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a b s t r a c t

Nickel-titanium (NiTi) alloy has unique functional properties in medical and microelec-

tronics products. Recently, additive manufacturing has become an attractive way of

fabricating NiTi alloy. However, the study of generating microstructure arrays on additively

manufactured (AMed) NiTi alloy surfaces remains unclear. Motivated by this, this study

proposes the ultraprecision micro-milling (UMM) process to generate microstructure arrays

and perform a systematic investigation. First, selective laser melting, as a popular additive

manufacturing way, was utilized to fabricate the AMed NiTi alloy. Then, the UMM process

was carried out to machine these samples. After the machining experiments, a mirror

surface with a surface roughness of 0.014 mm can be acquired, which demonstrates the

good machinability of the AMed NiTi alloy. Moreover, the micro-groove array and micro-

pillar array with low machining errors were machined on the AMed NiTi alloy surfaces,

which verifies the effectiveness of the proposed machining process. The corresponding

cutting forces, tool conditions, and chip morphologies were studied to fully understand the

machining mechanism of the AMed NiTi alloy. Besides, the surface wettability of micro-

structure arrays was also quantitatively analyzed. Therefore, this study provides a facile

and effective machining process for generating microstructure arrays on the AMed NiTi

alloy surfaces.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
tremendous interest in numerous fields, such as biomedical

1. Introduction

Nickel-titanium (NiTi) alloy is a binary alloy with the compo-

sition of about 50 at. % Ni and about 50 at. % Ti, which is one of

the well-known shape-memory alloys. It has drawn
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devices and implants [1], micro-actuators [2], robotics [3], and

micro-electro-mechanical systems [4], because of the unique

super-elasticity, shape memory effect, high strength, high

corrosion resistance, high damping capacity, and excellent

biocompatibility [5e9]. More and more researchers started to
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study this smart material. Huang et al. [10] carried out the full

atomic-level understanding of the NiTi alloy on its shape-

memory effect based on the first-principles density func-

tional study and found the shape memory was mainly stored

at the microstructural level. Chen et al. [11] revealed the

degeneration mechanisms of shape memory functions after

the vacuum electron beam welding. Zhang et al. [12] investi-

gated the effects of fabrication parameters of electron beam

melting on the corrosion resistance of the NiTi alloy and

observed that a superior corrosion resistance would be dis-

playedwhen only some small poreswere evenly distributed in

this kind of alloy. For the forming methods of the NiTi alloy,

forging and casting are commonly used. Yeom et al. [13]

designed a hot forging process of this alloy according to

deformation processing maps and obtained the optimum

process design to fabricate a sound NiTi billet. But the tradi-

tional manufacturing processes face the problems of high

production time, high production cost, high material waste,

and low flexibility [14,15], which bring some inconvenience to

the development and research of new materials.

Recently, additive manufacturing, also named three-

dimensional (3D) printing, is gaining considerable attention

due to its high efficiency, flexibility, economy, and environ-

mental friendliness [16]. In the manufacturing process, a laser

beam is employed tomakemetallic powdermelt and solidify by

using the contour information of a sliced computer-aided

design (CAD) model [17]. After finishing one slice, the building

platformmoves downward until all slices have been finished. It

can be found that in comparison with traditional

manufacturing processes, the additive manufacturing does not

need the use of dies and special tooling to produce metallic

partswith complex geometry,which saves production time and

reduces material waste [18,19]. Bagheri et al. [20] experimen-

tally investigated and analyzed the cyclic deformation and the

fatigue behavior of the additively manufactured (AMed) NiTi

alloy at room temperature (~24 �C). Before the constant ampli-

tude pulsating fatigue experiments, heat treating was used for

all samples to decrease their plateau stress. Experimental re-

sults found themaximumstress level played a key influence on

fatigue behaviors of NiTi alloy, and the microstructural defect

like voids was the major reason for decreasing fatigue lives of

the AMed NiTi alloy. In industrial applications, load-contact

conditions significantly affect the pseudoelasticity behaviors,

Zhang et al. [21] reported the influences of various load-contact

conditions on pseudoelasticity behaviors of the AMed NiTi al-

loys and conducted indentation tests from the nanoscale to

macroscale. Test results showed that pseudoelasticity behav-

iors at the nanoscale were the best regarding the smallest

remnant depth ratios. Simultaneously, they also found that the

enhancement in pseudoelasticity also caused the reduction in

the Young's modulus and apparent hardness. In comparison

with the macroscale components, micro-components, partic-

ularly the AMed micro-components, always exhibit different

mechanical or functional properties. Xiong et al. [22] employed

amicro laser powder bed fusion process to fabricatemicro-NiTi

parts, such as micro-stent and micro-lattice. Experimental re-

sults show that these micro-parts possessed superior me-

chanical properties. The compressive deformation reached 50%

without mechanical failures and the shape recovery also could

be up to >98% when heating.
However, themachining of the NiTi alloy is still a challenge

due to its high ductility and severe strain-hardening [23],

which easily leads to tool wear and burr formation [24].

