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Abstract: In this work, we presenta simple techniquefor green fabrication of slippery
liquid-infused surfac€SLIS) with antifriction propertyon various metallic substratesing
wire electrical dischage machining Micro-craterstrudureswere successfully obtainedand
the surfacénadexcellert liquid-repelent propertyafter modificationandinfusion ofsilicone
oil. A wide range of liguds including water, juice, coffee, tea, vinegabumin, glyceol, and
ketchupcould easilyslid down the surface tilted at an angle of 10°without leaving any trace
The influences of thaumberof cutting stepon themorphologyandwettability of the surface
were studiedcomprehensively Further the tribological propertiesof the surface were
andyzed andthe resuts shovedthat theSLIS hada decrease of 73.2% in friction coefficient
as compared to that of the smooth surf&8yestudying he morphologyf the worn surfacg

it is found that theSLIS had slight abrasive wear behaviofo demonstrge the precision
processing ability of this technologye fabricatedslipperysubmillimeter-scaleasymmetric
bump arrays and the experimentresuts showed that tre asymmetric bumparrays had
excellentwate harvestingability at low temperaturesThis kind of environmentfriendly
precision machining technologyill promote the practical applications ofetallic functional
materials

Keywords: green fabrication wire electical discharge machiningslippery liquid-infused

surfacetribological propertiesasymmetic bumparrays



1. Introduction

Inspiredby the lotusleaf, superhydrophola surface have a vay wide range of ptential
applications inindustrial produgbn and daily life, such asself-cleaning, arti-icing, and
corrosionresigance[1i 5]. However,dry friction occuis when the superhydrophobic surfaces
are incontact with solids, whicharrowsthe scope ofheir applicatior{6]. Different from the
gasliquid-solid threephase contactbetween the dropget and the substrate on the
superhydophobic surface, theslippery liquidinfused suface (SLIS) represented by
NepenthesT] can obtaina continuousand chemically homogeneous ligtliquid contactby
pouring various kinds of lubrants nto the micro nano structuréVhen the friction coug
contads, the liquid with verydw surface energy on tt&LIS transforms the dry friction into
oil lubrication friction, to avoid the direct contact of the friction paln addition the
microstructure on he SLIS can also store abrasive peles, whit can futher reduce the
surface wearTherefore,the SLIS can provide a antifriction guarantee for its practical
application inself-cleaning[8], arti-fouling [91 11], antticing [12i 15], corrosion rsistance
[161 18], drag reductiof19,20], andwater larvesting21,22].

So far, a greatnumberof methodshave been proposed for the fabricationSiflSs
Mannaet al. [23] proposedthe design ofSLIS using naneporousand chemically reactive
polymer multlayers Yong et al. [24] fabricateda kind of 3D porais network microstructure
on polyamide6 substrate by demtosecond las direct writing methodLuo et al. [25]
depositedZnO films onto Si substratevy rf magneton sputteringo preparethe SLIS, and
studed the doplet transportationon the surface wer acoustic waves Chen et al. [26]
preparel SLIS on glassandsilicon substratedyy deposiing a polyelectrolytemultilayer film

obtained by the layerby-layer asembly. Although the above methods se&rbe effective in
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fabricatingSLISs, they are onlyeffective for polymerssilicon andglass butquite powerless
for metallic substratesit is widely knownthat metallic materials are more widely used in
daily life. The effective fabrication of SLISs o metallic substratesfascinated many
researchersand diverse method$iave been proposed such asspraying method19.27],
chemical etchind28,29], electrochemicamethod[122230], and laserrradiation [31]. In
spraying methogdthe use of easily dispged organic solventsill cause harm to operatorsan
the environment, rad the combinationof coating andmetallic materials mainlyrelies on
mechanical bonding, resulting in low bonding strength and poor stabititytihe surface. In
the chemical etchig and electrocheroal processes a large number of vgée strong acid,
strong alkali or heawmetal salt solutions will be produceahichcancausegreat harm to the
environmentIn addition, chemical etching and elexthemical methods are not suitable fo
generatingarrays with largescale complex structes. Laser irradiation is anore improved
method toobtain largescale structure arrays on metallic surfacs. However, some dust
particleswill be produced in théaser irradiationprocesswhich will do some harm to human
body and environment herefore developng a greenmethod to satisfy industrial production
of slipperyliquid-infused metallic srfaceis in high demand

