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Abstract 

The lightness and high strength-to-weight ratio of the magnesium alloy have attracted more interest in various applications. However, 
micro/nanostructure generation on their surfaces remains a challenge due to the flammability and ignition. Motivated by this, this study 
proposed a machining process, named the ultraprecision diamond surface texturing process, to machine the micro/nanostructures on magnesium 

alloy surfaces. Experimental results showed the various microstructures and sawtooth-shaped nanostructures were successfully generated on 
the AZ31B magnesium alloy surfaces, demonstrating the effectiveness of this proposed machining process. Furthermore, sawtooth-shaped 
nanostructures had the function of inducing the optical effect and generating different colors on workpiece surfaces. The colorful letter and 
colorful flower image were clearly viewed on magnesium alloy surfaces. The corresponding cutting force, chip morphology, and tool wear 
were systematically investigated to understand the machining mechanism of micro/nanostructures on magnesium alloy surfaces. The proposed 
machining process can further improve the performances of the magnesium alloy and extend its functions to other fields, such as optics. 
© 2022 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

With the ever-increasing demand for lightweight in auto-
otive, electronics, aerospace, biomedical, and other fields,
agnesium alloys have received wide attention due to the

haracteristics of low density, high specific strength, high ther-
al conductivity, and others [1–4] . Besides, magnesium al-

oy also possesses many attractive machining properties [5] ,
uch as lower machining force and lower machining power
equired. Lu et al. [6] investigated the effect of cutting pa-
ameters on microstructure, machining hardness, and surface
oughness, and established a geometrical prediction model of
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he roughness in the high-speed cutting of the magnesium al-
oy. Viswanathan et al. [7] employed the Taguchi method to
ptimize the turning parameters of the magnesium alloy for
inimizing the tool flank wear, surface roughness, and cutting

emperature. Turning experiments verified the effectiveness of
he Taguchi method on the decrease of these three objectives.
hang et al. [8] analysed the effect of milling parameters on

he chip morphology and the influence of alloy composition
n the combustion state during the high-speed milling of the
agnesium alloy. Varatharajulu et al. [9] applied the multiple

riteria decision-making methods to select the suitable drilling
arameters to simultaneously minimize all the responses, such
s drilling time and surface roughness. 

However, to date, the exploration of micro/nanostructure
eneration on magnesium alloy surfaces was rarely reported
n the literature. There may be several reasons that lead to
his situation. Firstly, laser ablation as an advanced machin-
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
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ng process with low cost and high flexibility has been widely
pplied in the microstructure generation of a large number of
aterials [ 10 , 11 ], but it is not suitable to be employed on the
agnesium alloy considering the ignition and flammability of

he magnesium alloy. Secondly, although the micro-machining
ith the natural single-crystal diamond cutting tool is well

uited at the micro/nanostructure machining [ 12 , 13 ], the pro-
essing time is unacceptable for mass production. Thirdly, the
hemical wet etching, as a chemical process, also can fab-
icate micro/nanostructure on material surfaces [ 14 , 15 ], but
he surface quality obtained by this process is difficult to
uarantee. Micro/nanostructures can enhance the performance
nd functionality of the metal surfaces and have been ap-
lied in various fields, such as optics [ 16 , 17 ], bioengineering
 18 , 19 ], tribology [ 20 , 21 ], self-cleaning [ 22 , 23 ], to mention
 few. Therefore, how to generate the micro/nanostructures
n magnesium alloy surfaces needs to be systematically
tudied. 

Recently, in the field of ultraprecision machining,
ibration-assisted machining is drawing attention due to its
any advantages, such as the lower cutting force [24] , less

ool wear [25] , burr suppression [26] , and improving surface
uality [27] . Its working principle is that the periodic vibra-
ion trajectory is added to the cutting tool to remove the
orkpiece material. At the beginning, this process is used

