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Variation of hardness with penetration in nanoindentation of a rough surface is a
compound effect of variation in asperity geometry with penetration, designated geom
effect, and genuine property gradients with depth as may exist in a near-surface zon
simulate indentation of a rough surface numerically to elucidate the geometric effect
and validate it by some model “macro” experiments. Finally, we formulate a general
framework to deconvolute genuine property variation by normalizing the measured
hardness with the geometric effect.
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I. INTRODUCTION

When there is a relative motion between bodies
contact, power is dissipated. For example, this occ
in manufacturing of parts as in machining and me
working as well as in machineries of locomotion, pow
generation, and machine tools. The regions of cont
in this situation are severely stressed and give rise
acute gradients of strain, strain rate, and temperatu
The large strains near the surface change the topogra
through flow or fracture, while the combination of stra
rate and temperature in the near surface zone m
change microstructure to promote cracking or flo
What precisely is the material response depends
how the microstructure evolves. So phenomenologica
the topography and microstructure and therefore
topography and surface mechanical properties stem fr
the same process, the response of a material to trac

To an engineer both the topography and surfa
mechanical properties are interesting as they contrib
not only to the loss of power through friction but also
the life cycle of the active components. The measurem
of topography is now possible over a wide range
length scales, down to atomic scales using atomic fo
microscopy (AFM). The indentation technique is ge
erally used to probe mechanical properties of solids1,2

and the nanoindenter is being used now to probe surf
properties where the scale of probing is comparable
that of the topography. It has been found that at lo
penetration depths, the hardness is different from
bulk hardness and the scatter in the measuremen
high.3 Pollock et al.4 have reviewed the relevant theor
and the experimentation that describe the behavior
materials in the 10–1000 nm depth range.

a)Address all correspondence to this author.
e-mail: skbis@mecheng.iisc.ernet.in
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The variation in hardness at low penetration dep
may be attributed to surface chemical effects,3,5 material
property variation with depth,3 and/or surface roughnes
of the specimen being indented. The variation is a
influenced by the method of measurement: depth sens
or imaging and by the instrument errors in depth-sens
measurement. The errors associated with nanoinde
tion measurement have been discussed by Menˇcik and
Swain,6 and the scatter has been studied by Yos7

Here we are concerned with the effect of roughness
the surface mechanical property estimates made us
nanoindentation.

It is not difficult to visualize as Tabor8 had noted
many years ago that the effect of roughness on hardn
estimation is negligible if the indentation depths a
much greater than the surface roughness. The self-af
fractal nature of engineering surfaces has been dem
strated since then using scanning tunneling microsco
(STM) and AFM.9 The roughness wavelengths th
affect a physical process are determined by the len
scale of the process. For nanoindentation the appropr
length scale is the size of the indent made. The effec
asperities much smaller than the indent size is avera
out, as for example in the case of conventional hardn
measurements. Similarly the asperities that are mu
larger than the indent do not affect the measureme
as they present almost a plane surface to the indente

We have studied machined, ground, and polish
metal surfaces using standard profilometer as well
AFM to find the surface power spectra to be much infl
enced by material properties at 1 mm to 10 nm leng
scales though the slopes of the spectra are indepen
of material properties at the submicronic scale.10 Further,
the power spectra obtained by polishing a (aluminu
surface was found to be a virtual extension of t
spectra obtained by grinding the same surface. T
means that while polishing may reduce the amplitu
of roughness at length scales greater than a certain v
 1999 Materials Research Society 2259
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determined by the abrasive grit size, at the submicro
scale it continues the same topographical architectur
imprinted by coarser removal processes such as grind
and machining. Thus except in the case of cleav
atomistically smooth surfaces, nanoindentations are
variably and effectively carried out on rough surfaces

Interpretation and analysis of nanohardness data
tained from engineering surfaces pose several challen

1. The mean pressure in any contact11 being related
to the geometry of contact, the topography even in
absence of any real property gradient affects the m
pressure. Visualizing a rough surface as made up of
perities of small radius riding on the back of asperities
larger radius,12 penetration by indenter of any geomet
brings asperities of small radius into play first (Fig. 1
With increasing penetration, asperities of larger rad
are encountered. As the effective radius encountered
the indenter tip continues to change with penetrati
the strain varies and thus the measured hardness
to change with penetration. When nanoindentation
carried out on a rough surface, with no property gradie
the hardness estimates are thus invariably dependen
the penetration depth.

