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Abstract

A Rockwell C 120° diamond indenter with a spherical tip radius of 100 um was used to measure the coefficient of friction
by microscratch test under different normal loads. The measured friction coefficient was found to increase with normal load,
which was rationalised by a geometrical intersection model. Although plastic deformation increases with normal load, its
contribution into the total deformation becomes smaller with the increase in normal load. Elastic deformation predominates
in the total deformation under large normal loads. It is the adhesion shear stress over the contact area that causes plastic
deformation. Lateral force was found to be proportional to penetration depth, especially under large normal loads when elastic
deformation predominated the deformation, with the proportionality representing deformation or shearing resistant toughness.

Keywords Microscratch test - Spherical indenter - The coefficient of friction - Effects of normal load - Scratch-induced

deformation

1 Introduction

Scratch test [1], which is especially suitable to study scratch-
induced failure of coating by wear debris and particles,
has been widely used for material characterisation such as
scratch hardness [2], wear and damage [3], fracture tough-
ness [4], strength of material [5], coating failure, scratch
behaviour of coating, critical loads [6], adhesion strength
[7] and bond strength between film and substrate [8, 9], in
order to understand tribological behaviour of material in
complex mechanical situations [10] for applications like
the design of coatings [11-13], indicators of film adhesion
strength [14—16] and simulation of machining [17]. Char-
itidis et al. [18] investigated nanoscratching behaviour of
amorphous carbon films, and correlated abrupt changes of
friction coefficients and displacements with fractures such
as delamination and cracking. Huang et al. [19] analysed
elastic—plastic deformation of diamond-like carbon films
on Ti alloy substrate by nanoscratch test, and found elastic
deformation predominated in the total deformation before
coating failure. Akono et al. [4] proposed a model of scratch
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test for determining fracture toughness from horizontal force
and contact geometry using linear elastic fracture mechanics
methods, and found a good agreement between theoretical
prediction and experimental measurement, given homoge-
neous, isotropic and elastic nature of scratched materials.
Meng et al. [20] studied material removal mechanism and
deformation characteristics of mono-crystal silicon carbide
by using nanoscratching with Berkovich indenter, and found
a high-pressure induced phase transformation during nano-
scratching process. AlMotasem et al. [21] explored grain
size dependence of wear response by carrying out molecular
dynamics simulation of nanoscratching of nanocrystalline
ferrite, and found an increase in the friction coefficient with
increasing normal load.

The friction coefficient is a key parameter in designing
mechanical systems with contacting surfaces, and model-
ling performance of system such as friction-induced vibra-
tion, efficiency of gear transmission [22], mechanism of
lubrication [23, 24] and comfort of soft contact lenses [25].
However, modelling frictional behaviour is not simple, since
friction force depends on various parameters such as surface
roughness, microscaled surface texture [26, 27], true contact
area [28], normal load, dynamic behaviour of contact inter-
face with vibration [29], material [30, 31], material transfer
[32], sample thickness [33], test configurations and sliding
systems [34-36]. Miyake and Yamazaki [6] investigated
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scratching properties of extremely thin diamond-like carbon
films by nanoscratch test with Berkovich indenter, and found
the friction coefficient increased for scratching in the corn
direction, while decreased for scratching in the edge direc-
tion as normal load increased. Maegawa et al. [37] studied
the effect of normal load on the friction coefficient for slid-
ing contact, and found the friction coefficient decreased with
increasing load for rubber specimens. Yamaguchi et al. [38]
investigated the effect of porosity on dry sliding friction of
polymer foam blocks under different normal loads, and elu-
cidated the increase in the friction coefficient with increasing
porosity by a contact model considering elastic collapse [39]
and friction-induced torque [40, 41]. In this study, effects of
normal load on the measured friction coefficient by micros-
cratch test were studied with a spherical indenter. A purely
geometrical intersection model was used to rationalise the
increase in the friction coefficient with increasing normal
load. Furthermore, stress state of the material under contact
during scratch test was discussed.