Wire electrical discharge machining (WEDM)ays a sigificant role in the precision
marufacturing field. During the processof WEDM, the discharge between the working
electrode and the tool electrode produces a plasma channel with high temperature, which
causes the matergato be melted and evapied Then, hese harmful meltedmaterialsare
flushedaway ly dielectric fluid which does not contia strong acid, alkali or heavy metal
Due toits greenand precision characteristicsWEDM has been widely used tabricae

microstructual surface with special wettabilig [321 37]. However, the falrication of
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antifriction slippery liquidinfused metallic surface ith submillimeter-scale asymmetric
bump arraydoy WEDM hasrarely beenreported.In this work, we have developed ssimple
techniqueo fabricateSLIS with antifriction property ornvarious metallic substratessingthe
WEDM process.The influences of theaumberof cutting stepson the morphology and
wettability of the surfacewere thoroughly investigatedby experiments.In addition, the
tribological propertiesof the fabricated surface were studiedoy micro-friction and -wear
tester, and it was proven thiwe SLIS had low friction coefficientandslight abrasive wear
behavior comparedwith smooth surface Of special interest is the fact thatippery
submillimeter-scale asymmetricbump arrays fabricated by our method showedexcellent
water harvestingperformanceat low temperaturgswhich are expecte to have promising
applicationprospectsn harshenvironments.

2. Experiment

2.1 Materials.

Aluminum alloy (7075),itanium alloy (T@), stainless el (304) and brass (H8) were
purchased from Shanghai JingMetal Material Co., Ltd.Ethanol and glycerol were
purchased from Beijing Chemical FactoryH,1H,2H,2H-perfluorodecyltriethoxysilane
(PFDTES) used to lower surfze energywas prchased from Beipng JHYB Pharmaceutical
Technology Co., LtdAcetore was puchased from Tigm Xintong Fine ChemidaCo., Ltd.
Juice, coffee, tea, vinegar, eggand ketchupwere purchased frona local supermarket.
Silicone oil used as #infused lubricat was purchasedrom Xilong ChemicalCo., Ltd.
Meilan, congo red, and sud& used as the dyeing agent were purchased from Sinopharm
Group Chemical Reagent Co., Ltd.

2.2 Fabrication of SLB.



The microstructureaequred by SLIS was procesd by a commerally availableWEDM.
In this process, the electrical processingrgmeers are shown in Table 1The offsets of
adjacent cuing were 60em, 10em, and 2em, respectivelyMolybdenum wire (12@m in
diameter) was laded as an electrode, draqueous solution of emulsion was usecetthance
the quality of processing. Prior FDTESmodification the microstructured surfaces were
cleaned withacetone an@thanol and dried naturgllithen immersed in a sdian consistiig
of PFDTESand ethanoto lower surface energy for 2 h. To achieve slippery property, the
asobtained surfaces wemgjectedwith silicore oil (aboutl 0 ¢ %), /ardsubsequely the
injectedsurfaces remained tiltemt 30° for a periodto ensure that excess silicone oil flowed
away fromthe surfacesThe entire process on the-inspired fabricatiorof SLISis shown in
Fig. 1, and he picture in the pper right in step 3 is Nenthes.

Table 1 Electrical pr@essing parameters

Wire speed Peakcurrent Pulse width Pulse interval
Order \oltage (V)
(m/s) (A) (e9) (e9)
1stcut step 11.6 19.2 24 96 100
2nd cut step 3.9 9.6 6 24 100
3¢ cut step 3.9 5.12 04 6 80
4™ cut step 3.9 3.2 0.25 2.5 80
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Fig. 1 Sclrematc diagram of the fabricatioprocess of the SEI
2.3 Characterizations.

The mophology of themetallicsurfacesvas examined by scanning electron microscope
(SEM, FEI Quanta 250) and confocaséa scanning microscope (CLSMEBSLSM 700).
The roughnes (Ra) of the surface was measuredising roughness profile measuring
instrument MarSurf LD 120). The chemical coposition of the surfaces was analyzed by
energydispersive Xray spectroscopy (EDXSX-max). The wettability of the surfaces was
obtainedandanalyzed using a homemade contact angle meterQQ0J The opticaimages
of the droplet on the surfaces weobtainedby digital camera (EOS M3).