2. If there is a genuine mechanical property gradie
such that the property is related, for example, to t
volume of deformed material, the measured hardn
independent of the above geometric effect relates to
depth of indentation.

3. The topography itself is the result of large strai
and specific local strain rate responses. An attem
to deconvolute the “flat surface” property gradient b
normalizing the measured hardness with the geome
effect can lead to error especially if the acute stra
rate and temperature gradients promote discontinui
and unstable material responses such as adiabatic s
banding or wedge cracking at the asperity level. If t
indentation was done on a “prepared” perfectly smoo
surface, such responses may be absent.

4. Asperities by the very nature of their formatio
are repositories of high residual stresses and strain e

FIG. 1. Schematic of an indenter on a fractal surface. As the pe
tration (h) of the indenter increases, the effective asperity radius (Ra)
increases.
2260 J. Mater. Res., Vol. 1
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gies. It is possible that the intervention by the inden
may give rise to fracture even at the lightest of load
The deconvolution of nanohardness data by taking i
account the disturbance produced by the observe
probe may be a difficult problem to circumvent.

Given the quantitative description of the surfac
roughness, we are concerned here to develop a me
to deconvolute flat surface hardness of a material fr
nanohardness measurements done on a rough engin
ing surface. In our work we assume that there is
discontinuity in property gradient with depth. In othe
words, we discount the possibility that the variation
property with depth is dependent on the location of me
urement, as long as the measurement commences fro
free surface irrespective of whether that free surface
long to an asperity or a prepared flat surface. We furth
ignore any possible disruptive effect of the indenter
the hardness measurement. We pursue our program
first establishing the purely “geometric effect.” This
done by performing macroindentation of a soft spheric
body by a rigid spherical indenter. The experiment giv
us an indication of hardness dependence on penetra
in a single asperity contact. Using these results we n
simulate the indentation of a fractal surface by a rig
spherical indenter by taking into account the contact a
and mean pressure prevailing at each contacting aspe
In establishing a general framework for deconvolutio
of surface hardness based on our simulation data,
assume an error term13 to be directly proportional to rms
roughness. We next investigate this proportionality
conducting indentation experiments on a specially fab
cated rough surface consisting of equispaced pyram
asperities. Having found the proportionality to be line
and the proportionality constant being independent
asperity geometry, we validate the general framewo
for the special case rough surface and proceed w
our simulation of the indentation of a general roug
surface which is fractal. The simulation is carried out f
surfaces with and without property gradients with dep
We finally arrive at an equation where direct substituti
of rms roughness yields the flat surface hardness a
depth, given the measured hardness.

II. SINGLE ASPERITY CONTACT

When an indenter is brought to a rough surfac
the contact is established at a single asperity level
the radius of the asperity is very small compared
that of the indenter, then the response is as that o
rigid flat surface pressed against the asperity. As
indenter is displaced further, the radius of the asper
increases and becomes comparable to the tip radius o
indenter (Fig. 1). The contact configuration at this sta
can be approximated to that of a rigid sphere indent
a hemisphere, as shown in Fig. 2. The variation of t
4, No. 6, Jun 1999
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FIG. 2. Single asperity contact: (a) configuration and (b) su
surface.

measured hardness will depend on (i) the radius of
asperity (Ra), (ii) the radius of the indenter (Ri), and
(iii) the relative position of the indenter and the asper
(x) that determines the angleu.