2 Microscratch Experimental Procedure

Microscratch test was carried out under normal loads rang-
ing from 0.01 to 1 N. Anton Paar OPX system with micros-
cratch tester MST? and force feedback loop control was used
under conditions of a constant normal load, a constant speed
and dry contact with Rockwell C 120° diamond indenter of
spherical radius 100 um. The commercially available cop-
per sample with cubic geometry of side length 20 mm was
chosen, since copper is soft and easy to deform plastically.
The diamond indenter can be assumed to be rigid compared
with copper, the indenter damage is negligible and the same
indenter was used for all scratch tests in this study. The pro-
cedure was the same as that presented in References [18,
19]. True penetration and residual depths were measured by
prescan and postscan before and after the scratch test along
the same scratch track [4], and the surface of sample was
viewed as the baseline for deformation [42]. Experimental
parameters for scratch tests were as follows: scratch length
was 200 um; scratch test lasted 30 s; scanning load for pres-
can and postscan was 5 mN; acquisition rate was 30 Hz. Pro-
files of the sample before and after scratching were measured
during prescan and postscan under a low load (i.e. 5 mN),
respectively. The vertical displacement of the probe was
monitored by the displacement sensor before, during and
after a scratch, and the measurement was probe-based. The
surface profile was measured during the prescan process with
the origin located at the initial contact point, and the surface
height was regarded to increase when the probe lowered into
the sample. The applied normal load during prescan and
postscan was significantly low (i.e. 5 mN), resulting in neg-
ligible deformation compared with that during the scratch
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test. Penetration and residual depths were obtained by sub-
tracting the surface profile: the difference between the sur-
face profile during scratch process and that during prescan
determined the penetration depth; the difference between the
surface profile during postscan and prescan determined the
residual depth. The depth was regarded to be positive when
the indenter was pushed into the specimen. Scratch tests
were carried out in dry ambient laboratory condition: 23 °C
and 50% relative humidity. The effect of instrument frame
compliance is negligible for microscratch test under rela-
tively large loads. Rockwell C 120° diamond indenter used
in the present study is a cone of half-apex angle that ends
into a hemispherical tip of radius R=100 pm with a transi-
tion depth d, = R(1 —sin0) = 100(1 — sin60°) ~ 13.4 um
[4], see Fig. 1.

3 Results and Discussion

Figure 2 shows the variation of experimentally measured
variables with position during the scratch test under a con-
stant normal load condition. The friction coefficient u is
taken as the ratio of tangential force F, over normal force
F, [43].

p=—. (1)

The positive depths are due to the indenter being pushed
into the specimen. The noisy data indicate stick—slip phe-
nomenon [18, 44]. Since variables keep fluctuating during
the scratch process, their average values are used and com-
puted as the ratio of the integration over a certain distance
range over the range length

/Igﬂix xdl
Y= —, @)
Imax = Imin
where x is the measured value varying with position. Three
repeated tests were carried out under the same normal load;
the statistical variation was negligibly small and the average
value was used for analysis.

Fig. 1 Schematic illustration of Rockwell C 120° indenter with spher-
ical tip of radius 100 um
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Fig.2 The variation of experimentally measured variables with posi-
tion during the scratch test under a constant normal load: a the fric-
tion coefficient and the surface profile height under a normal load
of 0.5 N; b penetration and residual depths under a normal load of

Under a relatively large normal load (e.g. 0.5 N), the fric-
tion coefficient increases abruptly during the initial stage,
which is usually observed in experiment [39], and the data
during the initial stage are not used for calculating the aver-
age value. Under a relatively small normal load (e.g. 0.05 N),
the fluctuation amplitude of the friction coefficient during
the initial stage is almost the same as that for the whole
process, and all the data during the scratch test are used for
calculating the average value. The integration range for cal-
culating the average value is from 50 to 150 um for normal
loads larger than 0.3 N; and all the data from O to 200 um are
used for integration for normal loads smaller than 0.3 N. The
effect of the sample tilt can be neglected, since the absolute
value of the slope is smaller than 0.00015 under a linear fit-
ting of the surface height profile, see Fig. 2a and c.

Figure 3 shows the dependence of measured variables,
which are calculated by averaging the fluctuating data after
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0.5 N; c the friction coefficient and the surface profile height under
a normal load of 0.05 N; d penetration and residual depths under a
normal load of 0.05 N