2.4 Tribological tests.

The tribological perfanance of the surfaces was tested usingaio-friction and-wear
tester(RETC, MFT-3000. The experimental temperature Wi 20°C, the amlpent elative
humidity was 4%50%, the load wa®.4 N, the sliding speed w&s4 mm/s, and the sliding
time was 30 nm. In the testa SUS440C steel balith the dianeter 0f3.969mmwas used as
a mating part which wascomposed ofL..10% C, 1.00% Mn, 0.03% P, 0.08% Mo, 0.01% S,

17.%% Cr, 0.60% Ni, 0.50% Cu, 1.00% Si and Fe balance The reciproating stroke of ta



steelball on the surfaces was 2 mm.
2.5Water Harvesting Test.

A humidifier (KZ-HUO0O01) was used to provide a fog source for thg ¢ollection test
(fog flow output: 0.45 L/h)Thefogpow wi t h a v el lswasdgeneratediythe 6 1 3 1
humidifier, and te diameter of the droplets produced by the humidifier wahénrange of
5i 15 mThe water harvesting experiment was perforimea room temperaturef 18 20C
and arelative humidiy of 23 +2.5%, and a refrigeration devicgas used to cddhe sarples
controlled at-2i 1€ . The distance between themidifier and the samplevas about 13 cm,
andthes a mp | e waheholer at d 45Finclination angleMeasurements of the water
harvesting were recordetreetimes to average to ensure thereotness of theesults.
3. Results and discussion
3.1 Morphologyand chemical composition

In the process of WEDM, when the pulse voltage is applied between the sample and the
electrode wirethe generated current will break down the working medium to &orralectric
circuit, which @uses a discharge between the electrode wire and the sample, resulting in high
temperature spark. Subsequently, the spark triggers the explosion and thermabexpans
the surface of the sample, which takes away the moltéeriaaand 6rms the microstrcture
[32]. Before the fabricationof microstructue, the formaion processof microstructue was
numericaly simulaed by COMSOL multi-physicsmodeling software The coupling model
of thermal field and flow field of material removal process under single pulse in VME&M
establishedased ora single discharge point on the electrode wires necessary to make an
assumption for the calculation of discharge ctenmadiusRy(t). According to Kojima [38],

the discharge channel will expand rapidly within 2 s and then remain stable. Therefore, it is
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assumed tha®y(t) changes in a linear trend during the expansion time, which is expressed as
follows:
& t ..
(t):‘:RS-'-(Rnax -I%)EO O t¢2£ST—
t R 2es¢t dt

Re )

whereRs is the initial radius of plasma channBhaxis the radius when the plasma channel
reaches equilibriummandton is the duration of single pulse discharge
The distribuion of heat flux density q(r,t) in twdimensional space is expressed as:

q(r,t)zsm L@(t) |p@) é(pzs 3L @

PR(Y) R.(Y

The simulation model established in this work is a-timensional model, which is

divided into two parts: the dielectric regiontbe discharge gap (size: 10180 yn) and the
matrix material region before discharge €si20 x 100 um). The heat flux with Gaussian
distribution is applied to the center of the surface of the base mat@ndlboundary
conditions for thenodelare maked inFig. 2a

The governing equations of numerical calculation model of the thermal field and flow

field are established as follows:

regiruomd {89 Q. ®
c b2
r%+ Au OB =£EPD -(mu+ uT})8+@ E £ 4

PO G ©)
where} is the material densityC, represents specific heat capacitys the temperature is
the time k is the thermal conductivitiessis theheat lossu represents the fluid \&city, P is
the flow field pressurel is the identity matrixg is the lydrodynamic viscosityb is the

coefficient of thermal expansipandFs;: represents the surface tensi@ecause these three
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equations contain the same variables, the thermal field and flow field are coupled together.
In addition to the electrical parames shown in Table 1, we also definecheot
simulation parameters, includingetdischarg duration 4, (10 ps), discharge stop time toff
(10 ps), initial discharge radiu®s (0.1 pm) and the anode energy distribution coefficignt
(16.7%)[39]. The anodematerial in the model was set as 7075 Al, and its thermophysical

properties are shown in Table 2

Table 2 Thermophysical properties of 7075Al and interstitial medid@h.