o improve the machinability of difficult-to-machine materi-
ls, such as Inconel 718 [28] , titanium alloy [29] , and opti-
al glass [30] . With the development of this process, when
he combination of the cutting velocity and vibration trajec-
ory is appropriate, this process also can machine the differ-
nt micro/nanostructures on the workpiece surface. The vi-
ration generator offers the periodic vibration trajectory into
he cutting tool, so it plays a crucial role in this process. Ac-
ording to the working mode of the vibration generator, it
s classified as resonant mode and non-resonant mode. The
esonant vibration generator works at the natural frequency
f the mechanical structure. Shamoto and Moriwaki [31] de-
igned a resonant elliptical vibration generator to generate the
lliptical trajectory for fabricating microgroove on the hard-
ned steel. This vibration generator has a working frequency
f about 20 kHz. Guo and Ehmann [32] developed a two-
egree-of-freedom ultrasonic vibration generator for texturing
he microstructures on the metallic surface. However, these
esonant mode vibration generators encounter a crucial prob-
em: the working frequency and vibration amplitude are fixed,
hich obviously limits the flexibility of these devices. To

olve this problem, non-resonant vibration generators are fast
eveloping because of the adjustable frequency and vibration
mplitude. Kim et al. [33] designed one degree-of-freedom
ibration generator installed on the Z-axis of a diamond turn-
ng machine. In order to deal with the problem of the small
troke of the piezoelectric actuator, Liu et al. [34] used a
oice coil motor as the actuator to design a vibration gener-
tor and the sinusoidal surface was machined based on this
evice. However, these non-resonant vibration generators only
ffer one-degree-of-freedom vibration trajectory to the cut-
ing tool, which limits the shape diversity of the machined
icro/nanostructures and then influences the functionality of
hese micro/nanostructures. 

To address the above-mentioned issues and generate var-
ous micro/nanostructures on magnesium alloy surfaces, an
ltraprecision diamond surface texturing process is proposed
ased on the developed two-degree-of-freedom vibration gen-
rator in this study. Then, the finite element model is es-
ablished to simulate the machining process and evaluate the
utting force in Section 3 . The AZ31B, as a typical mag-
esium alloy, is selected as the workpiece material in this
tudy. Next, to further demonstrate the flexibility of the pro-
osed process, sawtooth-shaped nanostructures are machined
o generate different colors on magnesium alloy surfaces and
he generation principle of these colors is theoretically il-
ustrated. Finally, after machining experiments, the detailed
esults on the microstructure topography, cutting force, chip
orphology, structural color, and tool wear are discussed in
ection 6 , followed by main conclusions in Section 7 . 

. Ultraprecision diamond surface texturing process 

Based on vibration-assisted machining, an ultraprecision
iamond surface texturing process is proposed in this study
o machine micro/nanostructures on the magnesium alloy sur-
ace. To realize this process, a hardware platform is estab-
ished, as shown in Fig. 1 (a). In this platform, an ultra-
recision lathe that has the nanoscale motion resolution is
sed to offer the cutting velocity. A natural single-crystal di-
mond cutting tool with a sharp cutting edge is employed
s the cutting tool. A two-degree-of-freedom vibration gen-
rator (2DOF-VG) is developed to offer a periodic vibration
rajectory. In addition to the above hardware, this hardware
latform also includes a drive system of the 2DOF-VG. The
rive system is composed of a computer that provides com-
and signals, a multifunction I/O device that converts the

ommand signals into analogue signals, and a piezo amplifier
hat amplifies the analogue signals. 

As a core component of the ultraprecision diamond surface
exturing process, the 2DOF-VG plays an important role in
achining micro/nanostructures. Its three-dimensional model

s shown in Fig. 1 (b). It consists of the piezoelectric actua-
or (PEA), the quasi-ellipse amplification unit (QEAU), and
he flexure guidance unit (FGU). When the amplified ana-
ogue signal is inputted into the PEA, the PEA can generate
he corresponding displacement. The QEAU is utilized to am-
lify this displacement. The FGU is utilized to transmit the
mplified displacement into the cutting tool. Two QEAUs are
erpendicularly designed to offer two degree-of-freedoms in
he machining plane. Through the sweeping frequency test, it
s found that the working frequency of the developed 2DOF-
G can be up to 3000 Hz. 
Fig. 1 (c) demonstrates the machining principle of the ul-

raprecision diamond surface texturing process. In this pro-
ess, the cutting tool will remove the workpiece material and
achine micro/nanostructures along the cutting path. With-

ut loss of generality, the cutting path can be mathematically
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Fig. 1. Ultraprecision diamond surface texturing process. (a) Schematic of hardware platform, (b) close-up views of the two-degree-of-freedom vibration 
generator, and (c) schematic of micro/nanostructure machining principle. 

