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Abstract

Navel engineering

faces with enbanced frctional prapertics hve decn Gbricated by replicaing two types of biolog

1 surfaces with

different morphiologis (... ot eal i boa’s skin). The surfaee textares swere replicated on an acctate G, on which 3 nanoerystalline (NC) Ni

filn witlh 2 grain e of 301 i was electrudeposied to produce sel -sustaming, haed seplicas (., H=4.42£0.14 GPa) of the

rextures, The

NC N replica of the lotws el comspared 0.4 lat NC Ni sunface, eatured icraseale protuberances on s surfice that prompiced 3 30% lower peak

coefficient of fiction (COK) due ta a swallr real area of contact, Replicating the snake skin provided an NC N

propertics due to the usyn
2008 Flsevier V. All ights reserved.
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1. Introduction

Many

d for the

cctors of industry display o

development of new methods for controlling frictional forces at
submicron and nunometre scales. Reducing andior controlling
fiiction between moving parts in traditional indusrics, like
automotive manuficturing. helps conserve enerey and lower

environmental pollutions. On the other hand, when the surfuce-
to-volume ratio is large and applied loads ae exiremely suall,
the application of convertional lubrication techniques is not
always effective in controlling the friction [1,2]. For example,

e frictional propertics of the moving components of micro-
electro-mechanical sysiems (MEMS) are dominantly controlled
by their surface texture and surface chemisiry 11 In recent
years, several to

hniques have been develaped 1o reduce
frictional forces by topographically structuring contact surfac

Tor instance, soft lithography techniques have been used 1o

* Comespording author.
B il b sy e

» with anisomopic frictional

tic shape of the prasrusions at the ridges of the skin's scales.

reduce friction by decreasing the real arca of contact [3-5], and
Iaser texturing has bocn cmployed to create microgrooves and
microdimpls that act s lubricant tescrvoins (6-3].

The natural world offers multiple examples of surfaces that
e optimized 1o contol ficton through o combination of
Suface texture, orentation and fexibility (9] Various kinds of
barbs and hooks found in biologicalsystems 19, Ui attachment
pads of the ericket [9], the ripping fec of the gecko [10,11],
and th texturod snake skin [12) suggest that ature has adapied
the most effective ways of controlling ricton. Hence, cnhan-
cing fitional propertics by fabriatig: cngincering surfuces
ihat i biotextures will prove a promising technological

wend in the fture

This manuscript. d
weplication technique that allows speeific biotextures t be
fabricated in the form of selfsustaining metallic ilms. For this
purpose, two different biotextures, lotus leaf and boa's skin,
were replicated to ereate metallc Surface features that reduce
and conirol fiictional forces. One important uspect of the
method presented here is that the meallic replicas wore made of
nanocrystalline (NC) Ni with a high hardness, a propercy that
O e R ) Y

s the development of a simple

N

{
|
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2. Experimental procedures

Fig. 1 illustrates the main steps involved in the techni
developed to fabricate hard NC Ni replicas of biotextures, ¢.¢.
surface textures of lotus leaf and boa’s skin. In the first step, the
surface texture of the selected biological sample was replicated
ona cellulose acetate film to obtain a negative impression of the
exture (Fig. 1a). In the next step, a thin layer of gold with
hickness of 9030 nm was sputtered on the acetatc film o
provide a conductive surfice (Fig. 1b). The acetate film was
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e o he baoogeal smple s i
licated o an aceae il to S 3 acgatve presson

b e
(61 At Iayer of gold s st on the toxirc acetate Fien 0 pros i
conduetive surfce. (€1 A metallc er, e NC N1 clectrdeposicd o he
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then placed in an electrolytic cell to deposit an NC Ni layer on
top of this film (Fig. 1c). The clectrodeposition parameters arc
tisted in Table 1. The electrolyte was composed of 300 g/
NSOy, 45.0 g/l NiCly, 45.0 g/l HBOs, 5.00 g/l saccharin and
0.25 /I SNAP. Atlast, the acetate film was dissolved in acctone
to obtain a Self-sustaining NC Ni film with a surface texture
similar to the original biotexture (Fig. 1d).

AnNCNi film was also deposited or:a lat Cu foil using similar
cloctrodeposition chemistry and parameers to compare frictions!
propertcs. The Cusubstrate was dissolved ina solutior containing
0 ¢/ CrOy and 15.0 mil sulphuric acid to obtain a flat NC Ni
m with a thickness of 77:+4 jum and a foughness of 1142 nm,
The surface textures of the samples were studicd using
scanning,clectron microscope (SEM), an optical interferometic
surface profilometcr and an optical digital microscope, A trans
mission eloctron microscope (TEM) was employed 1o siudy the
microstructure of the NC Ni flms. The average grain size of the

films was measured using the conventional inear intercept
method on several TEM micrographs. The Vickers microhard-
aess of the NC Ni films was determined as the average of fen
measurements using a load of 0.25 N.