integration according to Eq. (2). All variables including
the friction coefficient u, penetration depth d,, residual
depth d,, elastic recovery depth d, and contact depth £,
increase with increasing normal load F,,. Power-law func-
tions are found to be applicable to fit dependences of
those variables on normal load. The friction coefficient
was found to decrease with increasing normal load for
foam blocks [39] due to elastic collapse [39] and friction-
induced torque [40, 41]. The friction coefficient of slid-
ing contact was also found to decrease with increasing
normal load for rubber specimen that is elastic [37]. The
friction coefficient was found to be nearly constant and
independent of normal load under nanoscratching of amor-
phous carbon films with point-on direction of Berkovich
indenter [18]. Nevertheless, for solid blocks with plas-
tic deformation, our result of copper under microscratch
with a spherical indenter shows that the friction coefficient
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Fig.3 The variation of measured variables with normal load F: a the
friction coefficient 4 and penetration depth d,; b residual depth d, and
elastic recovery depth d; ¢ d/d,, and d./d,; d mean contact pressures

increases with increasing normal load, which is consistent
with molecular dynamics simulation of nanoscratching of
nanocrystalline ferrite [21]. The increase of the friction
coefficient is mainly due to the ploughing effect with the
increase in dislocation density [21], which is attributed to
plastic deformation, and increases with normal load and
penetration depth; see the solid curve representing the
ploughing component of the friction coefficient in Fig. 5.

Elastic recovery depth is just penetration depth minus
residual depth

d.=d,—d. (3)

The maximum penetration depth under the maximum
normal load (i.e. 1 N) is about 10 pm, which is smaller than
d,, see Fig. 3a. Thus, it is only the spherical part that makes
contact with the sample during scratch test for the normal
loads applied.
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calculated from different contact areas from Egs. (4, 5, 7) and contact
depth from Eq. (6)

Penetration depth d,, represents the total deformation
amount with elastic depth d, and residual depth d, repre-
senting elastic and plastic deformation amounts, respec-
tively [19]. Figure 3c displays variations of elastic/total and
plastic/total with normal load. d./d, increases, while d//d,,
decreases with increasing normal load, revealing the sig-
nificant amount of elastic deformation, although penetration
depth becomes larger, and scratched trace becomes broader
with increasing normal load. Elastic deformation is believed
to predominate in the total deformation and control the con-
tact response during scratching.

Mean contact pressure, p,, can be determined as normal
load divided by the projected contact area, which is assumed
to be a half circle during scratch test and consisting with
the definition of scratch hardness [2]. The nominal contact
area A, is determined by purely geometrical intersection, and
penetration depth d;, is used as the contact depth
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zd (2R —d
A, = M, )
2
where R is the radius of spherical indenter.
The true contact area is determined by contact depth,
which is only half of penetration depth for purely elastic

contact [45], and
d (4R —-d
— 7 P( P) (5)
(< 8 >

where A, is the contact area from purely elastic contact
model.

For elastic—plastic contact deformation, the contact depth,
which represents the plastic component of total displace-
ment, can be calculated as [46]

d,+d,
h, = 7

(6)

Therefore, the true projected contact area A, can be cal-
culated as
7(d,+d,) (4R —d, - d,)

= 7
A, - . ™

Mean contact pressures calculated from three different
contact areas abruptly increase for relatively low loads, and
then slowly decrease for relatively large loads; see Fig. 3d.
Under large normal loads, the mean contact pressure cal-
culated from A, is close to that calculated from A, since
the residual depth becomes relatively smaller and almost
negligible compared with penetration depth, and b, ~ d, / 2.
d/d, decreases with increasing normal load for large nor-
mal loads, and a smaller d,/dp indicates a more prominent
role of elastic deformation with a diminishing contribution
from plastic deformation. The deformation is more likely to
be elastic-dominated under a smaller d,/d,,. The decrease in
mean contact pressure under large normal loads is attributed
to plastic deformation, while contribution of plastic defor-
mation into the total deformation becomes smaller under
large normal loads. It is believed that plastic deformation
during scratch is mainly constrained within the surface
region.

Assume purely elastic deformation at normal load of 1 N
with penetration depth 9.674 um, since d,/d,, at normal load
IN is very low (about 0.1). Elastic modulus can be obtained
by Hertzian solution as [45]