Various machining processes were employed to cut NiTi al-

loys with high surface quality, high production efficiency, and

low tool wear. Turning is a common machining process. For

improving the machinability of the NiTi alloy, Zhao et al. [25]

explored the influences of cooling conditions on the surface

integrity, tool wear, and cutting force at different machining

speeds. They found that cryogenic conditions achieved higher

machinability when the cutting speed was 125 m/min. Milling

is another machining process for removing workpiece mate-

rials and obtaining desired geometric structures. Weinert and

Petzoldt [26] found that compared to dry milling, the appli-

cation of the minimum quantity lubrication (MQL) could

improve the workpiece quality and extend the tool life. Guo

et al. [27] investigated themachinability and surface quality of

the NiTi alloy using milling and electrical discharge

machining. Experimental results found that the milling pro-

duced much better surface quality than the electrical

discharge machining. At the same time, the tool wear mech-

anism during NiTi alloy milling was explored. The high dy-

namic strength led to the adhesion wear of the flank face, and

the high heat caused the rake face wear. Although traditional

turning and milling processes have been conducted to reduce

tool wear and enhance machining quality, the machining of

microstructure arrays on NiTi alloy surfaces is not studied

exhaustively to date.

In this study, the systematic investigation of generating

microstructure arrays on the AMed NiTi alloy surfaces is

studied. The additive manufacturing of the NiTi alloy is

introduced in Section 2. The ultraprecision micro-milling

process is proposed to generate microstructure arrays on the

AMed NiTi alloy surfaces. After the machining experiments,

the micro-groove array and micro-pillar array are generated,

and corresponding cutting forces, tool conditions, and chip

morphologies are discussed to analyze the feasibility of

generating microstructure arrays on AMed NiTi alloy surfaces

in Section 3. Section 4 summarizes this study.
2. Materials and methods

2.1. Additive manufacturing of NiTi alloy samples

The selective laser melting is selected as a popular and well-

established additive manufacturing process for fabricating

NiTi alloy samples. The working principle of the selective laser

melting is described graphically in Fig. 1(a). The NiTi powders

are pre-placed on the build substrate to form a powder bed

before additive manufacturing. The focus lenses are used to

make the laser focus on the XY scanning mirror. Then the po-

sition of the focused laser is adjusted by the deflection of the XY

scanning mirror to melt the NiTi powders [28,29]. After one

layer is completed, the next powder layer is formed over the

solidified part by the powder scraper until the sample is com-

plete. The selective laser melting in this study was performed

on a commercial laser additive manufacturing machine

(SLM@125HL, SLM Solutions Group AG, Germany), which mainly

consisted of a continuous-wave fiber laser, a building chamber

https://doi.org/10.1016/j.jmrt.2023.05.214
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Fig. 1 e Schematic of (a) the selective laser melting and (b) scanning strategy.
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with atmosphere control, an automatic powder scraper, a

workbench, and a multi-axis motion system.

The scanning strategy of selective laser melting involves a

zigzag path and 67� rotation between successive layers, as

described in Fig. 1(b). After a series of trial runs, the optimized

manufacturing parameters can be obtained: scanning speed

800 mm/s; layer thickness 40 mm; laser power 120 W; hatch

spacing 100 mm. According to the scanning path and growth

direction of each layer, the additivelymanufactured NiTi alloy

samples with geometrical dimensions of 10 mm � 10 mm � 3

mm was obtained. Besides, a protective atmosphere was kept

using ultrahigh purity grade argon gas to ensure an oxygen

content below 100 ppm during additive manufacturing of NiTi

alloy samples.