Parameter Interstitial medium  Anode material
(7075Al)
Density(Solid/liquid/gasphase)(kg m?) -/1000/- 281025001.3
Thermal conductivitySolid/liquid/gasphaseW miK1) -/0.59+ 176/85/0.2
Specific heat capacitiBolid/liquid/gasphase)J kg*K1) -14200+ 860.41130-
Dynamicviscosity(Liquid/gasphase)Pas) 298 10° 0.005/0.0011
Latent heat of meltin¢) kg?) - 3.98x10°
Latent heat of evaporatidd kg?) - 1.0§ 10’
Melting point(K) - 901
Boiling point(K) - 2467
Coefficient of thermaéxpansion(K-1) - 2.34 10°

Fig. 2b and 2c shows the temperature distrinutand velocity distribution of
gasification material during the WEDM process with the different cut steps. For the

simulation results of thesticut step, the temperature increases gradualfieiuthe action of
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heat conduction with the inease of time. fie melting region can be better observed by
extracting the melting point isotherm (901K) of the material at the end of pulse. At the same
time, more heat is transmitted to the matrix, resultimghase transformatioj#1,44. The

melted material isn the nolten pool, and the gasified material quickly escapes from the
substrate surface at a certain speed. This effect is more obvious with the action time of the
pulse. The simulation results of th& 4utting process show a similar phenomenon. The
differenceis tha the size of the crater structure became smaller, the heat affected zone formed

was reduced, and the movement speed of the gasified material was also slightly reduced.

1
(a) Boundaries 1-3, 2-6: A . 2
Temperature boundary (293.15K) Discharge gap
Slip wall boundary 4 A 5
3 6
Boundaries 3-4, 5-6: Boundary 4-5:

Thermal convection boundary Free boundary of heat
free boundary kdT/éz=h(Tex-T) conduction q(r,t)

Boundaries 3-7, 6-8, 7-8:
Thermal insulation -n-q=0
Fixed wall boundary u=0

Matrix material

1st cut step
19.2A, 100V B
va: T 1O A 3.06x10° K
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Fig. 2 Numericalsimulationof the microstructurdabricatedoy WEDM. (a) Schenatic of the

simulationmodel (b) and €) Simulatedresultsto showthe temperature distributicand
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velocity distributionduring the WEDM process with tH&' and4™ cut stes.

To study the effestof the numberof cutting stepson the merostructuremorphology by
experiment we fabricatedfour different typesof microstructureddluminum alloysurfaces by
WEDM from 15t to 4" cut step Fig. 3 showsthe SEM imagesCLSM imagesand surfae
roughness cungeof the different sufaces. In the 1% cut step the largestelectrical discharge
energy wasused resulting in thelargest size of the crater structyciameter 501 80 € m
depth 15 25¢ mandhighestroughnesfRaof 522+ 030 m (. F)i The purpose of the
1t cut step was rough machining,which cut a profile in acordarce with the simple
programming of wire path. In th2"® and 3¢ cut steps, the applied energias gradually
reduced in such a way thalhe sizeof the crater bemne smaller, andhe roughnessRa
decreased fror2.02+ 0.13 ¢ nto 1.01 + 0.03 em (Fig. 3b ard ¢). The 2" and ¥ cut stes
were semifinishing aimingto modify the workpiece size by reambly settig the offset.In
the 4" cut step the smallestenergy wasapplied obtaining the smallest size of the crater
(diameter 51 15 ¢ mdepth 114 ¢ m and lowestroughnessRa (0.78 £ 0.04 ¢ M on the
microstructuredsurface(Fig. 3d). Therefore,the esultsindicated that the surface bmme
highly smooth after the foucutting steps.In addition,it can be found that theimulation
results(Fig. 2b and c) on the diameterof the crater structuref the surface fabricated by
WEDM with the F'and 4" cut stepswere basically consistenwith the experimental results
(Fig. 3a andl), but the depthwas differentfor the surfacdabricated by WEDM with thes1
cut step The possible reson is that in the actugrocess, multiple pulses may overlap when
actig on the material, resulting in the difference between the size afr#iter structure

obtained by thexperimental resultand the simulation results.
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Ra: 5.22 + 0.30 ym

Ra:2.02 £ 0.13 pm

Fig. 3 SEM imagesCLSM imagesand surface roughse curves othe aluminum dby
surfacedabricatedoy WEDM with the (a) ! cut step (b) 2" cut step (c) 3" cut step and (d)
4™ cutstep
In orde to obain stableslipperypropery, low surface energy maials need to be used
to redue the surface energy dficrostructued sufaces The variationan chemistryof the
fabricatd duminum alloysurfacebefore andafter PFDTESmodificationwere investigated
using EDXS. Fig4a shove the EDXS resultof the surface fabricaed with the 4™ cut step
The resit showed thatelementsC and O were well distbuted on thesurface After further

