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Abstract
In the two-step cutting process, due to the combined effects of mechanical and thermal deformation, the microstructure and 
residual stress of the workpiece are changed with the change of roughing parameters, which affects the machined surface 
quality. In this paper, the two-step milling (roughing and then finishing) experiments of Ti-6Al-4V titanium alloy were 
designed to analyze the effect of different roughing parameters on the cutting force of roughing and finishing, the residual 
stress of finishing surface, and the microstructure. The microstructural characteristics in terms of residual stress, XRD pat-
terns, phase composition and content, and nano-scale crystallite size of machined surface layer were characterized to reveal 
the machined surface layer quality adjustment and controlling mechanism from the prospective of the microscopic scale. The 
experimental results showed that the cutting force and compressive residual stress were larger at low roughing cutting speed 
than that at high roughing cutting speed because of the combined effects of mechanical and thermal deformations. In the 
two-step machining process, with the increase of roughing cutting speed, the β phase on the finishing surface firstly increased 
and then decreased. Meanwhile, the high roughing cutting speed weakened the microcrystal refinement of the finishing sur-
face because of the work hardening effect. Therefore, the appropriate roughing machining parameters will contribute to the 
improvement of finishing machined surface quality in the terms of lower cutting force, higher compressive residual stress, 
and better grain refinement, phase content, and preferred crystallite orientation, thus increasing the microscopic mechanical 
properties of machined surface layer. This provides a reference for optimizing the cutting parameters to adjust and control 
the quality and integrity of the machined surface layer in two-step milling of Ti-6Al-4V alloy.
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1 Introduction

Titanium alloys are widely used in aerospace, military indus-
try, medical equipment, and other fields for their excellent 
properties such as high specific strength, corrosion resist-
ance, and good thermal stability [1–3]. However, titanium 
alloy Ti-6Al-4V is a typical difficult-to-machine mate-
rial, which is difficult to machine due to its low thermal 

conductivity and low elastic modulus, and the quality of 
machined surface is difficult to guarantee [4, 5].The service 
life and performance of components are highly related to 
the quality of machined surface, so the control of machined 
surface quality has always been an important research direc-
tion in the field of metal cutting [6]. In the cutting process, 
the workpiece is affected by cutting heat, cutting force, and 
friction, which leads to the microstructure change of the 
machined surface layer, such as the grain elongation, slip, 
and fragmentation, and the residual stress of the surface layer 
is also affected. By studying the influence mechanism of sur-
face roughness, work hardening, residual stress, microstruc-
ture, and other important components of machined surface 
quality, we can optimize machining parameters, improve 
machining technology, and obtain ideal machined surface 
quality [7–9]. The surface quality is affected by many fac-
tors, especially cutting parameters, cutting tool parameters, 
tool wear, machining methods, and so on [10–12], among 
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which the effect of cutting parameters on surface quality is 
a complex and multi-factor process. At present, the research 
on surface quality mainly focuses on the single-step machin-
ing process.

However, in the actual machining process, most integral 
structural components cannot be machined by one-step 
machining. The surface quality of finishing is inevitably 
affected by roughing parameters. The service performance 
of finished components depends not only on the finishing 
steps, but also on the whole cutting process. Obviously, it 
is of great significance to study not only the cutting param-
eters of finish machining, but also the influence of rough 
machining parameters and cutting steps on finish machin-
ing in the whole machining process. However, the selection 
of rough machining parameters in the process of surface 
quality adjustment and control of titanium alloy machining 
is still based on experience and analogy, lacking system-
atic scientific experimental basis [13]. At the same time, 
the service environment also requires the adjustment and 
control of residual stress distribution on the machining sur-
face of titanium alloy integral structural components. Hou 
et al. [14] studied the effect of rough cutting parameters on 
cutting force, surface roughness, residual stress, and surface 
topography in the finishing process by multi-step turning of 
titanium alloy Ti-6Al-4V and analyzed the effect of the pre-
vious step on the next step in multi-step cutting process. The 
results showed that the cutting speed of rough machining 
had the greatest influence on the cutting force and surface 
roughness of finish machining.

Residual stress is an important part of machined surface 
integrity, which has an important influence on the service 
life and fatigue resistance. The results of cutting titanium 
alloys Ti-6Al-4V and Ti-6Al-2Sn-4Zr-6Mo [15] showed  
that cutting speed, feed rate, and arc radius had obvious 
effects on surface residual stress. Sun and Guo [16] pointed 
out that the increase of feed rate led to the increase of surface 
residual tensile stress in the high-speed milling experiment. 
Sridhar et al. [17] studied the influence of different cutting 
parameters and cutting temperature on residual stress. The 
results indicated that the residual stress decreased with the 
increase of cutting depth and increased with the increase of 
cutting speed.

Different cutting sequences in multi-step machining 
process can change the residual stress distribution on the 
machined surface. Strain accumulation and temperature in 
cutting process led to great changes in residual stress dis-
tribution of machined surface layer [18]. Reasonable num-
ber of cutting steps and parameters setting are beneficial to 
obtain residual stress which can improve the service perfor-
mance of manufactured components. Zlatin and Field [19] 
found that roughing produced tensile residual stress on the 
workpiece surface, while finish machining was beneficial 
to the generation of compressive residual stress. Sasahara 

et al. [20] studied the influence of the previous step on the 
residual stress of the following step in the multi-step cutting 
process. The experimental and simulation results showed 
that the surface residual stress can be improved by adjusting 
the proper cutting sequence.