For raw materials of the selective laser melting, these NiTi

powders with the chemical composition at %: 50.8 Ni and 49.2

Ti were used. A scanning electron microscope (SEM) (TM3000,

Hitachi High-Technologies Corporation, Japan) was employed

to characterize them. From SEM images, it can be found from

Fig. 2(a) and (b) that the shape ofNiTi powders is spherical. The

particle size of NiTi powders in Fig. 2(a) was analyzed and

measured by the ImageJ software. It is fitted by a Gaussian
Fig. 2 e SEM images with (a) low magnification and (b) high ma

NiTi powders.
curve, as shown in Fig. 2(c). The average diameter of NiTi

powders is about 40 mm. In addition, a small number of irreg-

ularly shaped particles and satellite powders were detected.

The phases formed in the AMed NiTi alloy sample were

identified through an X-ray diffraction instrument (XRD, Shi-

madzu, XRD-7000, Japan) with Cu Ka (l¼ 1.5406�A) radiation at

a scanning speed of 4�min�1, ranging from 20� to 100� at 45 kV,

and 200 mA. From Fig. 3, it can be found that the AMed NiTi

alloy by the selective laser melting was mainly composed of

an austenite phase at room temperature, Besides, there is no

obvious secondary phase in the XRD spectrum.

2.2. Machining experiments of microstructure arrays

Ultraprecision micro-milling (UMM), as a micro/nano-

machining process, can reach the nanometer-scale surface

finish and high form accuracy. The machining experiments of

as-built AMed NiTi alloy samples were conducted on an ul-

traprecision machining center (UVM-450C (V2), Toshiba Ma-

chine Co., Ltd., Japan) for generating microstructure arrays, as

shown in Fig. 4(a). The machining center has two rotational

axes (named A-axis and C-axis) and three linear axes (named
gnification of NiTi powders; (c) particle size distribution of
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Fig. 3 e X-ray diffraction spectrum of the additively

manufactured NiTi alloy sample.
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X-axis, Y-axis, and Z-axis). And the programming resolution

of three linear axes is 0.01 mm, which provides ultrahigh

positioning accuracy for machining microstructure arrays.

The non-repetitive run-out error of the A-axis (high-speed

aerostatic bearing spindle) is 0.10 mm, which can realize high-

qualitymachined surfaces. In themachining experiments, the

workpiece (AMed NiTi alloy sample) with geometrical di-

mensions of 10 � 10 � 3 mm3 was sticked to a fixture by the

glue. And the fixture was installed on a dynamometer via the

screws. The dynamometer was mounted on the C-axis of the

machining center using a magnetic chuck, as presented in

Fig. 4(b). During the machining of microstructure arrays, the

milling tool was fixed to the A-axis to remove the workpiece

material and generate themicrostructure arrays. Two types of

milling tools (2-flute end mill, NS TOOL Co.,Ltd, Japan) were

used. TheirmodelswereMSE230 andMX230, respectively. The

MSE230 had a diameter of 2 mm, which was used to flat the

original workpiece surface and obtain a mirror surface with
Fig. 4 e Photographs of the experimental se
high surface quality, which included the roughmachining and

finishmachining. TheMX230 had a diameter of 0.2mmand an

available milling length of 0.4 mm, which was used to ma-

chine microstructure arrays on the AMed NiTi alloy surfaces.

In all machining experiments, the MQL was employed via a

nozzle to reduce machining heat. The detailed machining

parameters of mirror surface machining and microstructure

array machining are listed in Table 1.

Besides, a cutting force measurement system was estab-

lished for obtaining the cutting forces during themachining of

microstructure arrays. In this measurement system, a 3-

component dynamometer (9256C1, Kistler Instrument Corp.,

Switzerland) with high sensitivity was used to generate the

analogue signals based on the piezoelectric measurement

principle, and then the analogue signals were amplified by a

charge amplifier (5056, Multichannel Charge Amplifier, Kistler

Instrument Corp., Switzerland). The amplified analogue sig-

nals were converted to digital signals by a multifunction I/O

device (5697, Data Acquisition System, Kistler Instrument

Corp., Switzerland). And the sampling ratewas set at 20 kHz in

this study, which was sufficient to capture the dynamic

characteristics of the cutting forces during the machining

experiments.
3. Results and discussion

3.1. Characterization of microstructure arrays

After the mirror surface machining, a mirror surface of the

AMedNiTi alloy can be obtained, as shown in Fig. 5(a). A three-

dimensional optical profiler with a sub-nanometer resolution

(Nexview™, Zygo Corp., USA) was applied to measure the

surface roughness and characterize the three-dimensional

surface topography of this mirror surface. From the measure-

ment result, the surface roughness (Ra) of themirror surface is

14 nm, as presented in Fig. 5(b), which demonstrates the good

machinability of the AMed NiTi alloy. It also preliminarily

demonstrates the effectiveness of the proposed UMM process

because it can achieve a lower surface roughness.
tup. (a) Overview and (b) detailed view.

https://doi.org/10.1016/j.jmrt.2023.05.214
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Table 1 e Machining parameters.

