surface
quality

Fig. 6 Machined surface
topography with one-step and
three-step feed cutting
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3.2 Forward and reverse finish cutting method

The reversal finish cutting method was put forward by
Masuko and Kumabe [27] in 1958. It can effectively remove
the crystals in the flow direction of the rough cutting surface,
meanwhile bringing about a shallow metamorphic layer. In
addition, the reverse finish cutting can result in the high wear
resistance surface without residual strain and very small sur-
face roughness. But the results indicate that the high quality is
obtained through the reverse finish cutting only when the cut-
ting thickness is 0.03–0.05 mm. The effect of the reversal
finish cutting on residual stress is not studied. Based on the
results, Yang et al. [28] studied the effect of the reverse finish
cutting on the residual stress of copper and steel 45.

The results show that the reverse finish cutting is suitable
for the medium-soft and tough metals. But the high machined
quality is only obtained when the cutting depth is
0.02~0.05 mm. There are different conclusions about the ma-
chined surface hardness. The result of Yang et al. indicates that
the reverse finish cutting surface hardness is improved
significantly.

In conclusion, the reversal finish cutting quality depends on
the small cutting depth. Therefore, it has a poor engineering
practicability. The forward and reverse finish cutting is put
forward to machine the ZL109 aluminum-silicon piston alloy
in the test.

Machined surface micro-structure with forward, reverse,
and forward and reverse finish cutting is shown in Fig. 8.
From Fig. 8a, there exists a serious grain damage phenomenon
in the forward finish cutting surface. In addition, there are
grain damage, grain refinement, and enlargement phenomena
in the sub-surface. The grain distribution shows a certain ori-
entation. It can be seen from Fig. 8b that there is no grain
boundary in the machined surface after the reverse finish cut-
ting. The thickness is about 15 μm. Moreover, there is the
shrinkage phenomenon in the micro-structure of the ZL109
aluminum-silicon piston alloy, which is formed in casting. It

0.0

0.1

0.2

0.3

0.4

0.5

118HV0.025

Surface roughness

110HV0.025

-6
-4
-2
0
2
4
6
8

10
12
14
16

Surface residual stress

One-step feed Three-step feed

Su
rf

ac
e

ro
ug

hn
es

s(
μm

)

Su
rf

ac
e

re
si

du
al

st
re

ss
( M

Pa
)

Fig. 7 Comparison between one-step and three-step feed processing
quality

Fig. 8 Machined surface micro-structure with forward, reverse, and
forward and reverse finish cutting

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

96HV0.025

Surface roughness
118HV0.025

-15
-10

-5
0
5

10
15
20
25
30
35
40
45

Surface residual stress
102HV0.025

Su
rf

ac
e

ro
ug

hn
es

s(
μm

)

Su
r f

ac
e

re
s i

du
al

st
re

ss
(M

Pa
)

Forward
finishing

Reverse
finishing

Reverse-forward
finishing

Fig. 9 Comparison of the forward, reverse, and forward-reverse finish
cutting quality

Int J Adv Manuf Technol (2020) 107:617–629624



will seriously decrease the mechanical performance and fa-
tigue life.

In Fig. 8c, there is no grain boundary in the machined
surface about 5 μm, when the forward and reverse finish cut-
ting is adapted in the experiment. The grain refinement is
obvious in the sub-surface. There also exist grain growth
and elongation phenomena in the sub-surface. The grain dis-
tribution orientation is poor. In addition, there is an obvious
stratification phenomenon in the micro-structure of the ZL109
aluminum-silicon piston alloy. It is mainly due to the fluctua-
tion of the liquid rate during the cast. The forward and reverse
finish cutting surface is smoother than that of the reverse finish
cutting surface. Moreover, the grain refinement phenomenon
in then sub-surface is also obvious. There is generally no grain
growth and elongation phenomenon. It shows that the thermal
stress brings about the tensile residual stress being very small,

so it is prone to result in the compressive residual stress and
improve the fatigue life.