The change of macroscopic properties of titanium alloy 
depends on the change of microstructure. The investigation 
on the change of microstructure of machined surface of tita-
nium alloy could effectively control and improve the quality 
of machined surface [21]. In the traditional research of metal 
cutting mechanism, the experimental phenomena were gen-
erally explained by macroscopic force, thermal phenomena, 
and geometric principles. With the development of obser-
vation means and equipment, micromechanism had been 
introduced into metal cutting research. A series of studies 
on microscopic mechanisms, such as crystallographic orien-
tation texture, phase transformation, and grain refinement, 
were used to understand the cutting process more deeply and 
guide the more scientific optimization of machining parame-
ters [22]. At the same time, microscopic mechanism research 
was also combined with the vigorous development of finite 
element simulation to achieve a more accurate prediction 
model. The visco-plastic self-consistent (VPSC) program 
developed by Huang [23] based on crystal plastic constitu-
tive promoted the application of crystal plastic theory in 
cutting. Based on the theory of crystal plasticity, Wang and 
Liu [24] studied the influence of strain change on the evolu-
tion of crystallographic texture during high-speed cutting of 
titanium alloy. The results showed that with the increase of 
cutting speed, the equivalent strain and cutting temperature 
increased, which led to the formation of C-type texture. Li 
et al. [25] established a polycrystalline plastic finite element 
model to study the plastic deformation and texture evolu-
tion of the machined surface of Ti-6Al-4V titanium alloy. 
Typical columnar texture and shear texture were found on 
the machined surface, and the texture orientation density 
decreased with the increase of cutting speed.

Severe plastic deformation and high temperature occur 
in the cutting process, and then, the workpiece is rapidly 
cooled to room temperature, which is accompanied by the 
mutual transformation of α phase and β phase. Wang et al. 
[26] established stress-temperature phase transformation 
model based on phase transformation dynamics to study the 
relationship between cutting parameters and phase transfor-
mation in Ti-6A1-4V high-speed machining. The simula-
tion results showed that α phase to β phase transformation 
occurred at higher cutting speeds. Plastic deformation in 
cutting process led to grain elongation and breakage, and 
promoted grain refinement, but the cutting heat could pro-
mote grain growth and inhibit grain refinement. Pan et al. 
[27] simulated the cutting residual stress of titanium alloy 
Ti-6Al-4V with a microstructural consideration, and ana-
lyzed the grain size distribution of α phase under different 
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cutting speeds and feed rates by electron back scattered dif-
fraction (EBSD). It was found that there was obvious grain 
growth on the machined surface layer of the workpiece.

Titanium alloy integral structural components have high 
material removal rate and high machining difficulty, which 
require multi-step cutting. Meanwhile, the requirements 
for residual stress distribution on the finished surface are 
also strict, and scientific methods for surface quality adjust-
ment and control of the machined surface are needed. Most 
of the existing researches on multi-step cutting are about 
macroscopic surface quality, so it is of great significance to 
study the distribution of residual stress and phase under the 
machined surface of previous cutting step and the change 
of grain size caused by the change of two-step milling 
parameters. In this paper, the influence of different rough-
ing parameters on the cutting force of roughing and finishing 
as well as the residual stress of finishing surface was studied 
by two-step milling of titanium alloy. At the same time, the 
effect of rough machining parameters on the microstructure 
of roughing and finishing surface layer was studied, espe-
cially from the following aspects of the phase composition, 
phase distribution, and nano-scale crystallite size. The dif-
fraction patterns of machined surface layer under different 
machining conditions obtained by X-ray diffraction (XRD) 
technique and the phase distribution were analyzed. The 
Schemer equation was used to calculate the nano-scale crys-
tallite size. The effect of the variation of cutting parameters 
of roughing and finishing on the surface microstructure was 
revealed. The research on microscopic mechanism of surface 
quality adjustment and control of titanium alloy machining 
is of great significance to improve the surface quality.

2  Two‑step milling experiment of titanium 
alloy

2.1  Workpiece materials and experimental 
conditions

The workpiece material used in the experiment was α + β 
two phase titanium alloy Ti-6Al-4V. The composition of 
this material is shown in Table 1. The machining samples 
were Ti-6Al-4V titanium alloy blocks with dimensions of 
100 mm × 75 mm × 30 mm. Titanium alloy was machined in 
two-step by down milling.

The experimental setups of the cutting tests are shown 
in Fig. 1. A series of milling experiments were conducted 
on a DAEWOO ACE V500 three-axis vertical machining 

center with, with FANUC 18 numerical control system 
and a maximum spindle rotation speed of 10,000 rpm. The 
detailed equipment of milling operation is shown in Fig. 1a, 
and the schematic diagram of two-step rough/finish machin-
ing process is shown in Fig. 1b. The type of milling cutter 
tool holder (Fig. 1d) is R217.69–2525.0–09-3AN produced 
by SECO cutting tool company, and the tool inserts are 
CVD Ti(C, N)-Al2O3 coated ultra-fine carbide with type 
XOMX090308TR-M08, MP2500. The geometric shape 
and parameters of cutting tools are shown in Fig. 1e. Rough 
machining and finish machining had the same tool settings.

The roughing parameters of two-step milling experiment 
are listed in Table 2. In order to reduce the influence of tool 
wear, new tools were used for each cutting experimental 
trials. Four passes per cutting step to ensure the reliability 
of experimental data. During the milling experiment, the 
axial cutting depth ap1 and ap2 of roughing and finishing 
were both 1 mm. During the whole milling experiment, the 
finishing cutting parameters were constant, and the cutting 
process was conducted at the cutting speed of v2 = 280 m/
min, radial cutting depth of ae2 = 0.2 mm, and feed rate of 
fz2 = 0.05 mm/z under dry cutting conditions. In order to 
reflect the influence of roughing on finishing, the radial cut-
ting depth  ae2 of finishing was set to be significantly smaller 
than roughing. The first to seventh groups of experiments 
in Table 2 showed that the roughing cutting speed increases 
in turn. In the 8th, 6th, 9th and 10th groups of experiments, 
the radial cutting depth  ae1 of roughing increased in turn. In 
the 11th, 6th and 12th groups of experiments, the feed rate 
fz1 per tooth in roughing increased in turn.