Mirror surface machining Microstructure array machining

Spindle speed
(RPM)

Feed
(mm/min)

Depth-of-cutting
(mm)

Spindle speed
(RPM)

Feed
(mm/min)

Depth-of-
cutting (mm)

60,000 300 Roughing machining: 0.03 60,000 300 0.01

Finishing machining: 0.01

j o u r n a l o f ma t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 5 : 5 5e6 7 59
Reasonablemachiningstrategycanenhance themachining

efficiency under the premise of ensuring machining quality

[30,31] and it also can decrease or even avoid tool wear [32].

Fig. 6 illustrates themachining strategy of theUMMprocess for

generatingmicrostructure arrays on AMedNiTi alloy surfaces.

Two types of microstructure arrays, named micro-groove

array and micro-pillar array, are machined to demonstrate

the feasibility of the proposed UMM process. To machine the

micro-groovearray, a flat endmill is selectedas themilling tool

to ensure that themicro-groove array has a rectangular profile.

The flat end mill moves along the feed direction with an axial

depth-of-cutting of 10 mm during machining. The cycle begins

until the cumulative depth-of-cut reaches the design height of

the micro-groove. Each cycle moves along the vertical direc-

tion of the feed, as shown in Fig. 6(a). Formachining themicro-

pillar array, the micro-groove array is firstly machined, and

then the workpiece rotates 90� in an anticlockwise direction

along the C-axis of the machine center. The next steps of the

flat end mill keep the same as the machining of micro-groove

arrays. Finally, a micro-pillar array is remained on the AMed

NiTi alloy surface, as depicted in Fig. 6(d).

After the machining experiments, all AMed NiTi alloy

samples were cleaned with an ultrasonic cleaner in ethanol

for 10 min to wash off residual chips. The topographies of

machined microstructure arrays were characterized by SEM.

Fig. 7 shows the SEM images of the side view and top view of

the micro-groove array and micro-pillar array. It can be seen

that each micro-groove or micro-pillar has the same

geometrical features (width, height, and geometrical form).
Fig. 5 e (a) Photograph and (b) surface roughness of an additive

machining.
To quantify the form accuracy of these microstructure ar-

rays, the measurements about the width and height of the

micro-groove and micro-pillar were taken three times to

ensure reliability. For the micro-groove array, each micro-

groove has the nearly same width (w) and height (h) in the

whole machined area. The average values of the measured w

and l of the micro-groove array are 198.1 mm and 378.3 mm.

Taking the design dimensions (200 mm and 380.0 mm) as

“true”, the machining errors of the micro-groove array in

terms of w and l are 0.95% and 0.45%. Similarly, the

machining errors of the micro-pillar array in terms of width

(w), length (l), and height (h) are 1.50%, 2.00%, and 1.05%,

which again shows the high machining accuracy of the

proposed UMM process in generating microstructure arrays

on AMed NiTi alloy surfaces.

3.2. Analysis of cutting forces

Cutting force is an important parameter in the machining

process [33]. The measurement of cutting forces during the

machining of microstructure arrays can help to monitor and

evaluate the proposed UMM process [34,35]. Fig. 8 quantita-

tively analyzes the cutting forces of one feed motion during

the machining of the micro-groove array on the AMed NiTi

alloy surface. Fx, Fy, and Fz denote the cutting forces in the

vertical direction of feed, feed direction, and depth-of-cutting

direction, as shown in Fig. 6. From Fig. 8(a), (b), and (c), the

average peak-to-valley values of Fx, Fy, and Fz can be obtained

and they are 1.01 N, 0.91 N, and 0.44 N, respectively. The
ly manufactured NiTi alloy sample after mirror surface

https://doi.org/10.1016/j.jmrt.2023.05.214
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Fig. 6 e Schematic of the ultraprecision micro-milling strategy of microstructure arrays.

Fig. 7 e SEM images of (a) the micro-groove array and (b) micro-pillar array.
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Fig. 8 e Measured cutting forces during the machining of the microstructure array on additively manufactured NiTi alloy

surfaces.
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average value of cutting forces in the vertical direction of feed

and feed direction is around two times larger than that of

cutting forces in the depth-of-cutting direction. It is because

more workpiecematerials are removed along the feed-related

motions during machining. Removing more workpiece mate-

rial needs larger cutting forces.