e

x  

z  

w  

a  

a  

i  

b  

b  

F  

(  

t  

f
 

t  

t  

e  

w  

c  

p  

h

M  

w  

t  

f  

m
 

1  

e  

(  

t  

b  

u
 

2  

t  

n  

w  

Fig. 2. The maximum stress of the mechanical structure of the two-degree- 
of-freedom vibration generator. 
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xpressed as: 

 U DST ( t ) = d 

x 
U DST ( t ) + V U DST t (1)

 U DST ( t ) = d 

z 
U DST ( t ) (2)

here d 

x 
U DST (t ) and d 

z 
U DST (t ) are the vibration trajectories

long the X-axis direction and the Z-axis direction, which
re provided by the 2DOF-VG. V UDST is the cutting veloc-
ty provided by the ultraprecision lathe. The arbitrary vi-
ration trajectories ( d 

x 
U DST (t ) and d 

z 
U DST (t ) ) can be realized

y the superposition of sinusoidal functions according to the
ourier series. According to Eqs. (1) and (2) , the cutting path
 x UDST ( t ), z UDST ( t )) can be flexibly designed for machining
he desired micro/nanostructures on the magnesium alloy sur-
ace. 

Considering the long time and high frequency working in
he machining, the lifetime of the PEA and the material fa-
igue of the mechanical structure in the 2DOF-VG should be
valuated. For the PEA, the mean time to failure (MTTF),
hich denotes the expected time to failure, is employed to

alculate its average lifetime. MTTF is a function of the ap-
lied voltage, the operational temperature, and the relative
umidity. 

TTF = f V × f T × f H 

(3)

here f V is the applied voltage factor, f T is the operational
emperature factor, and f H 

is the relative humidity factor. The
 V is calculated by dividing the applied voltage by the maxi-
um drive voltage. 
Assuming that the PEA is operated with a voltage of

20 V, at an operational temperature of 26 °C, and in an
nvironment with 75% relative humidity, the three factors
 f V = 426.8, f T = 138.8, and f H 

= 2.8) are obtained from
he PEA manufacturers (Thorlabs, Inc.). Then the MTTF can
e calculated as 165,871.6 h, which is far larger than the
sage time of the PEA. 

For the material fatigue of the mechanical structure in the
DOF-VG, S-N curve is used to analyse the cyclic life of
he material. S denotes the stress applied and N denotes the
umber of cycles before fracture. The maximum stress occurs
hen the maximal stroke (7 μm) of the PEA is input into
he mechanical structure. The maximum stress (176.22 Mpa)
an be obtained by the finite element simulation software,
s shown in Fig. 2 . According to the S-N curve of the 304
tainless steel from the reference [35] , the number of cy-
les approaches infinity, demonstrating that there is no fa-
igue damage occurrence for the mechanical material when
he 2DOF-VG works. 

. Finite element model 

To have a deeper understanding of the ultraprecision dia-
ond surface texturing process, a two-dimensional finite el-

ment model is established using the explicit module of the
ommercial software Abaqus 2021, as shown in Fig. 3 . The
nite element model includes three parts: the cutting layer of

he workpiece, the non-cutting layer of the workpiece, and
he cutting tool. To improve the computational efficiency, the
eshes in the cutting layer are refined and the meshes in the

on-cutting layer are rough. The cutting tool is set as a rigid
ody and moves along the cutting path. Its rake angle and
learance angle are set as 0 ° and 15 °, respectively, as shown
n Fig. 3 . 

The material flow stress model plays a crucial role in the
nite element model [36] . In this study, the Johnson-Cook
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Table 1 
The properties of the AZ31B magnesium alloy. 

Chemical composition (Weight, %) Mechanical properties 

Mg Balance Si 0.16 Density (Kg/m 

3 ) 1378 
Al 2.96 Fe 0.003 Elastic modulus (GPa) 44.8 
Zn 0.52 Cu 0.006 Shear modulus (GPa) 17 
Mn 0.31 Ni 0.001 Poisson’s ratio 0.35 

Fig. 3. Finite element model of the ultraprecision diamond surface texturing 
process. 
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onstitutive model is used to describe the elastoplastic
eformation of the material, which considers the strain-
trengthening effect, the relationship between flow stress and
train rate, and the relationship between flow stress and tem-
erature [36–38] . 