2.2  Measurement of cutting force

Cutting force is a basic physical quantity reflecting the 
essential state of cutting process, which can characterize 
the advantages and disadvantages of cutting process, and 
is closely related to mechanical deformation and thermal 
deformation in cutting process. In the two-step side mill-
ing cutting process, a Kistler 9257B dynamometer equipped 
with 5697A signal collector, 5070A signal amplifier, and 
DynoWare signal processing software (exhibited in Fig. 1c) 
was used to measure the cutting force. The dynamometer 
recorded the three coordinate forces, which were the main 
milling force Fc, the vertical milling force FcN, and the back 
force Fp. After removing the unstable experiment data in the 
cutting process, the average peak values of 20 main milling 
force curves were taken as the steady main cutting force, and 
the standard deviation was calculated as error bar.

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

Elements Al V Fe C N H O Other Ti

Weight (wt%) 5.5–6.75 3.6–4.5 0.3 0.08 0.05 0.15 0.1 0.5 Base
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2.3  Measurement of residual stress

The volume change caused by non-uniform deformation, 
thermal deformation, and phase transformation influences 
the residual stress. For cutting process, it is generally con-
sidered that cutting residual stress is related to plastic strain 
caused by mechanical stress and thermal stress. The research 
showed that when the machined surface appeared compres-
sive residual stress, it was beneficial to improve the cor-
rosion resistance and fatigue strength of the material [28].

X-ray diffraction, as a non-destructive residual stress 
detection method, was used to examine the residual stress on 
the machined surface [29]. Residual stress was measured by 
XSTRESS3000X X-ray stress analytical instrument. After 
the two-step milling experiment of titanium alloy was com-
pleted, the samples were cut off by wire electrical discharge 
machine for subsequent measurement. Based on X-ray dif-
fraction crystallography theory and elasticity theory, the 
residual stress of the machined surface of the sample was 

Fig. 1  Experimental setups. (a) Experiment equipment, (b) schematic diagram of two-step milling process, (c) setting of milling force detection 
device, (d) cutting tool holder, (e) cutting tool insert geometry

Table 2  Roughing cutting parameters of two-step machining

Level Cutting 
speed v1 (m/
min)

Radial cutting 
depth ae1 (mm)

Axial cutting 
depth ap1 (mm)

Feed rate 
fz1 (mm/z)

1 80 1 1 0.05
2 120 1 1 0.05
3 160 1 1 0.05
4 200 1 1 0.05
5 240 1 1 0.05
6 280 1 1 0.05
7 320 1 1 0.05
8 280 0.5 1 0.05
9 280 1.5 1 0.05
10 280 2 1 0.05
11 280 1 1 0.03
12 280 1 1 0.07
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measured, and the samples were measured three times and 
averaged to reduce the error. Ti-Kα target was used in the 
detection experiment. The detailed detection parameters 
are set as shown in Table 3. Before formal measurement, 
stress-free Ti powder calibration was used to determine the 
appropriate measuring distance between the collimator and 
the machined surface.

2.4  XRD detection

X-ray has a short wavelength, which can interact with peri-
odic crystalline matter and enhance coherence in some direc-
tions. Therefore, strong X-ray diffraction can be generated 
in some specific directions, and the orientation and intensity 
of its spatial distribution can reflect the crystallite structure 
[30].The machined surface was cut off by wire electrical 
discharge machine, and the two-step machined surface was 
measured by XRD using D8 Advance X-ray diffractometer 
produced by Brook Company in Germany.

XRD analysis is based on Bragg equation shown in 
Eq. (1). The intensity, width, and location of XRD diffrac-
tion peak change with the microstructure of the material, 
such as dislocation density, lattice distortion, and crystallite 
size. Therefore, by analyzing the XRD diffraction pattern, 
the nano-scale crystallite size can be calculated by Bragg 
equation [31, 32]:

where d is the interplanar spacing (m), θ is the half of Bragg 
diffraction angle (°), n is reflection series, and λ is the wave-
length of the X-ray beam (0.6 ~ 20 angstroms).

The Scherrer equation related the crystallite diameter 
along the direction perpendicular to the crystal plane with 

(1)2d sin � = n�

diffraction data. The crystallite block size Dhkl (nm) perpen-
dicular to the diffraction direction of the crystal lattice plane 
(hkl) can be expressed as Scherrer equation:

where k is the Scherrer constant (usually 0.89), λ is the inci-
dent X-ray wavelength (generally the wavelength of Cu Kα 
is 0.154056 nm), and ω is the full width at half maximum 
(FWHM, rad) of diffraction peak.

The calculation process of crystallite size using XRD 
data can be roughly divided into four steps: diffraction peak 
correction, FWHM extraction, unit conversion, and Scher-
rer equation calculation. The method of calculating crys-
tallite size by Eq. (2) was very sensitive to the diffraction 
peak intensity, so α-Ti (101) plane with higher intensity was 
selected for calculation. Figure 2 is a schematic diagram of 
FWHM of the bulk material and diffraction angle 2θ. The 
FWHM (rad) and diffraction angle 2θ (°) of α-Ti (101) plane 
extracted from roughing and finishing surface layer were 
located and measured by Jade software.