PFDTESmodification, the element F wadservedn thefabricaed surfae (Fig. 4b).
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Fig. 4 EDXS results of théabricatedsurfaces after th&/EDM processwith the 4" cutstep

(a) Microstructued surface(b) Microstructued surfaceafter PFDTES modification
3.2 Wettability

To achievean improvel wate-repellent surface silicone oil usal in the experimenivere
selected as a model oil phase. Infusion of sikcoih into microstructured aluminum alloy
fabricated byWEDM with the 4" cut stepyielded stableSLIS with a water contact angle of
116.2+ 1.8 thatallowed dropét @ L ) of wate to slide off unimpedely (Fig. 5a), andthe
dropletwasobserved to slide down therface (tilted at5°) attherates of 0.29+ 0.02mms™.
We have furtheshowed the sliding behaviorof a water dropleton thesilicone oil-injected
smath suface. As shown in Fig5b, the contact angle on ttelicone oitinjected smooth
surfacewas 938 + 2.17 and when the surfacwas turned 90 and 1807 the water droplet
adheré to the surfaceAccording to thetheory of the SLISafter the siliconeoil penetratd
and wet the microstructuréop of step 3 irFig. 1), the resultingsilicone oil film preverdd
the droplet from directly contactithe surface, resulting the formation of slippery property
(bottom of step 3 irFig. 1). Therefore, the doplet dropped on the silicemil-infusedsurface
could perform scroll when the srface was inclined at a certain angl€ig. 5¢c shows the

time-sequence images of water, juice, coffee, tea, vinegaymin,glycerol, and ketchupro
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the SLIS. These imagesveaédthat the liquid droplets readily slid down the surface tilted at

an amle of 10° without leaving any trace, showing excellent ligugghdlent property.

(a)

116.2 + 1.8° Water

(b) Flip 90°

93.8+2.1°

(c)  Water

Vmegar

Fig. 5 Wettability of water droplet on diffen¢ aluminum alloysurfaces(a) and(b) Contact
angle and sliding behaviof SLIS andsmoothsurface (c) Images showingarious liquids

sliding down theabricatedsurface

The change of witability on the duminum alloy surfaces fabricated with thelifferert
nunmbers of cut stepwas studed as sbwn inFigure6. With increasinghe number of custep
the water contdacangle on the surfaceidd not chage significantlyand kept ina range
between116.3°and118.3; while the watercontact angléystereis gradually decreasa from

5.8+ 1.3 to 1.8 + 0.4° (Fig. 6a). As shown inFig. 6b, it can be found thahe watersliding

15



angle on the surfaca@sogradually decreasefrom 7.7 + 0.8° to 3.1+ 1.1° asthe number of

cut step increasd. It is consideredhat an increase inthe number of custep cause the

surfaceto bemme smoothkr, and theresults for theroughnessRa of different samplesre

shown in kg. 3. When the liquid slidon a smoothesurface, the resistandbat he liquid

receivel be@me smaller,resulting in thedecreaseof the diding amgle. Moreover, we

compard the sliding angleresults with otherSLIS on metdlic substratesin reported

referencegTable3). By comparison, it cabe concluded thahesliding angleobtained in our

work is close to or even better than that of othétswever the green and precision

characteristicor the WEDM techniqueare much better that canpromote the practical

applicationsof SLIS.
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Table 3 Comparison with theliding angleof SLIS in reported references

Technique Material Morphology Sliding angle Refs.
Femtoseconthser processing  Stainless steel Cauliflower-like structure 2° [43
Nanoseconthser processing Carbon steel  Stacked micro/nanstructures 2.5 [44]
Electrochemicagtching Zinc Needlelike andflake 10° [49
nanostructures

Electrothemicaldeposition Titanium Dendritic structure 8° [46]
Hydrothermaimethod AZ31 Mg alloy Nanosheets 7.9 [47]
Anodic oxidation Aluminum alloy Nanoporous structure 5° [48]
Electrochemicagtching and Aluminum Micron-sized steppestructure <5 [22]
oxidation ard nanesizedholes
Electrochemicatieposition Cu/Zn alloy Needlelike structure 11.3 [49

andanodizing

Our work Aluminum alloy Crater structure 3.1+1.1° -

3.3 Tribological behavios

3.3.1 Friction results

During the electrical maching processa crater structure was formed on the sodeof
the wakpiece méernal. The presencefeuch a cater structure can reduce the actual contact
area between thavo sidesof thegrinding anddetermie thefriction coefficient of the surface.
In addition, the lubrcating effectexerted by théubricant affecs the friction behavior of the

surface. Therdore, we analyzed the friction behavior dffferent duminum alloy surfaces