s = 

(
A + Bε n s 

)[
1 + C ln 

( ˙ ε s 
˙ ε 0 

)][
1 −

(
T s − T 0 
T m 

− T 0 

)m 

]
(4)

here A, B, C, n , and m are the yield strength constant,
ardening modulus constant, strain rate sensitivity coefficient
onstant, hardening coefficient constant, and thermal soften-
ng coefficient, respectively. ˙ ε s is the deformation strain rate.
˙  0 is the reference shear strain rate that is set as 1.0 s −1 in
his study. T s , T o , and T m 

are the absolute temperature, room
emperature (293 K), and melting temperature (873 K) of the
Z31B magnesium alloy, respectively. 
In addition, the Johnson-Cook damage model is employed

o realize the workpiece material separation from the cutting
ayer [ 39 , 40 ]. 

 f = 

[ 
D 1 + D 2 exp 

(
D 3 

σm 

σ̄

)] [
1 + D 4 ln 

( ˙ ε s 
˙ ε 0 

)]

×
[

1 + D 5 

(
T s − T 0 
T m 

− T 0 

)]
(5) 

here the D 1 –D 5 are the Johnson-Cook damage constants. σ m 

nd σ̄ are the average normal stress and von Mises equivalent
tress, respectively. When the equivalent plastic strain is larger
han the damage strain εf , the material begins to fracture. The

aterial properties and the parameters of the Johnson-Cook
onstitutive model and the Johnson-Cook damage model for
Z31B magnesium alloy are listed in Tables 1 and 2 . 
The surface-to-surface contact condition is utilized and the
wo region zones, i.e., the sticking zone and the sliding zone,
re applied to describe the contact between the cutting tool
nd the chips. The friction at the interface of the cutting tool
nd chips is controlled by the Coulomb law that is expressed
s follows [41] : 

f = 

{
τs , μσn ≥ τs ( sticking zone ) 

μσn , μσn < τs ( sliding zone ) 
(6) 

here τ f is the frictional stress. τ s is the ultimate shear flow
tress. μ is the friction coefficient between the cutting tool
nd workpiece, which is set as 0.2 in this study. σ n is the
ormal stress on the contact surface. 

The cutting path of the cutting tool is given in Eqs. (1) and
2) . In the software Abaqus, the periodic amplitude function
s utilized to load the vibration trajectory of the 2DOF-VG
42] . 

 = 

⎧ ⎨ 

⎩ 

A 0 + 

N ∑ 

n=1 
[ A n cos nω ( t − t 0 ) + B n sin nω ( t − t 0 ) ] , t ≥ t 0

A 0 , t < t 0
(7) 

here A 0 is the initial amplitude, ω is the circular frequency,
 0 is the starting time. A n and B n are the coefficients of the
osine and sine functions. N is the number of Fourier series
erms. The “Dynamic, temp-disp, explicit” method is utilized
o solve the finite element model. 

. Structural color generation principle 

Nanostructures with specific facet spacing have an opti-
al effect and can induce different color generation on the
orkpiece surface. The color induced by the nanostructure is
amed structural color. In order to demonstrate the flexibility
f the ultraprecision diamond surface texturing process and
achine the optically functional nanostructures, the structural

olor generation on the magnesium alloy surface is studied,
hich can extend the application range of the magnesium

lloy to optics. 
Fig. 4 demonstrates how to generate structural color on

he workpiece surface. Firstly, the size of the original image
eeds to be compressed to suit the workpiece size, as shown
n Fig. 4 (a). In general, the small the single-pixel size, the
igh resolution the structural color. However, the machining
ime dramatically increases with the increase of the resolution.
n this study, the single-pixel size is set as 70 μm to com-
rehensively balance the machining time and the resolution.
hen, the RGB values of the compressed image are sorted
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Table 2 
Johnson-Cook constants of the AZ31B magnesium alloy [43] . 