3  Results and discussions

3.1  Cutting forces

The main milling forces under different cutting parameters in 
rough machining are shown in Fig. 3. It could be seen from 
Fig. 3a that with the increase of cutting speed, the cutting 
force first increased and then decreased, with the maximum 
cutting force appearing at 120 m/min and the minimum 

(2)D
hkl

= k�∕�cos�

Table 3  Parameters of residual stress detection on machined surface

Items Values

Workpiece material Ti-6Al-4V alloy
Measuring voltage (kV) 30
Measuring current (mA) 6.7
Gain voltage (kV) 16
Exposure time (s) 10
Exposure times 4
Diffraction lattice plane hkl 110
Angle between X ray incident ray and normal 

line of pattern surface ψ
0° ± 5.55° ± 11.48

° ± 19.29° ± 24.8
° ± 30°

Collimator diameter (mm) 2
Elastic modulus (GPa) 120.2
Poisson's ratio 0.36
Stress constant (MPa/°) 1750.39
Diffraction angle of unstressed Ti powder 2θ (°) 139

FWHM

Diffraction angle 2θ

α Ti (101)

Fig. 2  Diagram of FWHM and diffraction angle 2θ of titanium alloy
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cutting speed at 320 m/min. It can be seen from Fig. 3b that 
with the increase of radial cutting depth ae1, the cutting force 
showed a monotonically increasing trend, and the radial 
cutting depth ae1 reached the maximum value at 2 mm. As 
shown in Fig. 3c, other cutting parameters of roughing are 

fixed, and the variation of roughing cutting force is studied 
by changing the feed rate. With the increase of feed rate in 
roughing, the cutting force in roughing first stabilized at a 
value and then increased. The maximum cutting force of 
roughing appeared when the feed rate was 0.07 mm/z.

Figure 4 shows the effect of roughing parameters on the 
main cutting force of finishing. In Fig. 4a, it can be observed 
that when the rough machining speed was less than 160 m/
min, the cutting force of finish machining showed an obvious 
upward trend, and the roughing speed continued to increas-
ing. While the rough machining cutting speed continued to 
increase, and the finishing cutting force generally showed 
a downward trend except for the fluctuation at roughing 
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240 m/min, the maximum value of cutting force appeared 
at the cutting speed of 160 m/min and the minimum value 
appeared at the cutting speed of 320 m/min, which was 46% 
lower than the maximum value at 160 m/min.

The cutting force mainly comes from that resistance pro-
duce by the elastic–plastic deformation of materials during 
the cutting process and the friction force between the tool 
and the chip and the workpiece surface. Under the same 
cutting parameters, the greater the hardness, shear yield 
strength and toughness of the material were, the greater the 
cutting force was. In the roughing process, due to the effect 
of plastic deformation and cutting heat, the strength and 
hardness of the machined surface layer of the workpiece 
were improved, and then, the hardening occurred [33].The 
work hardening layer changed the material characteristics 
of the surface to be machined, which led to the increase of 
cutting force in finishing. However, the variation of roughing 
parameters caused different hardening degree, which made 
different changes in finishing cutting force. Previous studies 
had shown that with the increase of cutting speed, the hard-
ness of machined surface and surface at a certain depth first 
increased and then decreased [18]. It can be inferred that 
when the cutting speed increased from 80 to 160 m/min, the 
work hardening effect increased, which led to the increase 
of the surface hardness of the workpiece at the beginning 
of finishing and then led to the increase of cutting force and 
the deterioration of the machined surface quality such as 
roughness.

When the cutting speed was greater than 160 m/min, the 
cutting heat was greatly increased, and the thermal soften-
ing effect was significantly enhanced, which weakened the 
hardening effect, reduced the hardness of the machined sur-
face, and then led to the reduction of cutting force. How-
ever, because of the poor thermal conductivity of titanium 
alloy, the plastic deformation at 240 m/min is greater than 
the thermal softening effect, resulting in the fluctuation of 
finishing cutting force. In the cutting process, in the high 
cutting speed stage (above 160 m/min), the roughing cutting 
speed can be increased as much as possible, and the lower 
finishing cutting force can be obtained. However, because 
of the poor thermal conductivity, the plastic deformation at 
240 m/min had a greater impact than the thermal softening 
effect, resulting in the fluctuation of finishing cutting force. 
In order to get lower finishing cutting force, the roughing 
cutting speed can be increased as much as possible during 
high-speed cutting (above 160 m/min).

It can be seen from Fig. 4b that the cutting force in fin-
ishing increased as the radial cutting depth in roughing 
increased. When the radial cutting depth of rough machin-
ing reached 2 mm, the cutting force of finishing increased 
obviously and reached the maximum value compared with 
roughing at the radial cutting depth ae1 of 0.5 mm, 1 mm, 
and 1.5 mm. Previous studies had shown that the increasing 

of cutting depth led to the intensification of work hardening 
effect on the workpiece surface, and at a certain depth, the 
hardness was improved [34]. It was concluded that the work 
hardening was not obvious when the radial cutting depths 
of roughing were 0.5 mm, 1 mm, and 1.5 mm, but obvi-
ous work hardening occurred when the radial cutting depth 
reached 2 mm, which resulted in a significant increase in cut-
ting force of finishing. Figure 4c shows that with the increase 
of roughing cutting speed, the cutting force of finishing first 
decreased and then increased, but the change range was not 
large. This is because the change of roughing cutting feed 
had limited effect on rough machining surface hardening, 
and then had no obvious effect on the variation of cutting 
force of finishing.

3.2  Residual stress of the machined surface

Rough machining plastic strain causes hardening of the sur-
face to be machined, and the cutting heat causes thermal sof-
tening of the finishing surface to be machined. On the other 
hand, the residual stress of the finishing surface was affected 
by the residual stress produced by the rough machining 
surface. Figure 5 shows the effects of the roughing cutting 
parameters on residual stress on the finishing surface under 
the condition of fixed finishing cutting parameters. Each 
sample was tested for 3 times and averaged to reduce the 
error. The experiment results showed that the residual stress 
on all finishing surfaces was compressive residual stress.