The single asperity contact, where the indenter a
the asperity radii are comparable, is studied by mac
scopic indentation experiments in which hemispheri
copper asperities are indented with hard steel balls
radius (Ri) 12.5 mm. The scale of the experiment
selected such that the effect of the variation in t
strength of the material with the deformation volum
is negligible. Specimens as shown in Fig. 2(a), a
of three different radii (Ra), i.e., 25, 12.5, and 8 mm
were machined out of copper rods in a copying lath
A fixture was used to position the specimen such t
the distance between the specimen and indenter a
(x) can be varied. Indentation was carried out in
10 ton (ø100 KN) universal testing machine, and load
penetration curves were recorded.14 The experimental
J. Mater. Res., Vol. 1
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material stiffness ( 50 KNym) was found to be two
orders less the machine stiffness of 6 GNym.

A typical load-penetration depth curve obtaine
from the experiment is shown in Fig. 3. The hardness
measured by drawing a tangent to the unloading port
of the curve and taking they-intercept of this tangent for
calculating the area of residual impression.1 However,
from Fig. 3 it can be seen that the initial portion o
the unloading path is nearly normal to the penetrati
axis. Hence, the maximum penetration depth is us
here to calculate the hardness. The difference betw
the maximum penetration (4.4 mm) at 80 KN load an
the residual penetration at no load was found to
0.04 mm. This was considered to be small and theref
neglected. The hardness (the ratio of applied load
projected area) is calculated as,

H 
P

Afshd


P
ps2Rih 2 h2d

, (1)

whereAfshd is the area function of the indenter. Inden
tation experiments were carried out on a flat specim
and the hardness estimated from these experiment
taken asHs.

The sum surface of the contact15 will be a hemi-
sphere [Fig. 2(b)] with a reduced radius,

Re 
RaRi

Ra 1 Ri
.

If the indenter is displaced byh along its axis, then
the penetration along the line OA will beh cos u. The

FIG. 3. Load-penetration depth characteristics of single aspe
contact,Ra  12.5 mm andRi  12.5 mm.
4, No. 6, Jun 1999 2261
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normal load along OA,

Pn  Ho2pReh cos u ,

whereHo is the mean pressure, which can be obtain
by indenting a smooth flat surface. Resolving this lo
along the axis of the indenter, the measured hardn
[Eq. (1)] can be written as,

H  Ho

√
Ra cos2 u

Ri 1 Ra

!
. (2)

Thus the measured hardness can be expressed
product of a geometry factor and the material prope
(Ho). Figure 4 shows the experimental data collected
different angular offsets (u) and specimen radii (Ra) to
fall roughly on a single straight line when plotted as
function of sRa cos2 udysRi 1 Rad.

From Eq. (2) it can be seen that the hardness me
ured is less than the bulk hardness obtained on a
surface. Further, when the asperity radius increases
it does with the increasing penetration of the inde
ter), the measured hardness approaches the bulk v
asymptotically.

When the asperity radius is large compared to
indenter radius in the later stage of single asper
indentation, Eq. (2) can be written by expanding the te
within the parentheses and neglecting the higher or
terms of RiyRa as,

H
Ho

ø 1 2
Ri

Ra
(3)

FIG. 4. Plot of hardness versusRa cos2 uysRi 1 Rad.
2262 J. Mater. Res., Vol. 1
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for cos u ø 1. The values ofu are restricted to small
values to avoid multiple asperity contact.Ra varies
continuously for an actual rough surface from zero
infinity as the indenter penetrates into the surface.

When an indenter makes contact with a rough s
face the contact initially (stage I) occurs with a sing
asperity. In stage II more than one asperity makes c
tact with the indenter, the actual contact area being a s
of many tiny contact islands. The measured hardnes
determined by the distribution of these contact islan
the distribution being related to the statistical character
the rough surface. We can now conceptually formula
an equivalent asperity whose radius (Ra) is a function
of the radii of all the current asperities in contac
Clearly this radius is a function of the current penetrati
depth of the indenter and the statistical nature of t
surface roughness. When the penetration of the inde
is further increased to stage III, then a contact isla
of size considerably greater than the surrounding t
islands emerges (inset of Fig. 8). This has been verifi
experimentally for pyramidal asperities.