Arola and Williams [12] put forward the greater the stress
concentration of the machined surface is, the lower the fatigue
life is. Neuber [35] comes up with the machined surface mor-
phology having a characteristic that the distribution of the
adjacent notches is continuous. The stress concentration coef-
ficient of the machined surface is as follows:

Kt ¼ 1þ n

ffiffiffiffiffiffiffiffiffi
λ
RZ

ρ

s
ð4Þ

where λ represents the ratio of the micro-groove interval to
depth. It is difficult to measure and λ = 1 generally. ρ refers to
the mean bottom radius of the micro-groove. n embodies the

50 100 150 200 250 300 350
-18

-16

-14

-12

-10

-8

-6

-4

-2

0

2

Su
rf

ac
e 

re
si

du
al

 s
tr

es
s 

(M
Pa

)

Cutting speed (m/min)

Surface residual stress

50 100 150 200 250 300 350
0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

Su
rf

ac
e 

ro
ug

hn
es

s 
(µ

m
)

Cutting speed (m/min)

 Surface roughness

(c)

(b)

(a)

50 100 150 200 250 300 350
80

85

90

95

100

105

S
ur

fa
ce

 h
ar

dn
es

s 
(H

V
0.

02
5)

Cutting speed (m/min)

 Surface hardness

Fig. 11 Machined quality versus the cutting speed under forward and
reverse finish cutting

Fig. 10 Processed quality versus the cutting depth under forward and
reverse finish cutting

Int J Adv Manuf Technol (2020) 107:617–629 625



stress state (n = 1 for shear stress; n = 2 for tensile stress). “GB
1031-83” (it is equivalent to ISO 468-83) is used to transform
the surface roughness Ra into Rz equivalently. It can be seen
from Eq. (4) that the bigger the machined surface roughness
Rz is, the greater the surface stress concentration coefficient,
and then the lower the fatigue life.

The comparison of the forward, reverse, and forward-
reverse finish cutting quality is shown in Fig. 9. It can be seen
from Fig. 9 that under the cutting thickness ap = 0.20 mm, the
reverse finish cutting quality is bad than that of the forward
finish cutting. But the forward and reverse finish cutting
brings about the high quality than the forward finish cutting.
When the cutting speed is 300 m/min, the cutting depth is
0.20 mm, and feed is 0.05 mm/r, the forward and reverse
finish cutting results in the compressive surface stress of about
− 11 MPa, the surface roughness is 0.25 μm, and surface
hardness is 96 HV0.025.

3.3 Machined quality versus the cutting parameters
with forward and reverse finish cutting

3.3.1 The effect of the cutting thickness on the machined
quality

It can be seen from Section 3.2 that the forward and reverse
finish cutting method can improve the machined quality. In
production, the cutting speed and the feed are fixed generally.
The cutting depth has to be adjusted in order to obtain the
dimension. Therefore, it is inevitable to study the effect of
the cutting thickness on the machined quality.

Processed quality versus cutting depth under forward and
reverse finish cutting is shown in Fig. 10. In Fig. 10a, when
the forward and reverse finish cutting method is adapted, the
surface residual stress is very small under the different cutting
thicknesses. The forward and reverse finish cutting brings
about the tensile residual stress only when the cutting depth
is 0.05 mm and 0.15 mm. Moreover, the tensile residual stress
is less than 5 MPa. It can lead to the compressive residual
stress when the cutting depth is 0.10 mm, 0.20 mm,
0.25 mm, and 0.30 mm. And the compressive residual stress
decreases with the cutting depth increasing, when the cutting
thickness is more than 0.20 mm. It is mainly due to the for-
ward and reverse finish cutting method effectively decreasing
the thermal stress components in residual stress. In addition,
the fluctuation of the residual stress is the smallest, if the
cutting depth is ap = 0.20 mm.

It can be seen from Fig. 10b that the forward and reverse
finish cutting brings about the surface roughness of less than
0.40 μm at different cutting depths. The surface roughness
increases sharply when the cutting thickness is 0.30 mm.

From Fig. 10c, the forward and reverse finish cutting result
in the surface hardness is about 90HV0.025–120 HV0.025 at
different cutting depths. The surface hardness increases

rapidly when the cutting depth increases to 0.3 mm; mean-
while, the fluctuation of the hardness is obvious. In addition,
the fluctuation of the machined surface hardness is very small
when the cutting depths are ap = 0.20 mm and ap = 0.25 mm.