The effect of roughing cutting speed v1 on the residual 
stress on the finishing surface is shown in Fig. 5a. Compared 
with other cutting speeds, the compressive residual stress on 
the finishing surface was larger at lower roughing cutting 
speeds (80 m/min, 120 m/min), and the maximum compres-
sive residual stress was −333.94 MPa at the cutting speed 
of 120 m/min. Under the condition of high roughing cutting 
speed (160 m/min ~ 320 m/min), the compressive residual 
stress was obviously smaller than that at low roughing cut-
ting speed, and it increased at first and then decreased. When 
roughing cutting speed was 240 m/min, it was the maximum 
compressive residual stress in high-speed cutting section, 
and its value was −169.03 MPa.

After rough machining, the machined surface was 
affected by plastic deformation and cutting heat, resulting 
in work hardening and thermal softening. With the increase 
of roughing cutting speed, the work hardening effect weak-
ened. On this basis, the surface to be machined was weak-
ened by the work hardening effect, and then, the compressive 
residual stress decreased. At the same time, the cutting force 
of finishing was large under the condition of low roughing 
cutting speed, and the compressive residual stress of fin-
ishing surface increased due to the extrusion effect. With 
the increase of roughing cutting speed, the cutting force of 
finish machining decreased, and the compressive residual 

2697The International Journal of Advanced Manufacturing Technology (2022) 119:2691–2707



1 3

stress of finishing surface decreased due to the weakening 
of the extrusion effect. Therefore, a lower cutting speed was 
recommended to use for rough machining in order to obtain 
larger compressive residual stress in the two-step milling 
process. The cutting speed should be as close as possible to 
240 m/min in high-speed cutting process, and higher cut-
ting speed will lead to an obvious reduction of compressive 
residual stress.

Figure 5b shows the residual stress of finishing surface 
with variable roughing radial cutting depth ae1. Under the 
cutting speed of 280 m/min, among the four radial cutting 
depth parameters of 0.5 mm, 1 mm, 1.5 mm, and 2 mm, the 
minimum compressive residual stress at 1 mm radial cutting 
depth was −101.91 MPa. The maximum residual compres-
sive stress was −381.90 MPa at the cutting depth of 0.5 mm. 
Because rough machining has the weakest work hardening 
effect on the surface to be machined, the material is easy to 

present residual compressive stress. Through the analysis, in 
the two-step cutting process, in order to obtain larger com-
pressive residual stress on the finishing surface, it is neces-
sary to adopt a lower radial cutting depth (0.5 mm), and 
when the radial cutting depth was larger, it was necessary to 
reach the radial cutting depth of 1.5 mm as far as possible.

Figure 5c shows the variation of the residual stress of 
finishing surface by changing the feed rate fz1 in rough 
machining. With the increase of feed rate fz1 in roughing, the 
compressive residual stress in finishing firstly decreased and 
then increased. The maximum compressive residual stress 
appeared at the feed rate fz1 of 0.03 mm/z in rough machin-
ing and reached to the value −311.44 MPa. The compressive 
residual stress was the smallest when the feed rate fz1 was 
0.05 mm/z.

3.3  XRD pattern and phase composition 
of machined surface layer

X-ray diffraction pattern detection results are shown in 
Figs. 6, 7, 8, 9, 10, and 11. The diffraction data of peak 
position, shape, and intensity changes caused by α-Ti and 
β-Ti phases were analyzed. The diffraction angle 2θ of each 
XRD pattern ranged from 20° to 90°, which clearly showed 
planes (100), (002), (101), (102), (110), (103), (112), and 
(201) of α-Ti and plane (101) of β-Ti in turn.

As shown in Fig. 6, compared with the bulk material, 
the diffraction peak position of the machined surface obvi-
ously shifts to a larger or smaller angle. It was indicated that 
residual stress appeared on the machined surface, which led 
to microdistortion and position shift. At first, the diffraction 
intensity of the overlapping peaks of α-Ti (002) plane and 
β-Ti (101) plane was less than that of α-Ti (101) plane. After 
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machining, the diffraction intensity of overlapping peaks of 
α-Ti (002) plane and β-Ti (101) plane on each machined sur-
face is significantly higher than that of α-Ti (101) plane. By 
comparing the peak intensity of the two diffraction peaks, 
it was found that a new β phase was formed and the surface 
β phase increased during cutting process. Obvious work 
hardening appeared on the machined surface in the cutting 
process, which led to surface grain refinement, crystallite 
refinement, and high-density dislocation. The crystallite size 
is closely related to the variation of diffraction peak width. 
Therefore, the diffraction peak width was closely related to 
the material structure, work hardening, and microstress. The 
variation of microstructure caused the change of microhard-
ness and diffraction peak width. The more severe the plastic 

deformation of the machined surface was, the more obvious 
the crystallite refinement was.

Furthermore, the diffraction peak width of the machined 
surface was obviously larger than that of the bulk material 
(Fig. 6a). Severe plastic deformation on the machined sur-
face during the machining process caused grain refinement 
and surface dislocation and lattice distortion. Meanwhile, 
internal stress was generated between grains and crystallites, 
and the diffraction peak width of the machined surface was 
widened [35]. At the same time, with the increase of cutting 
speed, the diffraction peak width decreased slightly. This 
phenomenon indicated that the plastic deformation tended 
to decrease. When the roughing cutting speed was within 
the range of 80 to 280 m/min, the diffraction peak intensity 
was stronger than the bulk material peak intensity, and it was 
constantly increasing, which indicated that the crystallinity 
of the machined surface was increasing. When machining at 
the cutting speed of 320 m/min, the intensity of diffraction 
peak decreased obviously, and the increase trend of crystal-
linity was interrupted.