The resultant cutting forces (FR) can be calculated. And FR
is the square root of the sum of squares of the Fx, Fy, and Fz.

They are plotted in Fig. 8(d). It is clearly observed that the

maximum of resultant cutting forces is less than 1 N. The low

cutting forces demonstrate the proposed UMM process can be

applied in generating microstructure arrays on AMed NiTi

alloy surfaces. In addition, it also further demonstrates that

the AMed NiTi alloy has good machinability.

3.3. Observation of tool wear condition

In the ultraprecision machining field, tool wear easily occurs

since the diameter of the milling tool is relatively small,

generally less than 500 mm. So, the tool conditions after

machining need to be observed. Fig. 9 presents the SEM im-

ages of themilling tools thatwere used in this study. There is a

little material adhesion on the end flank face (along the end

cutting edge) after machining the mirror surface (about

11 min), machining the micro-groove array (about 51 min),

and machining the micro-pillar array (about 102 min), as

presented in Fig. 9(a), (b), and (c). But in comparison with the
new cutting tool shown in Fig. 9(d), no noticeable tool wear,

such as micro-chipping, crater wear, and flank wear [36], was

found by observing the rake face, cutting edge, and flank face.

Because the MQL technique was applied in this study, and the

high-pressure oil mist in the MQL technique can serve as the

lubrication and antifriction [37], which benefits to reduce tool

wear and increase tool life. It also indicates that the proposed

UMM process is very appropriate for generating microstruc-

ture arrays on AMed NiTi alloy surfaces.

3.4. Investigation of chip morphologies

Machining is a material failure process [38]. When the milling

tool increasingly enters into the workpiece, the workpiece

material will undergo plastic deformation and then chips will

be formed [39]. Therefore, apart from the study of cutting

forces and tool conditions, the investigation of the chip mor-

phologies is also needed, which will help to understand the

material removal mechanism for industrial-scale machining

of the AMed NiTi alloy. Chips were collected randomly for

each machining in this study and then were observed by the

SEM. The chips morphologies under different machining

conditions (rough machining of the mirror surface, finish

machining of the mirror surface, micro-groove array

machining, and micro-pillar array machining) are shown in

Fig. 10. First, the chip morphology in the roughing machining

of the mirror surface is considerably different from the

https://doi.org/10.1016/j.jmrt.2023.05.214
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Fig. 9 e SEM images of the milling tools after machining experiments. (a) milling tool after machining the mirror surface,

(b) milling tool after machining the micro-groove array, (c) milling tool after machining the micro-pillar array, and (d) new

milling tool.
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finishing machining of the mirror surface, the micro-groove

array machining, and the micro-pillar array machining. The

segmented chips in roughing machining of the mirror surface

were formed, as shown in Fig. 10(a), while the long ribbon-

shaped chips were formed in other machining, as presented

in Fig. 10(b)e(d). The huge crack in segmented chips indicates

the existence of a plastic fracture in rough machining of the

mirror surface [40]. The only difference in machining param-

eters was the depth-of-cutting. Therefore, the large depth-of-

cutting (30 mm) in roughmachining of themirror surface leads

to this phenomenon [41]. Second, the chip morphologies in

finishing machining of the mirror surface, micro-groove array

machining, and micro-pillar array machining look the same,
as shown in Fig. 10(b)e(d). The lamella structures were formed

on the free surface of long and continuous chips, which is

similar to most metallic materials. The fine lamella structures

further indicate good ductility and machinability of the AMed

NiTi alloy.

3.5. Surface wettability of microstructure arrays

Microstructure arrays often make the engineering material

possess surprising surface functions, which can be found in

our previous study [42,43]. Surface wettability is an indicator

to depict these surface functions, which can be quantitatively

evaluated using the contact angle between the droplet and

https://doi.org/10.1016/j.jmrt.2023.05.214
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Fig. 10 e SEM images of chipmorphologies under different machining conditions. (a) Roughmachining of themirror surface,