E = 1 __3pP
r 1-v + 1= T 4RO5415° 8)
E E, P

s i

where E and v are elastic modulus and Poisson’s ratio,
respectively; and the subscripts “s” and “i” indicate the sam-

ple and the indenter, respectively; d,, is equivalent to

indentation displacement and P is twice the normal load (i.e.
2N) under the assumption that the projected contact area is
only a half circle for scratch test, since Hertzian solution
requires a whole circle as the contact area. With E;=1141
GPa, v;=0.07 for diamond indenter [47], v,=0.335 for cop-
per [48] and R=100 um, E; is calculated to be about 4.4
GPa, which is much smaller than the true value of copper.
Although loading curves in nanoindentation and nanoscratch
testes are very similar at low loads [49], loading curves in
the microscratch test are different from those in the indenta-
tion test at relatively large loads, and tangential loading in
the microscratch test can produce larger penetration depths
at relatively larger loads compared with the indentation test
under the same normal load. It is the contributions from the
lateral force and higher energy transfer due to moving line
contact between indenter and specimen [50] in the scratch-
ing test that alter stress distribution [11] and make P / all')'5

not so large as that (no less than 100 GPa) in purely elastic
case [48], and E| is underestimated. The lateral force can
produce contact pressure in the thrusting direction and adhe-
sion shear stress on the contact area, which can serve as
residual stresses and influence normal contact response.
Moreover, the tangential load in the scratch test can promote
yielding, resulting in greater penetration depths at higher
loads compared with indentation [49], which rationalises the
smaller values P / dli'Sdue to larger d, in the scratch test than

that in the indentation test.

Frictional force is the sum of adhesion force and defor-
mation force [51]. The friction coefficient also composes of
adhesion and ploughing components. Adhesion friction is pro-
portional to the interfacial shear strength and the real contact
area. Ploughing friction coefficient is mainly determined by
the ratio of the projected contact area in the thrust (i.e. hori-
zontal) direction over the projected contact area in the cutting
(i.e. vertical) direction.

Based on the geometrical intersection model shown in
Fig. 4, the projected contact area, S, in the thrusting (or hori-
zontal) direction, and the projected contact area, S,, in the cut-
ting (or vertical) direction, can be calculated based on the area
of a circle segment formed by the arch and chord, and the area
of half a circle, respectively, as

ﬂdp(ZR — dp)

9
5 , ©))

2
5= =@ sing), 5, =

where R is the radius of spherical indenter, ¢ is the central
angle in radians and

10)
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Fig.4 Schematic of a spheri-
cal indenter scratching on a flat
based on the geometrical inter-
section (x is the scratch direc-
tion, [ is the perimeter length,
S,, is the projected contact area
bearing horizontal load)

Side view ;

where d, is the penetration depth, and d,<R in
experiment. Input of Eq. (10) into Eq. (9) with
sin¢ = 2 sin (¢p/2) cos (¢p/ 2) gives

5 R-d,
S, = R* arccos . (R—dp) (2R—dp)dp. (11)
The perimeter length /, is equal to the arc length
R-d,

12)

lp = 2R arccos

The ratio of the projected contact area in the horizontal
direction over the projected contact area in the vertical direc-
tion is related to the friction coefficient component due to
ploughing deformation

Front view

Figure 5 shows the variation of S,/S, based on the purely
geometrical intersection model Eq. (13) with penetration
depth. Experimentally measured friction coefficients, which
are the apparent friction coefficient, are also included in Fig. 5.
Since the apparent friction coefficient u composes of both
adhesion and ploughing components, and S,/S, only repre-
sents ploughing component, u is found to be larger than S, /S,
which is reasonable. Adhesion friction component is expected
to be as prominent as ploughing friction component, since cop-
per, which is a soft metal, can be used to clean the indenter
(i.e. remove the dirt on indenter surface by making indents in
copper).

d, can be replaced by A, in order to consider the deforma-
tion, since it is contact depth rather than penetration depth that
determines the contact geometry, and

2 R—d,
g 2R%arccos -2(R-d,)\/(2R—d,)d, ~
h_ R i PP 13) g 2R*arccos RRh" —2(R—=h.)4/ (2R = h,)h,
S, xd (2R - d,) 2h _ (14)
S, nd,(2R - h,)
Fig.5 Plot of the ratio §;/S, as 625 T T T T T T T T
a function of penetration depth
based on the geometrical inter- u °
section model. Equation (13) is °
represented by a solid line; and L 0.2
experimentally measured fric-
tion coefficient data are denoted
by filled circles
2 Se
5 r0.15
‘Q> $ \
B :. Sh/SV
L]
- 0.1
o L]
L]
r0.05
L]
U S & s 6 e 8 ? 1
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wh(2R — h,)
2
(15)

S, = R?arccos

R—h,
=~ (R=h)\/ (2R = he)h, S, =
where h, = (d, +d,) /2 [46].