Figure 7 shows the influence of radial cutting depth on 
X-ray diffraction pattern of machined surface. It can be seen 
from Fig. 7 that the intensity and width of diffraction peaks 
changed slightly under different radial cutting depths, but 
they were obviously larger than those of the bulk material. 
The deviation of diffraction peaks also indicated the exist-
ence of residual stress.

It can be seen from Fig. 9 that the diffraction peak devia-
tion degree of the finishing surface was more obvious when 
the roughing cutting speed was 80 m/min and 120 m/min 
than that under other cutting conditions, which confirmed 
the conclusion that the compressive residual stress value of 
the finishing surface was larger under the condition of low 
roughing cutting speed. However, under the condition of 
higher cutting speed, the partial deviation returned to the 
diffraction peak position of the bulk material, which showed 
that the residual stress in finishing at this time was not as 
obvious as that under the condition of low roughing cutting 
speed.

Figure 11 shows the influence of roughing feed rate on 
XRD pattern of finishing surface. When roughing feed rate 
was 0.03 m/z, the diffraction intensity of α-Ti (101) plane 
was stronger than that of the overlapping peak of α-Ti (002) 
plane and β-Ti (101) plane. After that, the overlapping peaks 
of α-Ti (002) plane and β-Ti (101) plane reversed the diffrac-
tion peaks of α-Ti (101) plane, which reflected the obvious 
increase of β phase with the rough machining parameters 
varying from 0.03 to 0.05 mm/z. When the feed rate in rough 
machining was 0.03 mm/z, the diffraction peak position off-
sets more seriously than that of the bulk material, which ver-
ified the rule that the compressive residual stress on the fin-
ishing surface was the largest in the residual stress detection. 
Compared with other diffraction peaks, the peak intensity 
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of α-Ti (002) plane on the machined surface increased 
most obviously, which indicated that C-plane (00 l) texture 
appeared on the machined surface. On the other hand, the 
(hk0) crystal plane such as α-Ti (100) plane and (110) plane 
had no obvious increase compared with other diffraction 
peaks, which indicated that the texture of the (hk0) crystal 
plane was not obvious in the actual cutting process.

3.4  Phase content of machined surface layer

Rough machining caused severe plastic deformation on the 
surface to be machined, and changed the stress distribu-
tion of the machined surface, which led to hardening of the 

machined surface. The machined surface was also affected 
by the cutting heat in the rough machining process. In order 
to reveal the influence of rough machining on the surface 
phase distribution of finishing, it is necessary to make a 
further quantitative analysis of the phase content changes 
reflected by diffraction patterns. The law of phase distribu-
tion in cutting process can be obtained from XRD pattern. 
The phase content was calculated according to the intensity 
of each diffraction peak.

Ti-6Al-4V is a typical α-β dual phase titanium alloy. 
However, the untreated Ti-6Al-4V titanium alloy has an 
absolute majority of α phase with HCP structure at room 
temperature, and the β phase content is less than 10% [36].

Fig. 9  Effect of roughing 
cutting speed on XRD pattern 
of finishing surface (a) bulk 
material, (b) v1 = 80 m/min, (c) 
v1 = 120 m/min, (d) v1 = 160 m/
min, (e) v1 = 200 m/min, (f) 
v1 = 240 m/min, (g) v1 = 280 m/
min, (h) v1 = 320 m/min
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When the temperature reaches 882.5 ℃ which is the initial 
point of transformation temperature, α phase begins to trans-
form into β phase with BCC structure. During the cooling 
process, with different cooling rates, different degrees of β 
phase to α phase transformation occur [37]. In the cutting 
process, high temperature and high pressure are generated 
between the tool and the workpiece, and the temperature 
in the second deformation zone reaches the initial point of 
transformation temperature, which leads to the transforma-
tion of α-Ti into β-Ti on the machined surface. After the tool 
leaves the workpiece surface, the workpiece cools rapidly, 
and the transformation from β-Ti to α-Ti takes place in dif-
ferent degrees [38, 39]. The change trend of phase distribu-
tion can be analyzed by studying the results of phase distri-
bution under different cutting conditions.

Figure 12 shows the effect of variable cutting param-
eters on the distribution of α-Ti and β-Ti on the machined 
surface. It can be seen from Fig. 12 that the bulk material 
phase content of Ti-6Al-4V titanium alloy was 92.3% α 
phase and 7.7% β phase. The research showed that during 
the cutting process, the transformation from α phase to β 
phase occurred in the rapid heating process and the trans-
formation from β phase to α phase occurred in the rapid 
cooling process [40]. It can be seen from Fig. 12a that with 
the increase of cutting speed v1, the contents of α phase 
and β phase on the machined surface had little change 
compared with the bulk material, and the maximum value 
of β phase appeared at the cutting speed of 160 m/min 
(15.5%). It is proved that the transformation from α phase 
to β phase in heating process is greater than that from β 
phase to α phase in rapid cooling process. The minimum 
β phase content was 10.9% at the cutting speed of 200 m/

min. With the cutting speeds increase to the range between 
200 and 320 m/min, the β phase content increased slightly, 
and the increasing trend remained unchanged. The β phase 
content reached 13.6% at the cutting speed of 320 m/min.

It can be seen from Fig. 12b that different radial cut-
ting depths ae1 had little effect on the phase distribution 
of the machined surface, and the β phase content fluctu-
ated slightly. It can be seen from Fig. 12c that with the 
increase of feed rate fz1, compared with the bulk material 
phase content, the β phase content had little change, but 
the β phase content increases obviously with the increase 
of feed rate fz1. The β phase content on the machined sur-
face affected by cutting process was greater than that of 
the bulk material.