17



(smooth surfacesilicone oitinjectad smooth surfacemicrostructued surface and SLIS).
Unless otherwise specifiethicrostructued suface and SLIS referto the suréces fabricated
by WEDM with the 4" cut step(Fig. 39).

Fig. 7a showsthe friction coefficientcurves of smaoth surfae, silicone oilinjected
smooth surfae, microstructued surface,and SLIS. The friction coeffidents of the two
smooth surfees (smooh surface, silicone oikinjected smooth surfagewere significantly
higher than those ahicrostrictured sufaceand SLIS, demonstratinghat the micostructues
of the surfacs play an important role in reducing the dbeient of friction. The silicone
oil-injectad smooth surfee and SLIS had a lower coefficient of friction than the
corresponding steices without the injection of silicone oil (Smooth andmicrostructued
surface), indicating that thenjected silicone oil film aed as a fricion reducer.Fig. 7b
shows the friction coefficient change after 15 friction cyclémch cyclewas 10s). As the
sliding time increased0(140 s), the friction coefficiets of the smooth surfacekept
increasing However, themicrostructued surfaceand SLIS had a slope for therst 8 s. Then
both of the friction coefficientswere in their stable stagesdicating that they exhibited
significant differencesvith the smodt surface The averag friction ccefficient for different
surfa@s was comparedas shown inFig. 7c. The smooth srface had thenighest friction
coefficient of 0.428 0.02, while the SLIS fabricaed byWEDM with the 4" cut stephad tfe
lowest friction coefficient of 0.115+ 0.01, reducd by 73.2% compared with th@mooth
surfacelt is worth notng that compared wih thesurface from 2" to 4" cut step the friction
coefficient of theSLIS after 1% cut stepwas the largesiThis is because the rghness of tle
SLIS after 1% cut stepis too krge,so that the shearing effect between the stakland the

microstucture is sigificantly enhaned, resultingn an increased friction ofthe steel ball
18



being slid on the surfacdén addition,a comparison bthe friction ccefficient of the SLIS

developedin our work with that of otherreportedoil-infused materiat has been made in

Table4.
(a) — Smooth surface (b)
—— Silicone oil-injected smooth surface Smooth surface
0.6 Microstructured surface 0.54 — Silicone oil-injected smooth surface
———SLIS Microstructured surface
S 0.5 .g 0.4 —— SLIS
9o O
5 0.4 £
8 8 0.3
S 03+ S
2 2 02
L. 0.2 C
0.0 r . . . ; 0.0 . ; . . .
0 200 400 600 800 1000 0 30 60 90 120 150
Sliding time (s) Sliding time (s)
©) 4.

I Smooth surface
© | Silicone oil-injected smooth surface
0.4 Microstructured surface

I sLis
0.3 1

0.2 -

2" cut

4" cut 3" cut

0.1 4

Average friction coefficient

0.0-

Sample
Fig. 7 (a) Friction coefficiert curve of smodh surfacesilicone oil-injected smoth surce
microstructued surfae, andSLIS. (b) Friction coefficient change aftek5 friction cycles ()

Average frictioncoeficient of aluminum alby surface under different contions
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Table 4 Comparison with the@reviously reporteail-infused material$or friction coefficient

Technique Material Morphology Infusion Friction  Refs.

coefficient
Electrodeposited Ni-Co coating including Pinholesand Silicone oil 0.17 [50]
method mesoporous silica nanoparticles

nanoparticles

Shot peeningnd Aluminum alloy Micro-dimples and Krytox 0.2 [5]]
anodization nanepores GPL 100

Nanosecond laser Carbon steel Stacked micro/nano Krytox 0.13 [52]
processing microstructure GPL105

Slip casting process U #\l,03 Mesoporoustructure Fomblinoil 0.12 [53
Our work Aluminum alloy Crater structure Silicone oll 0.115 -