There is the same trend between the surface hardness, sur-
face roughness, and residual stress versus the cutting depth
increases, when the cutting depth is 0.05–0.20 mm.
Increasing the cutting depth can result in the cutting tempera-
ture to increase. Meanwhile, the proportion of the thermal
stress bringing about the residual stress will further increase.
The cutting is prone to result in the tensile residual stress. But
the forward and reverse finish cutting can effectively decrease
the surface residual stress. Therefore, the compressive residual
stress decreases even when the cutting depth is increasing.
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Fig. 12 Processed quality versus the feed under forward and reverse
finish cutting
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3.3.2 The effect of the cutting speed on the machined quality

The machined quality versus the cutting speed under forward
and reverse finish cutting is shown in Fig. 11. It can be seen
from Fig. 11a that the forward and reverse finish cutting
ZL109 aluminum-silicon piston alloy can bring about the
compressive residual stress, when the cutting speed is 50–
350 m/min. It shows that the method can decrease the residual
stress due to the thermal stress, and dominate the characteristic
of the surface residual stress. The surface residual stress grad-
ually increases when the cutting speed is 50–200 m/min. It is
due to that the cutting temperature is relatively low when the
cutting speed is small, so that the production and characteristic
of the residual stress mainly depend on mechanical stress
[36–38].

The results show that the proportion of heat generation on
the shear plane flowing into the chips increases. So that the
higher the cutting speed is, the more heat is taken away
by the chips, and the lower the cutting temperature is
[39]. And the thermal stress bringing about the tensile
residual stress will relatively decrease and the surface
residual stress gradually decreases when the cutting
speed is 200–350 m/min.

The proportion of heat generation on the shear plane
flowing into the chips is as follows [39]:

R1 ¼ 1

1þ 1:33
ffiffiffiffiffiffiffi
a1ε
vac

r ð5Þ

a1 ¼ λ1
c1ρ1

coefficient of temperature
conductivity

λ1 coefficient of thermal conductivity
c1 specific heat capacity of the chips
ρ1 chip density
ε shear strain
ac cutting thickness
v cutting speed

It can be seen from the above formula that R1 will increase
with the cutting speed and thickness increasing. But the fluc-
tuation of the cutting speed is larger than that of the cutting
thickness. So that the influence of the cutting speed on R1 is
more greater than that of the cutting thickness.

It can be seen from Fig. 11b that the surface roughness
decreases gradually when the cutting speed is 50–300 m/min.
Cutting aluminum alloy is prone to bring about the built-up

Table 4 Advantages and disadvantages of the machined surface strengthening technology

Barreling [42] Principle Machined surface is rolled to bring about plastic deformation, to fill the depression
with the protrusion and improve machined quality.

Advantages ① Increasing the surface hardness.
② Decreasing surface roughness.
③ Bring about the compressive residual stress.

Disadvantages ① Barreling quality depends on machined quality.
② Requiring special equipment.
③ Increasing the production cost.

Shot peening [43] Principle The projectile impacts the machined surface to bring about the plastic deformation
and improve the machined quality.

Advantages ① Increase the surface hardness.
② Bring about the compressive residual stress.
③ Strengthening thin-walled and complex parts.

Disadvantages ① Deteriorating the surface roughness.
② The surface hardening degree is not easy to control.
③ Increasing production cost.

Pre-stressed processing [44] Principle The parts are pulled in process. The shrinkage of the internal material results in the
compressive residual stress after tensile stress is released.

Advantages ① Improving the machined quality in process.
② Improving production efficiency.
③ Bring about the compressive residual stress.

Disadvantages ① The pre-stressed application should be considered in part design.
② Requiring special equipment.
③ Increasing production cost.

Reversal finish cutting [27] Principle The finish cutting direction is opposite to that of the rough cutting.

Advantages ① Improving the machined quality in process.
② No special equipment is required;
③ Decreasing the production cost.