A (MPa) B (MPa) n m C D 1 D 2 D 3 D 4 D 5 

153 291.8 0.1026 1.5 0.013 0.5 0.2895 3.719 0.013 1.5 

Fig. 4. Generation principle of the structural color. 
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nto 16 different levels. The different level corresponds to the
ifferent facet spacing ( S i,j ) of nanostructures. The facet spac-
ng can be simultaneously controlled by the cutting velocity
 V i,j ) that the ultraprecision lathe provides and the vibration
requency ( f ) that the 2DOF-VG provides. So, there are two
ethods, i.e., adjusting the cutting velocity or adjusting the

ibration frequency, to control the facet spacing according to
q. (8) . Since adjusting the cutting velocity is easier to real-

ze through the velocity commands of the ultraprecision lathe,
he cutting velocity is chosen to control the facet spacing ac-
ording to the RGB value of each pixel in this study and the
ibration frequency keeps constant. 

 i, j = V i, j / f (8)

After i th line machining, the cutting tool feeds a single-
ixel size along the Y-axis of the ultraprecision lathe, as
hown in Fig. 4 (b). The cycle begins until finish the whole
tructural color machining on the workpiece surface. 

In essence, the structural color can be viewed due to
he physical interaction between the visible light and the
awtooth-shaped nanostructure, as shown in Fig. 4 (c). It can
e described by the grating equation [ 44 , 45 ]: 

in θi + sin θv = mλi, j /S i, j ( m = 0, ± 1 , ± 2, ± 3 , . . . ) (9)

here θ i and θ v are the incident angle and viewing angle. m
s the reflection order. λi,j is the wavelength of the reflection
ight. 

The white light with different wavelengths is applied as
he incident light and the sawtooth-shaped nanostructure plays
 role as the reflection grating. Assuming that θ i = 0 and
 = 1, the wavelength λi,j of a certain color can be derived

s: 

i, j = S i, j sin θv (10)

A certain color can be observed when the facet spacing is
 i,j . Therefore, the different colors can be flexibly generated
y controlling the facet spacing of sawtooth-shaped nanos-
ructures. 
. Experimental procedures 

The experiments were performed on the hardware plat-
orm, as shown in Fig. 5 . The AZ31B magnesium alloy
ube (Keple Technology Co., Ltd., China) with dimensions
f 15 × 15 × 5 mm 

3 was glued into a fixture, which was
tationed on the spindle of the four-axis ultraprecision lathe
350FG, Moore Nanotechnology). For obtaining a proper
laner surface with high surface quality, the workpiece was
re-machined with a spindle speed of 1400 rpm using the
ltraprecision turning process. The depth-of-cutting and feed
ate were set as 2 μm and 2 mm/min for the pre-machining.
he nose radius of the used single-crystal diamond cutting

ool (Apex Diamond Products Ltd.) is 0.509 mm. In the mi-
ro/nanostructure machining, the developed 2DOF-VG was
ounted on the dynamometer via a screw. The computer pro-

ided command signals, which were converted into analog
ignals by the multifunction I/O device (USB-6341, National
nstruments Corp.). Then they were magnified by the piezo
mplifiers (E617.001, Physik Instrumente GmbH & Co.KG).
he magnified analog signals were inputted into the PEA

PK4FA2H3P2, Thorlabs Inc.) to drive the 2DOF-VG. In the
ltraprecision diamond surface texturing process, two single-
rystal diamond cutting tools with different nose radii were
pplied. The cutting tool with a nose radius of 0.515 mm
N0.50mLEi, Contour Fine Tooling Inc.) was used to machine
icrostructures on the magnesium alloy surface. The cutting

ool with a nose radius of 0.223 mm (N0.20mLEi, Contour
ine Tooling Inc.) was used to machine the sawtooth-shaped
anostructures to generate the structural colors. The detailed
achining parameters are listed in Table 3 . When finishing

ne cutting motion, the cutting tool would return to the ori-
in point in the X-axis and feed a pitch (named as cross-feed)
long Y-axis and the cycle starts again. 

The cutting forces were measured through the Kistler force
easurement system, which consists of this dynamometer

9256C1, Kistler Instrument Corp.), a charge amplifier (5080,
istler Multichannel Charge amplifier), and PC software
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Fig. 5. The experiment setup of the micro/nanostructure machining. (a) Full-view and (b) close-up view. 

Table 3 
The machining parameters. 

