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Influence of surface-roughness on indentation size effect
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Abstract

During nanoindentation of a material with a naturally rough-surface, a flattening of the rough-surface is additionally accomplished
compared to nanoindentation on a flat surface. By separating analytically the work expended to flatten the rough-surface and to deform
the flattened surface, we develop here a new rough-surface indentation size effect (ISE) model. This new model is applied to nanoinden-
tation results for three Ni samples of different surface-roughness and the applicability of the model is discussed in terms of a critical con-
tact depth for the surface-roughness effect on ISE.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Over the past decades, advances in nanoindentation
techniques along with the development of commercial
equipment have made it possible to explore the mechanical
properties and behavior of very small volumes of material,
as reviewed by several researchers [1–7]. From extensive
research through nanoindentation experiments, it is now
generally accepted that the indentation hardness measured
even with a geometrically self-similar pyramidal indenter
(e.g., the commonly used Berkovich indenter) increases
with decreasing indentation depth or force, which is the
so-called indentation size effect (ISE) [8–31].

Based on Ashby’s suggestion that geometrically neces-
sary dislocations (GNDs) would increase the strength in
bending or flat-punch indentation [32], many early works
on the ISE [8–11] proposed a possible relationship between
the GNDs and the ISE. In 1998, the most popular mecha-
nism-based model of the ISE phenomena was established
by Nix and Gao [12], who considered the density of GNDs
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generated by a geometrically self-similar sharp indenter
together with a Taylor’s dislocation model [33]. In the
Nix–Gao model, the relation between the indentation
hardness (H) and the indentation depth (h) can be simply
described as:

H
H 0

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h�

h

r
; ð1Þ

where h* is a characteristic length depending on both the
indented material and the indenter angle and H0 is the mac-
roscopic indentation hardness (when h is much greater than
h*). Since the linear relation between (H)2 and (1/h) in Eq.
(1) successfully predicted the experimental indentation
hardness data, the Nix–Gao model has been applied exten-
sively (sometimes with minor revisions) and Swadener et al.
extended it to a spherical indenter by assuming a parabolic
geometry of the indenter [19].

However, it has been found from further research that at
very shallow indentation depth (typically <100 nm), nano-
indentation hardness data can deviate significantly from
the predictions of the Nix–Gao model. It was suggested that
this deviation at small indentation depths might be due to
the inherent response of materials during nanoindentation
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(Peierls stress, storage volume for GNDs and so on
[17,23,28]) as well as several extrinsic factors such as blunt
tip on a sharp indenter, surface-roughness, oxide layer,
chemical contamination and work-hardened layers
[16,22,26]. Among the extrinsic factors, some degree of sur-
face-roughness is almost unavoidable in nanoindentation
experiments [34] and thus has been of interest. Bobji and
Biswas [35] demonstrated via computational simulations
that surface-roughness has a significant effect on hardness.
Gerberich et al. [36] divided the work done by an applied
indentation force into surface work and volume work and
included the surface-roughness effect in the surface work.
Most recently, Zhang et al. [24] modified Eq. (1) of the
Nix–Gao model and clearly demonstrated the effect of sur-
face-roughness on the ISE by assuming flattening of the
indented rough-surface by fully plastic deformations:

H ¼ H 0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h�

h

r
þ 2ec þ gfs

h
; ð2Þ

where ec is the dissipation energy per contact area due to
plastic deformation, g is a geometric constant and fs is
the thermodynamic surface stress. However, from a practi-
cal viewpoint, some difficulties can arise in applying this
bearing ratio model because ec and fs are hard to measure
experimentally. It is thus still desirable to derive a more
easily applicable relation between surface-roughness and
ISE.

With this in mind, here we propose a new rough-surface
ISE model. During nanoindentation, it is plausible that the
material surface in contact with the indenter, regardless of
its original roughness, becomes topographically smooth.
Thus, material deformation by nanoindentation is accom-
plished by the combination of two simpler procedures: flat-
tening of the indented rough-surface and deformation by
nanoindentation of the flattened surface. The dissipated
work terms for each step were derived analytically and
their ratios are presented with the contact depth and ISE
characteristic values. Based on the separation of the dissi-
pated work terms, a new rough-surface ISE model is devel-
oped and its validity is experimentally examined. Our
ultimate goal is to characterize the ISE by interpreting
the nanoindentation hardness at shallow depths excluding
the surface-roughness effect, which may be a principal
extrinsic ISE factor.