Since friction composes of adhesion and ploughing com-
ponents, the lateral force also composes of adhesion and
ploughing components correspondingly. The lateral mean
contact pressure, p;, can be calculated to be the ploughing
component of lateral force F), divided by the projected con-
tact area in thrusting direction S,. The adhesion mean con-
tact stress over the contact area, p,, can be calculated to be
the adhesion component of lateral force F, divided by the
projected contact area in cutting direction S,. Therefore,

FP F a 16
pl_Sh’pa_Sv' ( )

Assume adhesion component of lateral force is propor-
tional to the projected contact area in the vertical direction,
and ploughing component of lateral force is proportional to
the projected contact area in the horizontal direction, the

apparent friction coefficient is expressed as

F _ Fy+F, =paSv+plSh

H=F =7F F.

n

4 Fa =paSv’ Fp =plSh’

a7
where Fj is the total lateral force, F, and F, are adhesion
and ploughing components of lateral force F}, respectively;
p, and p, are adhesion mean contact stress and lateral mean
contact pressure, respectively, which are dependent on nor-
mal load and contact depth, since elastic and plastic contri-
butions keep changing with varying loads. The ploughing
component y, of the friction coefficient can be calculated as
u,=F/F,. Assume ploughing component y, of the friction
coefficient is equal to the ratio of the projected contact area
in the horizontal direction S, over the projected contact area
in the vertical direction S,, u, = S, /S,. then

! S piS
P h 1°h
U = — = — = => —_ .
POFS, paS, F1=Fn (18)

It is found that the lateral mean contact pressure p,
is equal to the normal mean contact pressure p,, which
means scratch hardness is equal to indentation hardness
if mean contact pressure is regarded to be hardness. The
equality between lateral and normal mean contact pres-
sures is consistent with the assumption of using S,/S, as
the ploughing friction coefficient that the forces required
to push bulk material are identical in both normal and
lateral directions [52]. Assume plane strain condition on
x-o0-z plane with the out-of-plane direction being perpen-
dicular to both scratch and vertical directions defined in
Fig. 4, and the adhesion shear stress is small and can be
neglected, then o, =0, =—p,,0,= (6,+0.)/2=—p,

(negative signs indicate compressive stresses) under
plastic deformation, resulting in a hydrostatic compres-
sive stress state for the material under the indenter for the
scratch test. Since stress state is also triaxial compressive
for indentation, and fully plastic indentation theory and
elastic Hertzian indentation theory have been utilised in
analysing scratch tests [53—55], plastic deformation pro-
cesses for scratch and indentation tests are believed to be
similar with common features, and the two techniques
are closely related with similar morphologies of plastic
deformation [8]. It is worth noting that the equivalence of
scratch hardness and indentation hardness requires the use
of ploughing component of lateral force, which is only a
portion of the total lateral force. If the total lateral force
would be used, then the calculated scratch hardness would
be larger than indentation hardness. Moreover, indenta-
tion hardness was found to be more than twice the scratch
hardness by a spherical indenter from molecular dynamics
simulation of nanoscratching of nanocrystalline ferrite due
to pile-up formation [21]. Nevertheless, a good correla-
tion between scratch hardness and nanoindentation hard-
ness was found for copper thin films at low indentation
depths under Berkovich indenter with the total included
angle of 142.3° [2], since there was no pile-up or sink-in
at low load indents [56]. The purely geometrical inter-
section model does not consider pile-up formation in the
front and sideways of the indenter, and might overestimate
scratch hardness. It is worth noting that hardness is associ-
ated with fully developed plastic deformation, but elastic
deformation predominates in the total deformation for the
scratch test with a spherical indenter, precluding the direct
comparison of hardness obtained by scratch with a sphere
with those obtained by sharp indenters.
Input of Eq. (18) into Eq. (17) gives

Pa = <M - S—>pm (19)

\4

where u and F, can be experimentally measured in the
scratch test; S, and S, are calculated from contact depth
according to Eq. (15). Adhesion component of friction, u,,
is just the term in parenthesis (u, = u — S,/ S, ). Figure 6a
and b shows the variation of adhesion mean shear stress p,
over the contact area and adhesion friction coefficient y,,
respectively, with normal load. The adhesion mean shear
stress firstly increases under small loads, and then decreases
under large loads with increasing normal load. Adhesion
mean shear stress is much lower than mean contact pressure.
The adhesion friction coefficient decreases with increasing
normal load, and approaches a constant value under large
normal loads due to the predominant contribution of elastic
deformation into the total deformation. It is believed that
under elastic deformation or significant contribution of