The equivalent asperity radius (Ra) may be written
in a general form as

Ra  K1

√
h
hr

!m

, (4)

wherehr is a roughness parameter, which characteriz
the statistical nature of the rough surface such as r
mean square roughness, andK1 andm are the constants
Equation (3) may now be combined with Eq. (4) to giv

H
Ho

 1 2
K2≥
h
hr

¥ m , (5)

where K2  RiyK1.

III. MULTIPLE ASPERITY CONTACT

We focus our attention on stage III of the indentatio
of a rough surface. While we formulate a general fram
work for deconvolution of hardness from the indentatio
data obtained from a rough surface, we experimenta
validate the framework for a special case where the s
face contains equispaced identical pyramidal asperit
The validation leads to the formulation of the gener
framework which is applied to deconvolute hardne
from the indentation of a fractal surface with and witho
a property gradient with depth.

A. Experimental

Square pyramidal asperities of different apical ang
were machined on a specimen (Fig. 5) of diameter 50 m
made of a commercially pure work-hardened copper r
4, No. 6, Jun 1999
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FIG. 5. Schematic of the pyramidal asperity contact.

The pyramids were generated in a shaping machine u
a V-shaped HSS tool. The angle of the tool is varied
get pyramids with three different angles (f) between
the faces: 45±, 60±, and 90±. First, V-shaped grooves
are generated on the specimen by moving the tool w
a feed equal to the pitch (pt). Then the specimen is
indexed through 90± and machined with the same fee
and depth of cut. The depth of cut given is slightly mo
than the height of the pyramid (Zmax) to ensure a sharp
apex. The roughness of the specimen could be varied
varying the apical angle (f) of the pyramids as well as
the pitch (pt). If Z is the height of the asperity abov
the base plane, then the root mean square roughne
given by,16

hr 
1

p
18

Zmax


1

p
18

pt
2 tan f

.

A total of 15 specimens were machined with thr
different angles (f) and five different pitches for every
angle. Indentations were carried out using a hard sph
cal indenter of diameter 25 mm in a 10 ton univers
testing machine using the same setup as the single as
ity experiments. Figure 6 shows a typical experimen
load-penetration depth characteristics with the differe
stages of deformation marked.

Weiss17 pointed out that the effect of roughness o
the measured hardness (Hr) on a rough surface can b
accounted for by adding an error termhe in penetration
depth. This would give14
J. Mater. Res., Vol. 1
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FIG. 6. Comparison between the experimental and simula
load-penetration depth characteristics of pyramidal asperities.

Hr

Ho


Afsh 6 hed
Afshd



µ
1 6

he

h

∂
for spherical



µ
1 6

he

h

∂ 2

for conical/pyramidal,

whereHo is the bulk hardness andAf is the area function
of the indenter. Comparing this with Eq. (5) it is clea
that for the assumed dependency of effective radius
penetration [Eq. (4)],he is related to some roughnes
parameter and the indenter geometry. Accordingly
may write

he  khr (6)

and

Hr

Ho


√
1 2

k
hyhr

! n

, (7)

where k and n are parameters dependent on inden
geometry;n for Weiss’s analysis is 1 for a spherica
indenter and 2 for a conical indenter.

In Fig. 7, the experimentally obtained hardness (H)
normalized with the hardness measured on a smooth
surface (Ho) at the same penetrationh is plotted against
the penetration normalized with the rms roughne
(hyhr ). Equation (7) is plotted as the continuous lin
with n  1 for spherical indenter andhe  3.4 hr .16

It can be seen that all the experimentally measu
hardnesses fall, irrespective of asperity geometry a
4, No. 6, Jun 1999 2263
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FIG. 7. Variation of the normalized hardness with normalized pen
tration for pyramidal asperities for different asperity pitches (pt).

spacing, on this line which asymptotically approach
the flat surface hardnessfsHyHod  1g at large pen-
etrations. The similarity in trend and levels betwee
the expected and actual values of measured hardn
validates the assumption made regarding the nature
the error termhe.