Case1 Case2 Case3 Structural color machining 

Cutting speed (mm/min) 500 500 500 Varying 
Depth-of-cutting (mm) 0.004 0.004 0.004 0.003 
Cross-feed (mm) 0.160 0.160 0.160 0.07 
Voltage amplitude (V) 40 40 40 30 
Vibration frequency (Hz) 300 300 300 1000 
Phase difference 0 ° 90 ° 180 ° 0 °
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Dyno ware), as shown in Fig. 5 (b). The sampling rate of
apturing cutting force data was set as 50 kHz for sufficiently
ollecting the cutting forces. As the force sensor may have
lectrical drift which means the zero point of the output signal
ay move to a positive or negative value during experiments,

he software Dyno ware was used to compensate for this
lectrical drift. After the experiments, the workpieces were
leaned in the ultrasonic cleaner using alcohol for 10 min.
 scanning electron microscope (SEM) (Hitachi Electron
icroscope TM3000) was utilized to observe the chips and

he tool wear. The Renishaw micro-Raman spectroscopy
ystem was employed to analyse the tool wear mechanism.
he Raman scattering spectrum range was set at from 600

o 2300 cm 

−1 with a spectral resolution of 0.3 cm 

−1 . 

. Results and discussion 

.1. Microstructure topography characterization 

Fig. 6 (a–c) show the optical micrographs of various mi-
rostructures on the magnesium alloy surface. The insets in
he top right of Fig. 6 (a–c) show the magnification images of

icrostructures, which give the clear view of their topogra-
hy. For Case 1 and Case 2, the main features (shape and
ayout) look similar, but the edges of microstructures dis-
lay obvious differences. Case 1 shows the sharp and linear-
haped edges while Case 2 shows the smooth and curved-
haped edges, as marked using the red line. The shape of
icrostructures in Case 3 looks like the bamboo, which is

otally different from both Case 1 and Case 2. Besides, the
ross-sectional profiles passing through the center of mi-
rostructure were extracted and plotted in Fig. 6 (d–f). It can
e found that these microstructures have different heigh be-
ides the different profile shapes. Different vibration trajec-
ories caused by the phase difference lead to these results.
he vibration trajectory in Case 1 is the straight-line motion
long the Z-axis direction (depth-of-cutting direction), while
he two-dimensional elliptical trajectory in Case 2 is gener-
ted along the X-axis direction (cutting direction) and Z-axis
irection. The elliptical trajectory creates smooth and curved
dges. The vibration trajectory in Case 3 is also a straight-
ine motion but its direction is along the X-axis direction,
o the bamboo-shaped microstructures distributing in the X-
xis direction can be generated. Further, the increasing phase
ifference also causes the decrease in vibration amplitude of
DOF-VG along the depth-of-cutting direction, which brings
bout a decrease in the height of microstructures. 

The theoretical value of the facet spacing can be calculated
27.8 μm) according to Eq. (8) . The corresponding measured
esults are 27.6 μm in Case1, 28.1 μm in Case2, and 27.9 μm
n Case3, respectively. Therefore, the relative errors with re-
pect to the theoretical value are 0.72, 1.08, and 0.36%, which
ndicates that the proposed machining process has high ma-
hining accuracy. 

.2. Cutting force analysis 

Cutting force is a significant indication to monitor the ma-
hining process. Fig. 7 shows the measured and simulated
utting forces of the above three cases. F x and F z represent
he cutting forces along the X-axis direction and Z-axis direc-
ion, respectively. The simulated cutting forces are obtained
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Fig. 6. Optical micrographs and cross-sectional profiles of microstructures. 

Fig. 7. The measured and simulated cutting forces. (a) Case 1, (b) Case 2, (c) Case 3, and (d) snapshot of the simulated machining process in Case1. 
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y inputting the identical machining parameters into the finite
lement model. It is observed that the cutting forces period-
cally increase and decrease, and the cycle time (3.33 ms)
f cutting forces is in accordance with the vibration period
3.33 ms) of the 2DOF-VG. The removal of material begins
s soon the cutting tool touches the magnesium alloy surface.
he cutting forces increase when the cutting tool advances

nto the workpiece as more amount of workpiece materials
re removed. The cutting forces decrease with the reduction
f the material removal volume. When the phase difference
hanges (0 ° in Case1, 90 ° in Case2, and 180 ° in Case3), the
ffects on the cutting force are also obvious in the value size
nd shape trend, as shown in Fig. 7 (a–c). Both F x and F z 

educe with the increase of the phase difference from 0 ° to
80 °. It is because the increase of the phase difference leads
o the decrease of the depth-of-cutting, which causes the re-
uction of the material removal volume. Fig. 7 (d) shows the
imulated machining process of the ultraprecision diamond
urface texturing in Case1. 