2. Experiments

The surfaces of three 99.99% pure Ni samples were
carefully polished with 0.05, 1 and 5 lm alumina powder
intentionally to control the average surface-roughness Ra.
The values of Ra were measured using an XE-100 (PSIA
Inc., Suwon, Korea) atomic force microscope (AFM).
The scan area was 3 · 3 lm close to the residual indenta-
tion impression area. Nanoindentation experiments were
conducted using a Triboindenter (Hysitron Inc., Minneap-
olis, MN) with a three-sided pyramidal Berkovich
diamond indenter. The maximum indentation force Pmax

was 5 mN and the loading and unloading rate dP/dt

was 300 lN/s. The change in hardness with indentation
depth was measured by partial unloading at six different
indentation depths. Directly after the indentation experi-
ments, the geometrical profiles of the residual indentation
impressions were measured using the Triboindenter’s
AFM function, from which the final pile-up height hpile

around the impression was determined. Since the mea-
sured hpile is valid only for the final unloading, the values
of hpile at each partial unloading were estimated by
assuming that the ratio of hpile to the maximum indenta-
tion depth, hmax, is approximately constant and indepen-
dent of indentation depth [13].
3. Results and discussion

3.1. Measurement of surface-roughness and hardness

Fig. 1 shows the typical surface morphology and the
average surface-roughness, Ra, with standard deviation
measured by AFM. The parallel scratches on the surface
were caused by mechanical polishing: the Ni sample pol-
ished with coarser alumina powder shows the greater
roughness (e.g., Ra = 8.65 ± 0.73 nm and 3.22 ± 0.33 nm
for 5 lm and 1 lm powder, respectively). The surfaces pol-
ished with 0.05 lm alumina powder are so close to flat
(Ra = 0.44 ± 0.07 nm) that they can be assumed to be flat
surfaces. Note that Ra is not equivalent to the mean value
of the maximum height difference between the top of peak
and the bottom of valley in the surface (Rmax designated in
ISO 4287 [37]); this maximum height difference measured
experimentally in the present work was several times Ra.
The detailed procedure for determining Ra is described in
ISO 4287 [37] (see also the authors’ previous study [34]).
Fig. 2 shows the statistical distributions of surface heights,
which exhibit a normal distribution regardless of average
surface-roughness.

Fig. 3 shows the change in hardness H (=Pmax/Ac, where
Ac is contact area) as the contact depth hc increases. This
contact depth hc was derived by adding hpile (measured
by AFM) to the conventional contact depth in the Oli-
ver–Pharr method [38], i.e., hc = hmax � hd + hpile, where
hd is the elastic deflection depth. The contact area Ac was
then determined by inputting this hc into the area function
obtained from preliminary nanoindentation experiments
on a fused quartz standard specimen [38]. In Fig. 3, the
hardness values are clearly dependent on surface-roughness
at shallow contact depths (less than about 100 nm), while
they are similar at larger contact depths (greater than
about 100 nm). Considering the pile-up height, the indenta-
tion depth h in Eq. (1) can be replaced by the contact depth
hc defined above, i.e.,

H
H 0

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h�

hc

s
: ð3Þ



Fig. 1. Surface morphologies and average surface-roughness, Ra, mea-
sured by AFM. Scan area was 3 · 3 lm and specimen surfaces were
mechanically polished with (a) 0.05, (b) 1 and (c) 5 lm alumina powder.