B. Numerical simulation

For the numerical simulation the pyramidal surfac
is generated over a256 3 256 grid. The smooth spheri-
cal indenter, which is also generated over the same g
is brought into contact with the simulated surface and
contact area is obtained. For this, first the sum surfac15

is found using

Zs  Zi 2 Z .

Zs gives the difference in height between the indenterZi

and the rough surfaceZ (Fig. 5). The contact area for a
particular penetration (h) of the indenter into the rough
surface is the contour of the sum surface for the va
of Zs equal toh. The contours were obtained using
standard algorithm that uses linear interpolation for t
Zs values in between the grid points.

The indentation of a soft rough surface by a smoo
and hard indenter is equivalent to the penetration o
soft smooth and flat surface by a set of hard asperitie8

From the volume and the area of a contact island,
spherical cavity model11 is used to estimate the mea
pressure acting over the contact island.

pi 
2
3 Y

(
2 1

"
ln

E tan b

2Y 1 2s1 2 2nd
3s1 2 nd

#)
, (8)
2264 J. Mater. Res., Vol. 1
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whereE is Young’s modulus,Y is the yield strength, and
n is Poisson’s ratio of the material being indented.tan b

is obtained by equating the volume of the contact isla
to that of a cone of attack angleb whose base area is
equal to the contact area of the island. It is assumed t
the indenter deformation is negligible. The upper limit t
this mean pressure is set by the condition of fully plas
deformation. Thus the load supported by each island
computed as

Pi 

(
pi 3 Ai if pi , 3

3 3 Y 3 Ai if pi > 3
,

where Ai is the contact area of the individual islands
The total load is obtained by summing up the individu
load supported by all the islands for a given penetratio

In Fig. 6 the simulated load (P) versus penetration
depth (h) characteristics is compared with that obtaine
experimentally. It can be seen that the match between
simulation and the experimental characteristics is ve
good for penetrations greater than 1 mm. At penetratio
less than 1 mm the yield strength (øHy3) of the copper
is less than 0.2 GPa, as can be seen from the flat sur
hardness variation in Fig. 6. As a constant yield streng
of 0.2 GPa is assumed in simulation, the load is sligh
higher than that obtained from experiment. It can al
be noted that the stage III characteristics are the sa
as that for the sphere on a flat surface shifted along
penetration depth axis by a constanthe.

IV. INDENTATION ON A FRACTAL SURFACE

To study the effect of the variation of the strengt
with the size of the asperities, we carry out a simulatio
study on a rough surface. The rough surface is simula
by a fractal function in order to consider the roughne
in the wavelength scales of less than the resoluti
of the profilometers (ø1 mm). The height variation
Zsxd of an isotropic and homogeneous rough surfa
in any arbitrary direction, along a straight line, can b
represented by the Weierstrass–Mandelbrot function.18

Zsxd  GsD21d
X̀

nnl

coss2pgnxd
gs22Ddn ;

1 , D , 2 ; g . 1 ;

In this G is a scaling constant,D is the fractal dimen-
sion of the profile,gn  1yl is the frequency mode
corresponding to the reciprocal of the wavelength (l)
of roughness,gnl is the lower cut-off frequency of the
profile which depends on the length of the sampleL
through the relationgnl  1yL, and g is chosen to be
1.5 for phase randomization and high spectral densit

A value of 1.5 is chosen forD, corresponding to
brownian surface.9 The summation to infinity is cut off
at a high index. The indices are chosen to be 34 a
4, No. 6, Jun 1999
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52, respectively, such that the roughness is simulated
the same length scale as the physical phenomena—
indentation to be studied. The surface is simulated o
a grid of 128 3 128 uniformly spaced points.13,19

The geometry of the indenter used is shown
Fig. 8. The half cone angle (a) and the tip radius of
curvature (Ri) are varied to get the different area func
tion. The surface of the indenterZi is generated over the
same set of grid points as the simulated rough surfa
The axis of the indenter is varied randomly over the x
plane, within the1 3 1 mm simulated surface. Twenty-
five such random indentations are carried out for giv
indenter parametersa and Ri.