Besides, the simulated cutting forces using the finite ele-
ent model show good agreement with the measured cutting

orce. The average peak-to-valley values of the simulated and
easured F x in Case 1 are 0.56 N and 0.52 N, and that of the

imulated and measured F z in Case 1 are 1.53 N and 1.34 N.
he model errors of F x and F z in Case 1 can be quantitatively
alculated to be 7.69% and 14.18%, respectively. Similarly,
he model errors of F x and F z in Case 2 and Case 3 are
1.33%, 10.55%, 18.62%, and 18.27%, respectively, which
emonstrates the effectiveness of the finite element model on
he cutting force simulation during the microstructure machin-
ng. 

.3. Chip morphology investigation 

Chip investigation is another indication to reflect the ma-
hining process during the microstructure machining. The
hips in the ultraprecision turning process and the ultrapreci-
ion diamond surface texturing process are collected. Their
orphologies are shown in Fig. 8 . As can be seen from

he SEM images, fracture features at the side of chips are
ormed in both machining processes as evidenced by the
lastic shearing. The ultraprecision turning process produces
ery long and continuous chips, and their shape looks like
he folded long ribbon. The ultraprecision diamond surface
exturing process produces shorter and discontinuous chips.
ince the depth-of-cutting dynamically changes with the vi-
ration trajectory in the ultraprecision diamond surface tex-
uring process, the thickness of chips changes with time. The
neven thickness leads to the uneven stiffness of chips. Chips
ill break at the place with small stiffness. The magnifica-

ion image in Fig. 8 (b) shows the lamellar structure along
he chip flow direction and each lamellar structure contains
any segments, which demonstrates that the ultraprecision

iamond surface texturing process is different from the ul-
raprecision turning process. Ultraprecision diamond surface
exturing process possesses the time-varying depth-of-cutting.
urthermore, there are no burn marks of chips for all experi-
ents, which indicates that the ultraprecision diamond surface
exturing process is safe, and no fire hazard exists. 

.4. Structural color observation 

Before the sawtooth-shaped nanostructure machining, an
ptical mirror surface with the surface roughness of 0.003 μm
as firstly obtained using the ultraprecision turning process

o guarantee surface finish, as shown in Fig. 9 (a). For ob-
aining the cutting velocity that each pixel corresponds, as
escribed in Section 4 , the viewing angle θ v was assumed
o be 45 °, and the longest visible wavelength (deep red) and
hortest visible wavelength (deep violet) were set as 700 nm
nd 400 nm, respectively. The 16 levels of the RGB values
re evenly distributed between 400 and 700 nm. According
o Eqs. (8) and (10) , the cutting velocity V i,j with respect to
he RGB value of each pixel can be calculated. Then the po-
ition and velocity commands can be generated accordingly.
esides, the machined regions display vivid colors while the
on-machined regions remain the original color of the mag-
esium alloy, which can be controlled by adjusting the depth-
f-cut. Fig. 9 (b) shows the letters “SKL”, “HKPU”, and “Mg
lloy” in different colors, which are captured by a digital
amera. Fig. 9 (c) shows the colorful flower on magnesium
lloy surface without using any coating material and pig-
ent. The machining times for these two samples are 41 min

nd 39 min, respectively, which demonstrates that the pro-
osed machining process is a very highly efficient machining
ethod. 
To investigate the three-dimensional morphologies of

anostructures that induce the different color generation, an
tomic force microscope (AFM) (Park XE-70, Park Systems,
nc.) was employed. Fig. 10 shows the three-dimensional
orphology of nanostructures on the letter “S” and “M” in
ig. 9 . It can be clearly found that these nanostructures have
eriodic sawtooth-like profiles. The average facet spacings of
he nanostructures in the letter “S” and “M” are 625 nm and
37 nm, which agree well with the theoretical results (612
nd 744 nm). These sawtooth-shaped nanostructures further
emonstrate the proposed ultraprecision diamond surface tex-
uring process has the capability of flexibly generating mi-
ro/nanostructures on magnesium alloy surfaces. 

.5. Tool wear mechanism exploration 

Fig. 11 (a) and (b) show SEM images of the new cutting
ool from the two viewing angles. A very sharp cutting edge
etween the rake face and flank face can be observed. After
he microstructure machining experiments, the micro-chipping
nd flank wear are clearly found, as shown in Fig. 11 (c) and
d). The worst wear occurs on the apex of the cutting tool
nd then spreads along the cutting edge. The wear volume of
he rake face is larger than that of the flank face since the
ake face plays the main role in removing the material during
he machining, which is described in Fig. 1 (c). 