Figure 13 shows the influence of roughing parameters 
on the phase distribution of the finishing surface. It can be 
seen from Fig. 13a that with the increase of roughing cut-
ting speed v1, the β phase content on the finishing surface 
increased at first and then decreased obviously, and the 
maximum value of β phase appeared at the cutting speed of 
160 m/min (15.4%). However, the β phase content reached 
the minimum value when the cutting speed v1 of rough 
machining was 80 m/min. Because the finishing parameters 
were fixed, the phase distribution of finishing surface was 
directly affected by roughing cutting speed. However, there 
was no obvious difference between the rapid unloading tem-
perature of workpieces and the rapid cooling stage of cool-
ing to room temperature in the whole seven groups of exper-
iments, so it was inferred that with the increase of roughing 
cutting speed v1, the work hardening of the surface to be 
machined in finishing firstly increased and then decreased. 
The transformation from α phase to β phase in finishing 

Fig. 11  Effect of roughing 
feed rate on XRD pattern 
of finishing surface (a) bulk 
material, (b) fz1 = 0.03 mm/z, 
(c) fz1 = 0.05 mm/z, (d) 
fz1 = 0.07 mm/
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firstly increases and then decreases, which was reflected in 
the phase transformation trend as shown in Fig. 13a.

It can be seen from Fig. 13b that as the radial cutting 
depth ae1 increased, the proportion of α and β phases did 
not change visibly, which indicated that the radial cutting 
depth ae1 of roughing had no obvious effect on the distribu-
tion of phase content on the finishing surface. It can be seen 
from Fig. 13c that with the increase of feed rate fz1 in rough-
ing, the β phase content on the finishing surface gradually 
increased, which was the same as the trend appearing on the 
surface in single-step machining. When fz1 was 0.07 mm/z, 
the β phase content on the finishing surface reached the 
maximum value of 11.6%.

3.5  Crystallite size of machined surface layer

Grain is often used to characterize the morphological char-
acteristics of materials, and its size is called grain size. In  
the cutting process of Ti-6A1-4V, the severe mechanical 
load and thermal load make the grain size change [41]. At 
present, the calculation of cutting grain size of titanium alloy 
is mostly based on the captured pictures of microstructure 
by super wide-depth-of-field microscope or scanning elec-
tron microscope, and then calculating the average grain size 
by professional software such as Image Pro. According to 
the diffraction peak data obtained by XRD, the variation of 
crystallite size in multi-step cutting of titanium alloy was 
calculated and analyzed by using the Scherrer equation.

The crystallite size calculated according to Eq. (2) is 
shown in Fig. 14. The average crystallite size of Ti-6Al-4V 
bulk material was 28.26 nm. It can be seen from Fig. 14a 
that the crystallite size of the machined surface was obvi-
ously smaller than that of the bulk material surface, which 
indicated that the machined surface had obvious grain 
refinement.

In the single-step cutting process, with the cutting speeds 
increase to the range between 80 and 240 m/min, the crystal-
lite size increased as a whole, and its value varied from the 
minimum 17.53 to the maximum 24.40 nm. The crystallite 
size fluctuated slightly near the maximum value with the 
cutting speed varying from 240 to 320 m/min. When the 
cutting speed was within the range of 80 to 120 m/min, the 
cutting force firstly increased and then decreased. After the 
cutting speed reached 120 m/min, the cutting force basically 
showed a downward trend. The plastic deformation of the 
machined surface weakened, and the cutting temperature 
increased with the increase of cutting speed. The refinement 
of crystallites weakened and the crystallite size grew. On the 
other hand, when the cutting speed was greater than 200 m/
min, the cutting force did not decrease obviously.

With the increase of cutting speed, although the total 
heat was higher, the heat introduced into the workpiece 
increased slightly, which was not enough to produce 

obvious crystallite growth on the machined surface. It 
explained the phenomenon that the crystallite refinement 
did not weaken synchronously when the cutting speed 
increased in the range of 240 to 320 m/min. The rela-
tionship between crystallite refinement and cutting force 
and cutting temperature showed that at the microcrystal 
level, the macro micron grain refinement rule in the cutting 
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process still followed, that was, with the increase of plastic 
deformation, the grain elongated and broke, and the grain 
refinement strengthened. However, with the increase of 
cutting temperature, the grain refinement weakened.

It can be seen from Fig. 14b that with the increase of 
radial cutting depth, the crystallite size on the machined 
surface firstly increased and then decreased, which were 
all smaller than the crystallite size of the bulk material. 
The maximum crystallite size was 24.54 nm at the radial 
cutting depth of 1 mm, and the minimum crystallite size 
was 14.96 nm at the radial cutting depth of 2 mm. From 
the previous conclusions, it can be concluded that as the 
radial cutting depth increased, the cutting force increased, 
and the plastic deformation of the corresponding machined 
surface increased, which promoted the refinement of crys-
tallites. At the same time, the increase of radial cutting 
depth also led to the increase of cutting temperature and 
inhibited the refinement of crystallites. The size of crys-
tallite was determined by their combined action. When 
the radial cutting depth increased from 0.5 to 1 mm, the 
cutting force increased little. The enhancement of plastic 
deformation promoted crystallite refinement less than the 
inhibition caused by the increase of temperature. How-
ever, compared with the variation of cutting temperature, 
the main cutting force increased more obviously, and the 
plastic deformation increased significantly with the radial 
cutting depth varying from 1 to 2 mm. Therefore, the crys-
tallite refinement was significantly enhanced so that the 
crystallite size was the smallest at the radial cutting depth 
of 2 mm.