Disadvantages ① The cutting thickness is too small to be applied.
② Lacking of applied research extensively.
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edge and burr when the cutting speed is low, so that the surface
roughness is large [29, 40]. But when the cutting speed is
350 m/min, the surface roughness is larger than that of the
cutting speed 300 m/min. The results indicate that the high
spindle speed will lead to tool vibration and deteriorate process
condition, and further result in the surface roughness increases
[39–41]. From Fig. 11c, the machined surface hardness gradu-
ally increases with the cutting speed increasing. The machined
surface hardness is 105.1HV0.025 when the cutting speed is
350 m/min, in which hardening degree is about 131%.

3.3.3 The effect of the feed on the machined quality

The machined quality versus the feed under forward and reverse
finish cutting is shown in Fig. 12. As can be seen from Fig. 12a,
the surface residual stress increases obviously with the feed in-
creasing. The larger the feed is, the more the cutting heat and the
larger the surface residual stress is [6, 7, 41]. The compressive
residual stress can be obtained when the feed is 0.05–0.10 mm/r.
But the forward and reverse finish cutting will bring about the
tensile residual stress when the feed is 0.15–0.30 mm/r.

From Fig. 12b, the surface roughness increases rapidly with
the feed increasing. The surface roughness is less than 0.5 μm
when the feed is 0.05–0.15mm/r. The surface roughness ismore
than 1.0 μm when the feed is 0.20–0.30 mm/r. Therefore, the
small feed is beneficial to obtain the high machined quality.

It can be seen from Fig. 12c that when the feed is 0.05–
0.25 mm/r, the larger the feed is, the larger the machined
surface hardness is. But the surface hardness decreases when
the feed is 0.30 mm/r. It is mainly due to the surface shear
stress more than the limit [17]. The over-hardening will result
in the spalling and crack, then decrease the fatigue life.

4 Discussion

At present, the surface strengthening technology has the
rolling, the shot peening, and the pre-stressed machining,
etc. [42–44]. The rolling and the shot peening are used to
strengthen the machined surface and improve the fatigue life,
which belongs to post-processing. The pre-stressed machining
can improve the machined quality in the process and decrease
the production cost.

In addition, the reversal finish cutting is put forward by
Masuko and Kumabe [27]. It can also improve the machined
quality in process. Then, Yang et al. [28] studied the effect of
the reverse finish cutting on the machined surface residual
stress. The results indicate that the reverse finish cutting can
only bring about the high machined quality when the cutting
depth is 0.02~0.05 mm.

The results indicate that the forward and reverse finish cut-
ting can improve the machined quality of ZL109 aluminum-
silicon piston alloy in the process. The range of the cutting

parameters is suitable for the turning. It can be used to guide
the production. The advantages and disadvantages of the ma-
chined surface strengthening technology are shown in Table 4.

5 Conclusion

In the paper, the step-by-step feed cutting and the forward and
reverse finish cutting are put forward. Themachined quality of
the ordinary cutting, the step-by-step finish cutting, the reverse
finish cutting, and the forward and reverse finish cutting are
studied. The conclusions are as follows:

(1) The step-by-step feed cutting not only can effectively
avoid chip winding and scratching but also can cut the
elastic-plastic recovery and the thermal expansion with
minimum cutting thickness. Moreover, the cutting force
and heat is minimum because the cutting depth is very
small, so much that there is small elastic-plastic recovery
and thermal expansion on the machined surface.

(2) The step-by-step feed cutting can provide a good heat
dissipation environment under the dry cutting condition,
decreasing the tool temperature in process.

(3) The forward and reverse cutting can bring about the high
machined quality in reasonable cutting parameters. The
machined quality of the forward and reverse finish cut-
ting is more greater than that of the ordinary cutting.

(4) The forward and reverse finish cutting can effectively
decrease the thermal stress bringing about the tensile
residual stress. The characteristic of the surface residual
stress depends on the mechanical stress results in the
compressive residual stress. So the larger the cutting
thickness is, the smaller surface residual stress is, when
the cutting depth is 0.15–0.30 mm in the forward and
reverse finish cutting.
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