3.3.2 Morphology investigations of worsurfaces

The mophology of the worn auminum alloy surface was studied by scanningeetron
microsopy and confocal laser scaimg microscopyFig. 8 indicatesthe SEM and CLSM
images of the wear scaron smooh surface, silicone oitinjected smooth surface,
microstructued surface,and SLIS. It is observed inFig. 8a that the smooth surfacénad
obvious furow structure and dermation, and weadebris were observedon the wear scar.
The foom of wear was mainlhadhesive wear, anihe abrasive wearwas also obseed The
smooth suréce hadin obviouswear scawith thewidth and depth of about 1&3mand 7.85
€ mrespectivelyAs shown in Fig8b, although tle wear scar width of silicone ditjected

smooth stface was about 1785 mthe wear sar was slight, onlghowedshallow scatches
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(abaut 2.41¢ i theadhesion and scratching were obviougleviatedand furrow structure
wasnot found Micrographof thewear scar on thmicrostructued surfaceis shown inFig. 8c.
The wear scapn thesurfacewasrelatively slight only hadshallonv scrdaches, anaho obvious
furrow phenomenonvas detectedThe reasonis that the microstructures dhe surfacecan
capturethe wear debris generated during the friction process;hnsignificanty improved
the wear problemThe microstuctured surfaceshad he wea sar with awidth of about 110
e mFor the SLIS thewear scawasalsorelatively slightwith only shallow scratchesandthe
width of thewear scawas reducedo abait 88 m(Fig. 8d). It is further explained that the

lubricating property of theiliconeoil exhibitasignificantwea resistance

Fig. 8 SEM and CLSM images othe wear scar ofa) smooth surfacgb) silicone

oil-injected smoth surfacg(c) microstructuedsurfaceand(d) SLIS.
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3.3.3 Mechanismanalysis

It has been reported that micnesttures carsignificantly affect the friction and wear
properties of materiall4,55]. Since a large number aficrostructures are disbuted on the
surface of the material, the microscopic wear mechanism ofntheerial needs to be
established when alyazing the war pioperties of the material from the microscopic scale.
The frictional force can be desceld by he quantitative parametefriction coefficient €).
According to the theory proposed by Bowden andof@b6], the friction can be decomposed

into two parts

AL+ A

e=F/W=¢g,+¢_ =
MW=eare =y ©

whereF is the frictional force,W is the normal lod, €a is the bonding ten (depenthg
mainly on he actual contact area, lubrication conditions aradidn pair materials, etc.g, is
the pbwing term @lependhg mainly on the degree of elastic deformatiob)js the shearing
strength of the materialnd A and A, are theactual contact area and thaeformation area
between the dual friction materiatespectively.

According to thedrmula @), underthe condtion tha the normal load is constant, the
friction force is proportional to the actual contact area and the shestrieggth. The
unprocessedurfaceis smooth andhas a lege contact area witthe steeball, which resultin
a largefriction leadng to a high friction coefficient. The microstructued surface however
has a micrescale crater structurehelping reduceits actual contact area with the
stainlesssteel ball significantly, which efectively reduceghe adhesion anttiction of the
material. Furthermae, the crater structuren the surface carcapturewear debris, which

reduces the contact between the wedabris and the matrix during the frimti process,
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thereby reducing the abrasi wear[57,58], as shown in Fig9a. To provide thisevidencewe
chaacterized the worn surface usifgEM (Fig. 9b). The result showshat the weardebris
were stored inthe smaller microstructurdt is worth noting thatbefore the surfaces

charaterized bySEM, the silicone oil on the suda need to be removal by ultrasonic
cleanng to reduce the pollution to the scanning electron microscope equipitesrebre

wea debris in largecrater structure W be cleaned oudue to loosening in thergcess of
ultrasonic vibration, while in smlatrater strgture, wear debis is tightly bondedmaking it
difficult to be cleaned out by ultrasounBlig. 9c and d shows the EDX% spectraof the
wearfree areqmap 1) and the weatebris (map 2) in the cratstructure It was seerthat
therewerenot only the orignal elenents bt also thenew elements Sh themap?2, and the
conents of Fe, C an@® increasd. These esultsindicate that the weatebriswere captured
by the crater microstructures during thietion process, whichesults in searatian between
the debris ad the matrix ensuring that thdriction and wearof the material surfacare

redwed

Fig. 9 (a) Model of microstructure capturing wedebris (b) SEM image of wear debris in
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