As shown in Fig. 14c, with the increase of feed rate, the 
crystallite size increases slightly at first and then decreases, 
and the variation of crystallite size is much smaller than 
that caused by the change of cutting speed and radial cut-
ting depth. According to the analysis of the previous results, 
the cutting force increased with the increase of feed rate, 
and the plastic deformation was enhanced, which promoted 
the crystallite refinement. On the other hand, the cutting 
temperature also increased with the increase of feed rate, 
which inhibited the crystallite refinement. Both cutting force 
and cutting temperature did not increase in direct propor-
tion with the increase of feed rate. The refinement degree 
of crystallites was determined by plastic deformation and 
cutting temperature.

Figure 15a shows the influence of roughing cutting speed 
on the crystallite size of finishing surface. With roughing 
cutting speed increasing to the range between 80 and 240 m/
min, the crystallite size of finishing surface had no obvious 
change trend, but under the conditions of roughing cutting 
speed of 280 m/min and 320 m/min, the crystallite size of 
finishing surface was obviously larger than that at lower 
cutting speed. Meanwhile, the crystallite refinement of the 
finishing surface was the weakest.

The analysis of the relationship between single-step cut-
ting parameters and crystallite size showed that crystallite 
size was affected by plastic deformation and cutting heat. 
According to the analysis of experimental results, under 
the condition of low roughing cutting speed, severe work 
hardening enhanced the plastic deformation during finish-
ing cutting, which made the crystallites refine seriously, and 
led to the increase of cutting force and residual compres-
sive stress. Under the condition of high roughing cutting 
speed, the work hardening effect weakened, which made the 
microcrystallization of the machined surface weaken and the 
cutting force decrease. It was beneficial to improve the sur-
face quality of finish machining. However, the reduction of 
compressive residual stress on the finishing surface reduced 
the service life of the workpiece.
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Fig. 15  Effect of roughing cutting parameters on crystallite size of 
Ti-6Al-4V alloy machined surface of finishing (a) cutting speed v1, 
(b) radial cutting depth ae1, and (c) feed rate fz1
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Figure 15b shows the variation trend of crystallite size on 
finishing surface under the condition of different roughing 
radial cutting depths. The microcrystal size increased first 
and then decreased, and the trend was the same as rough 
machining. The maximum crystallite size was 27.25 nm at 
the radial cutting depth of 1 mm, and the minimum crystal-
lite size was 19.90 nm at the radial cutting depth of 2 mm. 
The crystallite refinement at the radial cutting depth of 
2 mm was obvious. The larger radial cutting depth of rough 
machining had a more significant effect on machining sur-
face hardening, which made the plastic deformation of fin-
ishing surface significantly increase and the crystallite size 
significantly decrease. Figure 15c reveals the influence of 
the feed rate in roughing on the crystallite size on the finish-
ing surface. With the increase of feed rate in roughing, the 
crystallite size on the finishing surface increased at first and 
then decreased. The crystallite size was the smallest under 
the condition of low roughing feed rate (0.03 mm/z), which 
showed that this roughing parameter had the most significant 
influence on the plastic strain of finishing surface.

4  Conclusions

Through the two-step milling cutting experiment of tita-
nium alloy, the influence of rough machining parameters on 
the cutting force of roughing and finishing and the residual 
stress of finishing surface was studied by fixing the fin-
ish machining parameters and changing the cutting speed, 
radial cutting depth, and feed rate of roughing, respectively. 
Furthermore, the microstructure of the machined surface of 
two-step machining was studied, and the change mechanism 
of microstructure of roughing and finishing surface under 
different rough machining parameters was revealed. The 
conclusions are as follows:

1. The cutting force of finishing changed obviously under 
the influence of rough machining. Compared with the 
feed rate and radial cutting depth, the cutting speed in 
rough machining had the most significant effect on the 
cutting force in finishing. The finishing cutting force 
increased with the increase of cutting speed at low 
roughing cutting speed, and reached the maximum cut-
ting force at 160 m/min. Under the condition of higher 
cutting speed, the cutting force basically showed a 
decreasing trend.

2. The results of residual stress detection showed that com-
pressive residual stress existed on the finishing surface. 
Compared with other cutting parameters, cutting speed 
had a more significant effect on residual stress. The 
residual stress reached the maximum in the low-speed 
cutting range (80 m/min, 120 m/min), and then with the 

increase of roughing cutting speed, the residual com-
pressive stress increased at first and then decreased. The 
larger compressive residual stress occurred at the lower 
radial cutting depth and feed rate of rough machining.

3. With the change of machining parameters, the peak 
intensity and width of each XRD diffraction pattern 
changed, and they were all larger than the peak intensity 
and width of the bulk material. It indicated that the crys-
tallinity of the machined surface was improved, and the 
influence of microcrystal refinement and slip occurred. 
In the two-step machining process, the change of rough-
ing cutting speed had the greatest influence on the β 
phase distribution of finishing surface and the radial 
cutting depth was smallest. The β phase content on the 
finishing surface firstly increased and then decreased as 
the roughing cutting speed increased.

4. According to the analysis of the results, with the increase 
of cutting speed, the crystallite size of finishing surface 
increased, and kept larger size at higher cutting speed. 
However, with the increase of roughing cutting radial 
depth and feed rate, the crystallite size of finishing sur-
face decreased first and then increased. It can be con-
cluded that the high roughing cutting speed weakened 
the crystallite refinement phenomenon of finishing 
surface. With the increase of roughing cutting speed, 
the work hardening effect weakened, at this time, the 
crystallite refinement of the machined surface weakened, 
and the cutting force decreased, which was beneficial to 
improve the quality of finished surface.
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