The coefficients of frction (COFs) of the NC Ni replica of
the Totus leaf and the flat NC Ni film were measured using i pin-
on-dise fribometer operating under a Joad of 1.0 N at a sliding
speed of .01 ms. An alumina (A1,0;) ball with a diameter of
3.18 mm and a hardness of 18.642039 GPa was fived at the
end of a pin and used as the counterface.

To measure the COFs of the NC Nireplica of the boa's skin, an
instrumented microscratch tester with a Rockwelltype diamond
indenter tip was used. The tests were conducted under a normal
load of 0.5 N at a sliding speed of 4.0 pmis. All the friction fest

conducted in ambient i with 35% relative humidity.

3. Results and discussion

3.1 Nanocrystalline Ni replica of the lotus leaf! reducing friction

The surface texture of the fotus feaf consists of microscopic
protuberances covered by » needle-like manostructure with a
waxy surface composition. This mulilevel surface roughness i
Known as the sonree of the lows leaf’s superhydrophobic
property [13-15], However, this property was not of itcrest n
dhis study. Instead, interest fell on investigating whether the
eduction i real arca of contact produced as a result of surface
pronuberances might reduce the COF. Fig

shows an SEM
caph of the surface fexture of e ived otus leaf. A
negative impression of the lous leaf’s surface fexture on e
acerare film is scen in Fig. 2b. Fig. 2c displays an SEM mic
sogrph of the positive replica of the lotus leaf’s. texture

e 1
Nanocrystline Ni eleteodspsiton parmeters

Curmen ype e
Current density 005 Alems
Anode type Pltinus
ooyt it 5
iyt enperatire sec
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microgeaphofthe srface e

0 A b feld TEM g of the N N film

cetrodepositing NC Ni on the gold-sputtered
igh magnification details of this replica arc scen
o, an optical 3-D prafile of the textured surface is
2. 2¢. The surface of the textured NC Ni consisted
tberances with a base radius 0 5.0+ 1.0 jum anda
0.5 i, The protuberances were 10.0+2.0
ad a plasa density o410 " jum . The contact
 droplets on the textured NC Ni surface was
)1°, indicating that this replica did not have
bic propertics similar (o the lotus feaf.

af e s kot (51 A SEM microgesphof the negative
Fihe NC Nl of e s ket [0): A bigh magficasion S

28 (2008) 13401336

prcsion o e leaPstestars on sctate il (c): A
1 ofhe exture shown n () (e) At optical 3-D profie fthe NC Ni

Fi 27 shows a brightfield TEM image of the NC Ni films
Theaverage grain size of the fims was measured as 3044 nm, and
heir Vickers microhardness was determined as 4.42+0.14 GPa,

Fig. 3a displays the contact surface morphology of the NC Ni
replica of the lotws leaf afier 200 sliding cycles. During the
fiiction tests, the counterface deformed and flatencd the pro-
tuberance tips producing needie-like wear debris with a length
of 1042 wm and @ width of 0.65£0.05 um (ic. aspect
ratio=+15). The high magnification micrograph presented in
Fig. 3b shows that the shear strain applied to cach protuberance

H
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aceumulate al the hack of the prot

v formed as a result of maerial dets
dinal wear prooves seen in Fig, 3b.

08 [ o

Fi, 5. Anopticl microzraph af the o surface o th flat NC Ni o
Siding eycles. Armows shor tibolagers.

COF vs. sliding cycle curves for the textured and the f
Ni films are compared in Fig, 4. Initally, the COF of the {
Ni surface was 0.30+0.02, but it increased rapidly and r
2 peak of 0.54::0.05 at 60 sliding cycles. Then, it sta
decrease gradually until it approached a value of 0.41 4
200 cycles. The COF curve of the textured NC Ni, ho
started from a lower value 010.20+0.02, and then increas
peak value of only 0.38:40.02 (i.¢., 30% lower than th
COF of the flat film) a1 70 cycles. Tt decreased slighil
passing this maximum and reached 0.3310.03 at 200
The COFs of both samples increased initially due
tendeney o the teal area of contact to increase [16]. This
be expressed as the initial conformation of the NC Ni's st
o the ball’s contact surface [17). Since the sliding test
performed in air, formation of oxidized tribolayers
contact surface of the flat NC Ni film reduced the COF
sumple afier the peak 18], producing a pronounced peak
Fig. 5 shows the tribolayers formed afier 200 sliding cyc
In the case of the textured N

er, oxidized tribolayers could not form on the ¢
surface because the wear debris could be transferred
spaces between the contact poinis, e, protuberances (Fi
As @ result, this sample’s COF did not decrease signif
after the py in a less pronounced peak COF
The most important obscrvation arising, from the cxa
tion of the COF curves is that the COF of the textured
surfice remained significantly lower than that of the flt
throughout the friction test. Similar experimental observ
have been reported for polymeric surfaces with similar s
textures [3.4]. Considering Tabor's analysis [16], the fric
force betwosn usliding counerbice and s soft mutesis! oo

resuitin
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hear strength of the soft miverial. A4 i the real
- is the bardness of the soft marerial and A is

nal area of the counterfzce’s indentation onto the

r o hard material under sufficiently low contact
oscopic indentation of the counterface onto the
demtation-ind:iced deformation) s insignificant,
n oceurs only at microscopic scale, i