To further explore the tool wear mechanism associated
ith micro/nanostructure machining of the magnesium al-
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Fig. 8. SEM images of the chip morphology. (a) The ultraprecision turning process and (b) the ultraprecision diamond surface texturing process. 

Fig. 9. Photographs of (a) mirror surface, (b) colorful letters “SKL”, “HKPU”, and “Mg alloy”, and (c) colorful flower. 
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oy, Raman spectroscopy was employed to find possible mi-
rostructural changes of the diamond [46] . The Raman spec-
rum on the rake face of the new cutting tool exhibits a
ery sharp and single peak at 1332 cm 

−1 , as shown in
ig. 12 (a). When the laser of the Renishaw micro spec-

rometer was focused on the “A” point of the tool wear
one in Fig. 11 (c), it is seen from Fig. 12 (b) that the sin-
le peak becomes two peaks, called D-band and G-band.
hey are located at around 1354 cm 

−1 and 1583 cm 

−1 , re-
pectively. The D-band and G-band provide direct evidence
or the diamond-graphite transformation of the cutting tool.
herefore, it is concluded that the tool wear in the mi-
ro/nanostructure machining of the AZ31B magnesium al-
oy is related to the diamond graphitization. There are two
actors to cause diamond graphitization: high temperature
nd high pressure. The surface temperature of the work-
iece is almost kept at around 21 °C, which is measured
y an infrared thermometer. The cutting tool-workpiece in-
erface area is extremely small in the micro/nanostructure
achining of the magnesium alloy. So, the high pressure
ay lead to the graphitization of the partial diamond crystal

 47 , 48 ]. 

. Conclusions 

In this work, the ultraprecision diamond surface tex-
uring process was proposed to machine the various mi-
ro/nanostructures on magnesium alloy surfaces. The system-
tic study on micro/nanostructure generation, cutting force
nalysis, chip morphology, and tool wear was carried out.
he main conclusions have been drawn: 

(1) A two-degree-of-freedom vibration generator with a
working frequency of 3000 Hz was developed to offer
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Fig. 10. AFM images of nanostructures of (a) letter “S” in Fig. 9 and (b) letter “M” in Fig. 9 . 

Fig. 11. SEM images of the single-crystal diamond cutting tool. (a) Rake face of the new cutting tool, (b) flank face of the new cutting tool, (c) rake face of 
the worn cutting tool, and (d) flank face of the worn cutting tool. 

 

 

 

 

 

 

 

 

the periodic vibration trajectory in the ultraprecision di-
amond surface texturing process. As a reliability index,
the mean time to failure of this device was analysed
(more than 160,000 h), which was far larger than its

normal use time.  
(2) A finite element model was established to simulate the
micro/nanostructure machining and the corresponding
cutting forces. The experimental results showed the sim-
ulated cutting forces were in good agreement with the
measured results. The maximal value of cutting forces
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Fig. 12. Raman spectrum of (a) the new single-crystal diamond cutting tool and (b) the worn single-crystal diamond cutting tool. 
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in all cases was less than 2 N, demonstrating that the
magnesium alloy possesses better machinability. 

(3) Different shape microstructures (dimple-shaped mi-
crostructures and bamboo-shaped microstructures) were
successfully machined on magnesium alloy surfaces,
showing the effectiveness of the proposed ultraprecision
diamond surface texturing process. 

(4) Sawtooth-shaped nanostructures were also machined,
which induced the different color generation by ma-
nipulating the facet spacing of nanostructures. The col-
orful letters “SKL”, “HKPU”, and “Mg alloy” as well
as colorful flower were observed on workpiece surfaces,
which could expand the application range of the magne-
sium alloy to the field of optics. And the corresponding
generation principle of these colors was also in-detail
illustrated. 

Besides, the graphitization of the single-crystal diamond
utting tool in the machining of micro/nanostructures was
ound, which may be the reason for the tool wear. This
tudy provides an effective and flexible machining method for
enerating micro/nanostructures on magnesium alloy surfaces,
hich are potentially applied to optics, information display,

unctional decoration, biomedicines, etc. 
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