@ Springer



8 Page8o0f12

Tribology Letters (2019) 67:8

100

80
= 60 @
=9
g
] 40

20

0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

(a) Normal load

0.12
0.1
>
L 008}
X
3
. 0.06 |-
\Q_‘ﬂs
QU
Iy 0.04t
S§
0.02
oL : ‘

0 01 02 03 04 05 06

(b) Normal load (N)

Fig.6 The variation of a adhesion shear stress calculated by Eq. (19); and b the adhesion component of the apparent friction coefficient with

normal load. S, / S, is calculated by Eq. (14)

elastic deformation into the total deformation, the adhesion
friction coefficient is constant. Plasticity is a grand equaliser
that renders a uniform distribution of stress over the contact
region [57]. If significant plastic deformation is not devel-
oped, stress distribution cannot be uniform. Fully developed
plastic deformation is associated with mean contact pressure
that is three times yield stress [58]. Yield stress of copper
used in the present work should not be larger than 100 MPa.
Mean contact pressure should be less than 300 MPa if fully
plastic deformation would be developed. Figure 3d displays
that mean contact pressures, which can be regarded as inden-
tation hardness, are more than 600 MPa (larger than three
times yield stress) under large normal loads, which can be
explained by noting a significant contribution of elastic
deformation into the total deformation for the scratch test
with a spherical indenter, since fully plastic deformation is
not developed. It is the spherical indenter that results in a
less developed plastic deformation and a larger mean contact
pressure due to the significant elastic deformation.

If adhesion shear stress is considered as shear stress 7,
and mean contact pressures in normal and lateral directions
are considered to be normal stresses o, and o, the principal
stresses in x-0-z plane, see Fig. 7, can be obtained from the
two-dimensional state of stress o, = ¢, = —p,, 7,, = —p,
(where negative signs indicate compressive stresses, the rea-
son of the negative sign of shear stress is that z,, can turn the
body anti-clockwise)

o.t+o o, —O0
Omax _ X z + ( X z> +T,%z = —p, + D, (20)
Omin 2 2
T
tana = X =1=a=45° QD
Ox ~ Omin

@ Springer

Fig. 7 Stress state with Mohr’s stress circle of the material under con-
tact during scratch test

where a is the principal angle defined in Fig. 7.
For plane strain condition under plastic deformation,

6, = (6max + Omin)/2 = —Pa- (22)

Based on von Mises criterion and plane strain condition,
plastic deformation initiates when

2

Omax — ®min = —=0y» 2
min \/gy (23)

where o, is yield stress and no more than 90 MPa for the
copper used.

Combine Egs. (20) and (23), which gives the criterion of
plastic initiation during the scratch deformation

Oy

Pa=—r (24)
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with o, = 90 MPa, which is the largest possible value, p,
~52 MPa, which is comparable with the values shown in
Fig. 6a. Although elastic deformation predominates in the
total deformation, plastic deformation is expected for cop-
per, which is evidenced by the larger residual depth under a
larger normal load, see Fig. 3b. The critical value of p, for
yielding inception could be further smaller, since tangential
loading with friction can promote yielding [59]. The reason
why p, shown in Fig. 6a is relatively large can be explained
by work hardening of material, which is expected for soft
copper [60], since o, becomes the flow stress after plastic
yielding, and increases with straining, making p, larger by
Eq. (24).

Based on linear elastic fracture mechanics [61] with the
assumption of existence of semi-circular horizontal crack
plane emanating from the probe tip [4], the lateral force F is
related to the perimeter length /; and horizontally projected
contact area Sy, by [62—64]

s (25)

where K is fracture toughness. With Eqs. (11) and (12), a
geometry function can be defined as

Fitting parameter:

K =0.0007 Num™?

e
—_

~ =0.7 MPam'”
Z
()
2
£ 0.0l
=
$—
g
<
—
0.001
N
Due to large plastic deformation
0.0001
0.01 0.1 1 10

Penetration depth (um)

Fig.8 Proportional relationship between lateral force F| and penetra-
tion depth. Lateral force is obtained from Eq. (1) and F, = uF,

copper with a spherical indenter under small normal loads,
since crack plane is absent during the scratch test of soft
copper. Although the proportionality between F and d, still
holds for the case without fracture, the fitting parameter K
should not have the physical meaning of fracture toughness.

d d d d d\d
gl =) =205, =4R arccos [ 1 — = J[arccos (1 - = ) = (1 - = 2-2 )2 (26)
R P R R R R /R