Fig. 2. Statistical distributions of surface heights for Ni samples polished
with alumina powder of (a) 0.05, (b) 1 and (c) 5 lm: the mean surface
heights are set to zero and the lines are curves fitted to the normal
distribution functions.
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Note that Eq. (3) is valid only if the original roughness of
the indented surface is negligible [12]. Applying Eq. (3) to
the Ni sample polished with 0.05 lm alumina powder
(which had an almost flat surface, i.e., Ra � 0.44 nm) re-
sulted in H0 = 1.62 ± 0.08 GPa and h* = 415.7 ± 14.2 nm.
3.2. Analysis of work expended for rough-surface indentation

As described above, the procedure for rough-surface
indentation can be divided into two simpler steps: flatten-
ing the indented rough-surface and deformation of the
flattened surface. Thus, the total work done by nanoinden-
tation, Wtotal, can be separated into two dissipated works;



Fig. 3. Hardness vs. contact depth for Ni samples polished with 0.05, 1
and 5 lm alumina powder.

3558 J.-Y. Kim et al. / Acta Materialia 55 (2007) 3555–3562
the work to flatten the rough-surface Wrough and that to
deform the flat surface Wflat.

First, from the force–displacement (P–h) relations dur-
ing nanoindentation, the work expended to deform the flat
surface, Wflat, can be simply calculated as:

W flat ¼
Z hc

0

P dh ¼
Z hc

0

HAc dh ¼
Z hc

0

H � p tan2 h � h2 dh;

ð4Þ
where h is the half-angle of a sharp indenter (see Fig. 4).
When the ISE is taken into consideration, Eq. (4) can be
written as:

W flat ¼ pH 0 tan2 h �
Z hc

0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h�

h

r
� h2 dh; ð5Þ

which after integration becomes

W flat ¼
pH 0 tan2 h

24

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2

c þ h�hc

q
f8h2

c þ 2h�hc � 3h�2g
�

þ3h�3 ln

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ hc

h�

r
þ

ffiffiffiffiffi
hc

h�

r( )#
: ð6Þ
Fig. 4. Work expended to deform a flat surface by nanoindentation.
On the other hand, Wflat can be measured directly by
integrating the loading curve in the indentation P–h curve
obtained from the flat surface. Fig. 5 shows the result
calculated for Eq. (6) using H0 = 1.62 GPa and h* =
415.7 nm obtained for Ni sample with an almost flat sur-
face (Ra � 0.44 nm), together with the measured work
values from integration of the loading curves for the same
sample. The calculated value of Wflat is in very good
agreement with the measured Wflat, indicating that con-
sideration of the ISE in Wflat by Eq. (6) might be
reasonable.

Next, we considered the work done to flatten the rough-
surface Wrough. The flattening process is accomplished by
plastic deformation of the asperities inside Ac, so that their
peaks flow down to fill the valleys [24,34]. This plastic flow
in a rough-surface might be easier than that for deforma-
tion by nanoindentation on a flat surface because of the
free room in the neighboring valleys and thus less work
per unit volume is required to flatten the rough-surface
than to deform a flat surface by nanoindentation. The pres-
sure at the onset of plastic flow, p0, of material at a rough-
surface is known to be 0.39 times H0 [39], so that the work
expended to flatten the rough-surface per unit contact area
W0,rough becomes

W 0;rough ¼ p0V p ¼ 0:39H 0 � 0:5Ra; ð7Þ
where Vp is the average peak volume per unit contact
area that is moved to fill up the valleys, which is 0.5 times
Ra when the surface heights follow a normal distribution
(as shown in Fig. 2) [24]. Using Eq. (7), the work ex-
pended to flatten the rough-surface, Wrough, can be deter-
mined as:

W rough ¼ W 0;roughAc ¼ W 0;roughp tan2 h � h2
c

¼ 0:195p tan2 h � Ra � H 0h2
c : ð8Þ

From the above results, the work ratio of Wrough to
Wtotal (=Wflat + Wrough) for materials showing the ISE is
given by combining Eqs. (6) and (8):
Fig. 5. Work expended to deform a flat surface by nanoindentation as
calculated from Eq. (6) and as directly measured from the loading curve of
Ni samples polished with 0.05 lm alumina powder.