The hardness is obtained from Eq. (1). The penet
tion, h, used to obtain the area through the area funct
can be measured from two different reference plan
One is the plane passing through the initial contact po
of the indenter with the rough surface and parallel to t
mean plane. This simulates a depth-sensing indenta
experiment with ideally infinite measurement resolutio
The other plane is the mean plane of the rough surfa
This simulates the imaging type of nanoindentatio
experiments.20 The area function for a given indente
geometry is computed using the same routine but
letting the indentation be done on a smooth flat surfa

The indentation was carried out at 25 random l
cations on the simulated surface, and the load w
found out for 11 different penetration depths at a giv
location. The rms roughness (Rrms) of the indented sur-
face is varied by varying the magnification consta

FIG. 8. Schematic of the fractal surface contact used in simulati
Inset shows the actual contact area for two different penetrations
the indenter.
J. Mater. Res., Vol. 1
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G in Eq. (4).9 The results are summarized in Fig. 9. Th
figure clearly brings out the fact that even for a mater
the bulk and the surface mechanical properties of wh
are the same, the hardness changes with penetratio
long as the surface is rough. The figure further delinea
the influence of the method of measurement and
actual property gradient with depth on the measur
hardness.

To introduce the effect of the varying material prop
erty with the deformation volume or the penetratio
depth, the yield strengthY used in Eq. (8) to calculate
the mean pressure is allowed to vary as

Y  Yo

µ
1 1

c0

V n

∂
. (9)

With n  1y3 this would give, for a conical indenter, a
flat surface hardness variation of type,

H  Ho

µ
1 1

c1

h

∂
, (10)

where Ho is the bulk hardness andc1 is a material
constant. Figure 10 shows the spread of the estima
hardness points normalized with the rough surface ha
ness [Eq. (7)] as a function of the penetration depth a
roughness, for a sharp conical indenter.

For a general material with an arbitrary proper
variation, the hardness measured on a flat smooth sur
can be written as

H  Hofshd .

FIG. 9. Summary of the mean hardness variation with penetrat
for a conical indenter with a tip radius of 10 nm indenting a fract
surface.
4, No. 6, Jun 1999 2265
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FIG. 10. Variation of the mean hardness normalized with the hardn
measured on a rough surface with no property gradient, for a con
indenter with zero tip radius for different surface roughnesses.

Since the effect of roughness could be accounted for
adding an error term to penetration,13,17 when a rough
surface of such a material is indented, the hardn
measured could be obtained as,

H  Hrfsh 2 hed . (11)

Thus, the arbitrary function can be obtained from t
hardness (H) measured in a nanoindentation experime
by plotting HyHr againsth 2 he. Knowing the bulk
hardness (Ho), Hr can be obtained from Eq. (7);he

can be obtained from Eq. (6). The valuesk andn have
been obtained from numerical simulation for differe
indenters on a fractal surface.13

In the numerical simulation, a property variation
the type given by Eq. (10) was assumed. Thus Eq. (
becomes,

H  Hr

µ
1 1

c1

h 2 he

∂
.

Substituting forhe from Eq. (6), this can be written in
a series form forh . he as

H  Hr

µ
1 1

c1

h
1

c1khr

h2
1

c1skhrd2

h3
1 · · ·

∂
. (12)

The continuous lines in Fig. 10 are drawn as per
above equation, limiting the series to the first 3 term
It can be seen that the variation of hardness due to
changing roughness and penetration depth is descr
well by this equation. Substitution forHr from Eq. (7),
2266 J. Mater. Res., Vol. 1
ss
al

by

ss

e
t

t

f
1)

e
s.
he
ed

the hardness measured on a rough surface with a mat
property variation can be written as

H 

µ
1 2

k
hyhr

∂ nµ
1 1

c1

h
1

c1khr

h2

∂
Ho . (13)