From Taylor series expansion, under small values of
d,/ R, Eq. (26) can be simplified to

d d\> d
p 32 3 % p
— |~ =R’| — | for — 1. 27
Input of Eq. (27) into Eq. (25) gives
F, = 4dec\ / %R for dp < R, (28)

which predicts a proportional relationship between lateral
force and penetration depth. Figure 8 displays dependence
of lateral force on penetration depth obtained from scratch
tests under various normal loads. dp is smaller than 10 pm,
which is much smaller than radius R, which is 100 pm, of
spherical indenter. Therefore, d, < R required in Eq. (28) is
fulfilled. The proportional relationship between F) and d,, is
consistent with theoretical prediction with fitting parameter
K ~0.7 MPa-m'?, which is much smaller than the reasonable
value (should be larger than 10 MPa-m"? [65]) of fracture
toughness for copper. Equation (28) is based on fracture
mechanics under the assumption of crack plane in front of
the probe tip, which is not satisfied for the scratch test of soft

K_ in Eq. (28) represents deformation or shearing resistance
toughness under non-fracture condition rather than fracture
toughness. Under large penetration depths or normal loads,
elastic deformation predominates in the total deforma-
tion, see Fig. 3c, resulting in excellent agreement between
experimental measurement and theoretical prediction, which
can be explained by noting that Eq. (28) is based on elas-
tic mechanics without considering plasticity. Nevertheless,
under small penetration depths or normal loads, plastic
deformation is more significant than elastic deformation,
see Fig. 3c; lateral force is not proportional to penetration
depth, which is highlighted in Fig. 8, and can be explained
by noting that the proportionality relation is predicted under
the condition of negligible plastic deformation and Eq. (28)
is not applicable, given the significant contribution of plastic
deformation in the total deformation.

Figure 9 shows multi-focus optical images of imprints
after scratch tests under two different normal loads 0.7 N
and 0.25 N. The width of the trace increases with increasing
normal load. The hemispherical edges at the start and end
points are caused by the spherical shape of the probe. Shear
bands can be observed along the border of the trace. Both
sides of the trace are not perfectly straight, which could be

@ Springer
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Fig. 9 Optical images of imprints after scratch tests of scratch length 200 um for two different normal loads: a F,=0.7 N; b F,,=0.25 N

due to the pile-up of soft copper in front of the probe. If
scratch width w is estimated by Intersecting Chord Theorem

w=1/(2R-d,)d,, (29)

where d,, is the residual depth, and R is the radius of
spherical probe. With R=100 uym, and d,=1.6 um for
F,=0.7N, d,=0.6 um for F,,=0.25 N, it can be calculated
that w=18 um for F,=0.7 N, w=11 pum for F,=0.25 N,
which are much smaller than the experimental measurements
from the optical traces, (w=38 um for F,=0.7 N, w=23 um
for F,=0.25 N in Fig. 9). Since pile-up is expected not only
in front of the probe, and also along both sides of the scratch,
the pile-up contact width, which is the distance from the
groove-wall zero point to the pile-up maximum height [52],
makes the scratch width a little larger than the estimation
based on purely geometrical intersection.

4 Conclusions

The microscratch test was carried out to study the effect of
normal load on the measured friction coefficient. The soft
copper was chosen and a constant normal load was applied
during the scratch. Since the measured data keep fluctuating
along the scratch track, the average value is used for further
analysis. The friction coefficient is found to increase with
increasing normal load, which is elucidated by a purely geo-
metrical intersection model. Elastic deformation predomi-
nates in the total deformation as normal load becomes larger,
which is evidenced by the increase in the ratio of elastic
recovery depth over penetration depth as well as the decrease
in the ratio of residual depth over penetration depth with
increasing normal load. Stress state of the scratched material
within the contact region is discussed under assumption of
plane strain condition. The pressure in the normal direction
is found to be the same as that in the lateral direction. The
adhesion shear stress is regarded as the shear stress and is
much smaller than normal stress. It is the adhesion shear
stress acting on the contact surface that causes plastic defor-
mation. The material experiencing scratch-induced defor-
mation is under hydrostatic compressive stress state. Under
large normal loads, elastic deformation predominates in the
total scratch-induced deformation. The lateral force is found
to be proportional to penetration depth for spherical indenter

@ Springer

with the fitting parameter representing deformation or shear-
ing resistant toughness.
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