(b) finish machining of the mirror surface, (c) micro-groove array machining, and (d) micro-pillar array machining.
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material surface [44,45]. If the contact angle is lower than 90�,
this indicates that the material surface processes a hydro-

philicity property. If the contact angle is larger than 90�, this
indicates that thematerial surface processes a hydrophobicity

property [46,47]. Fig. 11 shows the experimental setup of

measuring contact angle in this study. A goniometer (model

100SB, Sindatek Instruments Co., Ltd., China) was applied to

measure the contact angle, which was composed of a homo-

geneous LED light source, a computer-controlled syringe
Fig. 11 e (a) Schematic and (b) photograph of the ex
pump, a sample stage, and a high-resolution camera. A

deionized water droplet was used to measure the contact

angle, and its volume (5 ml) was precisely controlled by the

computer-controlled syringe pump. The contact angle in a

steady state of the deionized water droplet in a room tem-

perature was calculated by a commercial software named

DropMeter. Each measurement was conducted five times and

the average value was recorded along with a standard devia-

tion to ensure reliability.
perimental setup of measuring contact angle.

https://doi.org/10.1016/j.jmrt.2023.05.214
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Fig. 12 e Different wetting states of the water droplets.
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Fig. 12 shows the wetting status of the water droplets on

different microstructure array surfaces. The 0� viewing

angle denotes the viewing direction (also measurement di-

rection) is parallel with the micro-groove array direction.

Similarly, the 90� viewing angle denotes the viewing direc-

tion is perpendicular to the micro-groove array direction.
Fig. 13 e Measured contact angles on dif
The static contact angles were measured along these two

directions to quantitatively analyze the surface wettability

of microstructure arrays, as shown in Fig. 13. It is confirmed

that the surface wettability has been obviously modified

using the UMM process. The contact angles of the mirror

surface at the 0� viewing angle and 90� viewing angle are
ferent microstructure array surfaces.

https://doi.org/10.1016/j.jmrt.2023.05.214
https://doi.org/10.1016/j.jmrt.2023.05.214
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76.18 ± 2.27� and 76.58 ± 2.38�. They keep almost the same.

However, the contact angles of the micro-groove array

surface show a noticeable difference at different viewing

angles. The contact angle at 0� viewing angle is 126.05 ±
9.39� while it at 90� viewing angle is 34.7 ± 5.74�. The micro-

groove array makes the AMed NiTi alloy sample anisotropy.

The water droplet on the micro-groove array rests with a

strip instead of a sphere due to its movement and spreading

along the micro-groove array [48,49]. The contact angle of

the micro-pillar array surface at the 0� viewing angle and

90� viewing angle also keeps the same, but the average

value of the contact angle is around 127.0�, which shows the

micro-pillar array surface possesses a hydrophobic property.

Compared with the mirror surface, the contact angle has

increased by 66.27%. It again demonstrates the surface

property of the AMed NiTi alloy can be modified by the

proposed UMM process, which can be applied to reduction

of condensate retention, self-cleaning, and anti-foul of the

AMed NiTi alloy in the future.
4. Conclusions

In this work, NiTi alloy samples were additively manufac-

tured by selective laser melting. The ultraprecision micro-

milling (UMM) process was proposed to generate the

microstructure arrays on the additively manufactured

(AMed) NiTi alloy surfaces. The corresponding microstruc-

ture array topographies, cutting forces, tool conditions, chip

morphologies, and surface wettability were comprehensively

studied. The main findings are summarized as follows.

(1) The microstructure arrays (micro-groove array and

micro-pillar array) were generated on the AMed NiTi

alloy surfaces by the proposed UMM process. In com-

parison with the design dimensions, the average

machining errors for themicro-groove array andmicro-

pillar array are 0.7% and 1.51%, which demonstrates the

highmachining accuracy of the proposed UMMprocess.

(2) The cutting forces, tool conditions, and chip mor-

phologies, as important indicators of machining fea-

tures, were quantitatively analyzed after machining

experiments. The lower cutting forces (the peak-to-

valley value is less than 1 N), no obvious tool wear,

and ribbon-shaped chips verify the feasibility of the

proposed UMM process for generating microstructure

arrays.

(3) The surface wettability of microstructure arrays was

exploredbymeasuringcontactangles.Theexperimental

results show that the droplet contact angle of themicro-

pillar array surface is increased by 66.27% compared to

the mirror surface. The original surface (hydrophilic

surface)isconvertedintothehydrophobicsurface,which

shows that the proposed UMM process has the ability to

tailor the surface property of the AMedNiTi alloy.

This study provides a facial and flexible ultraprecision

machining process for generating microstructure arrays on

additively manufactured NiTi alloy surfaces, which helps

establish a scientific and systematic understanding of the
machinability of additively manufactured materials. Besides,

this study also provides an environmentally friendly method,

using mechanical machining rather than chemical coatings,

for tailoring the surface wettability, which can expand the

application ranges of additively manufactured materials to

self-cleaning, anti-foul, and drag reduction in the future.
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