The first term in this equation gives the hardness va
tion due to roughness alone when there is no prop
variation with volume/depth. The second term expres
the effect of property gradient in its interaction wi
roughness on hardness. This term comes about bec
the deformation volume in an asperity, for a giv
penetration depth, changes with roughness. This res
in a change in the aggregate strength of the aspe
The roughness thus alters the asperity-wise distribu
of strength and geometric constraint. Hardness, whic
a product of strength and constraint summed over
whole contact domain, changes with roughness. W
there is no property variation with volumec1 is zero and
the hardness reduces to Eq. (7). When the roughnes
the other hand, is zero (hr  0), Eq. (13) reduces to the
smooth surface material property profile [Eq. (10)].

V. CONCLUSIONS

To test the efficacy of the method developed,
conducted nanoindentation experiments on a mech
cally polished surface. Work-hardened copper (99.
pure) was indented in a displacement controlled ins
ment21 with piezo drive and capacitive sensors. The fo
is measured as a deflection of an elastic hinge. The c
per surface was mechanically polished with a diamo
paste of average diamond size of2.5 mm. The rms value
of such polished surface is 7.5 nm. This is obtained fr
a profile measured using an atomic force microscope o
a sampling length of10 mm with a sampling interval of
25 nm. The conical diamond indenter has a tip radiusRi

of about 30 mm. Figure 11 shows the variation of th
measured hardness normalized with bulk hardness (Ho).

Taking the values ofk and n from the numerical
simulation,13 Hr can now be written for this indenter a
[Eq. (7)]

Hr  Ho

µ
1 2

25
hyhr

∂
.

Substituting the values of Young’s modulus (E 
123 GPa) and Poisson’s ratio (n  0.33), the function
fshd can be obtained.

In Fig. 12, theHyHr is plotted againsth 2 he and
gives the corrected hardness variation with penetrat
The continuous line is the best fit of equation of type

H
Ho

 1 1
c1

sh 2 hedm
.

The indexm is very close to 1, which gives the variatio
of type given by Eq. (10) assumed for the numeri
4, No. 6, Jun 1999
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FIG. 11. Hardness normalized with the bulk hardness obtained
nanoindentation of a mechanically polished copper surface. T
various symbols refer to different sets of experiments.

FIG. 12. Nanoindentation data corrected for the effect of rou
surface.

simulation. Comparing Fig. 11 with Fig. 12, it can b
seen that the correction decreases the scatter in hard
at penetration depths less than 200 nm and yields
hardness characteristic ofh21 dependency found by
others3 by nanoindentation of smooth flat surfaces.

For penetration depths larger than 3 times the rm
roughness of a surface, the present work offers a re
tionship that may be used to find the genuine prope
J. Mater. Res., Vol. 1
y
e

h

ess
a

s
a-
y

variation with depth from a surface. This is, of cours
valid for cases where there is no discontinuity in su
variation as well as when no additional roughness
created in the process of intervention by the indent
The strength of the proposed method, in spite of the
teractive nature of the material property gradient and
roughness, is its ability to separate the geometric fro
the material property effect such that given the roughn
the deconvolution will give the genuine property vari
tion. The method, however, uses a geometric funct
that is validated here experimentally for a special ca
of roughness geometry and also when the penetra
depth is more than 3 times the rms roughness. (F
the nanoindentation data presented, this comes to ab
20 nm.)

While the limited nanoindentation data we hav
presented here suggest a more universal applicab
of the relation in terms of surface geometry, clear
experimental work needs to be undertaken for a vari
of surface architecture to test the general validity of th
relationship. The deconvolution procedure for stag
and stage II, however, poses a real challenge espec
when the property variation with depth may be qui
acute at distances associated with these stages. It ma
expected, unlike in the case of stage III, that the init
statistical distribution of asperities geometry will pla
a role in determining (1) the single asperity contact
stage I and (2) the distribution of island contact are
in stage II.

The geometric factor that influences hardness w
thus contain probability terms. Determination of suc
relations should be the focus of future numerical as w
as experimental study.
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