S itis
ssperity tips. Under these conditions, the cross-
S Th Tbdentation TAD tan e Eomat Aot ik

valeat 10 the total asperity contact area, i.c., the real arca of
contact (4°™). For the present configuration (an alumina ball
sliding on a hard NC Ni surfice) the wear mechanism precludes
macroscopic indentation-induced deformation of the sample’s
surfuce by the counterfuce, as previously shown by the authors
[18]. Therefore, i can be assumed that 4" i of the same order as
4! Thos, the frictional force can be approximated as:

[+ H) A )

NSRS

i -
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. (2) implics that when the material properties scmain
constant, the fictional force only depends on the real arca of
contact. Consequently:

£

Tiw Cl

On the other hand, under a constunt normal load. Amontans
Coulomb law gives

P o

)

WHETE fyanes 304 iy ¢ the COFs of the textured and the flat
surfacas, respectively. Comparing Eqs. (3) and (4) yields

USSR 2

[ #

Therefore, the lower COF of the testured NC Ni compared to
the flat NC Ni's COF correlates with ts smalle rcal arca ofcontact

3.2 Nanocrystalline Ni replica of the boa's skin® obtaining
anisotropic frictional properies

Snake skin is known to have an asymmetric texture that
sesuls in anisotropic frictional propertics, cnhancing forward
motion while restricting backward and lateral motions [ 2], Fig
6ashows an optical 3-D profile ofthe surface of the red tail boa's
skin, and Fig. 6b is an SEM micrograph of this skin. The texture
consists of microscopic scales with an average size of 16 14 jum.
(in the head-to-tail direction) separated by asymmetric protn
sions. An SEM micrograph of the negative impression of the.
skin’s texture on the acetate film is seen in Fig. 6c, and an SEM
micrograph of the positive NC Ni replica of this sample is
displayed in Fig. 64. Fig. 6e shows a typical optical 2 D profile
ofthe textured NC Ni’s surface. in the direction corrasmandin 1o

Werials Science and Engincering C 28 (2008) 13401346 134

the tail-to-head direction, revealing that the replicated protru
sions had an asymmetric shape similar to the original ones.

“The average COFs measured in different directions on th
textured NC Ni film are presented in Fig, 7. The average COI
was the lowgst in the head-o-tail direction (i.c., 0.061 £0.014)
In the reverse direction, tilto-head, the average COF wa
higher (ic., 0.0870.011). The highest average COF, however
was observed in the lateral direction where it was measured a
0.1050.005. This directional variation of COF was consisen
with the observation previously reported for a softer micro
caystalline Cu -eplica of the same skin [19].

The observed frictional znisotropy is a result of the asym
metric shape of the protrusions at the seales” ridges (Fig. 6e). I
the head-to-tail direction there was only small resistance to th
motion of the diamond tip on the textured film, while th
asymmetric protrusions acted as pointed obstacles against th
tip sliding in the til-to-head direction, resulting in a highe
in this dircstion. In the lareral direction, the linear densiy
of protrusions was higher than that in the tail-to-head dircetion
and hence the fip had to overcome more obstacles. As a result
the highest COF corresponded to the lateral dircetion. This typ
of structure may have potential applications in systems such a
clutches, where a range of different COF values can be obiainet
in various directions.

4.

mmary and conelusions

A double-s

replication technique was developed to

produce biotextured nanocrystalline (NC) Ni films with a grain
size of 3044 nm and a hardness of 44240.14 GPa. Two
biological surfaces with different morphologies, i.e. lowus leat
and boa's skin, were replicated. The main conclusions urising
from this study are as follows;

1. The NC Ni replica of the lotus leaf showed & lower COF
compared o @ flat NC Ni film with the same inicrostructure
and hardness. Overall, the lower COF values of the textured
film correlated with its smaller real area of contact, Also, the
textured film showed a less pronounced peak COF compared
10 the flal film as the teansfor of the wear debris to the spacs

between the prowherances prohibited the formation of
oxidized iribolayers

The NC Ni replica of the bua's skin displayed friction:
anisotropy as

sult of Uhe asymmetric shape of the pro-
trusions at the scales” rid thod presented in
this study provides a simple and effective way of conteolling
the friction between surfces in contact
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