W rough

W total

¼ 4:68Ra � h2
cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2
c þ h�hc

q
f8h2

c þ 2h�hc � 3h�2g þ 3h�3 ln
ffiffiffiffiffiffiffiffiffiffiffiffi
1þ hc

h�

q
þ

ffiffiffi
hc

h�

qn o
þ 4:68Ra � h2

c

; ð9Þ
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which is a function of Ra, hc, and h*. This work ratio is
shown in Fig. 6 as a function of hc (presented as a multiple
of Ra) and h* (which increases with decreasing hc as the
usual ISE trend). The ISE characteristic length in the
Nix–Gao model [12] is

h� ¼ 81

2
ba2cot2h � l

H 0

� �2

; ð10Þ

where b is the Burgers vector, a is a geometric constant and
l is the shear modulus. Large values of H0 (i.e., in a hard
material) would cause h* to be very small (i.e., ‘‘weak’’
ISE), and by Eq. (9) this would cause the work ratio
(Wrough/Wtotal) to be large at a given Ra and hc.
Fig. 6. Contribution of Wrough to Wtotal, as a function of contact depth (de

Fig. 7. Separation of nanoindentation work into work to flatt
3.3. Development of the rough-surface ISE model

The present model begins by taking into account the
possible contact morphology. During indentation, it is
plausible that the material surface in contact with the
indenter becomes topographically smooth, regardless of
the original surface state [40]. In this case, one can say that
indentation loading of increment in contact depth (dhc) has
two simpler parts: the rough-surface inside increment in the
contact area (dAc) is flattened by fully plastic deformation
and the flat surface is deformed by nanoindentation. This
separation is expressed by breaking down the total nanoin-
dentation work (see Fig. 7) into
scribed as a multiple of Ra) and ISE characteristic length from Eq. (9).

en the rough-surface and work to deform the flat surface.
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Pdhc ¼ dW flat þ dW rough; ð11Þ
where dWflat and dWrough are the infinitesimal increases in
work expended to deform the flat surface and to flatten the
rough-surface within dAc, respectively. From Eqs. (8), (11)
becomes

Pdhc ¼ dW flat þ W 0;roughdAc: ð12Þ
For the work expended to deform the flat surface, Eq. (3)
by the Nix–Gao model [12] yields

Pdhc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h�

hc

s
AcH 0dhc þ W 0;roughdAc: ð13Þ

By inputting W0,rough = 0.39Ra · 0.5H0 (Eq. (7)) and divid-
ing both left- and right-hand sides of Eq. (13) by
(Ac · H0 · dhc), Eq. (13) becomes

H
H 0

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h�

hc

s
þ 0:39Ra

hc

: ð14Þ

In nanoindentation on a rough-surface, initial contact is
likely to occur around the peak of an asperity, since the
indenter tip radius is usually much greater than those of
the asperities [26,41]. The height of the material surface,
which is the starting point of the contact depth, is defined
as the reference height. If the rough-surface inside Ac

becomes smooth during indentation loading, the mean
Table 1
Characteristic ISE values from the Nix–Gao model and the rough-surface ISE

Material (final polishing) H0 (GPa) h* (nm) by th

Ni (0.05 lm alumina) 1.62 ± 0.08 415.7 ± 14.2
Ni (1 lm alumina) 1.66 ± 0.12 366.7 ± 18.3
Ni (5 lm alumina) 1.69 ± 0.04 317.1 ± 15.7

Fig. 8. Contribution of DHrough to the total hardness increment by ISE DHtotal

length from Eq. (16).
height dm of the original asperities, not their representative
peak height, d0, can be taken as the reference height (Fig. 7)
and the height difference between dm and d0 has been dem-
onstrated statistically to be 2.46 times Ra [34] (i.e.,
hcjrough = hc � 2.46Ra, where hc is the contact depth in con-
sideration only of the pile-up height, as mentioned above).
Therefore, if this is additionally considered, Eq. (14) should
be modified to become

H
H 0

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h�

hc � 2:46Ra

s
þ 0:39Ra

hc � 2:46Ra

: ð15Þ

Collectively, if one can evaluate Ra and the hardness values
at various contact depths, the present surface-roughness
ISE model can be easily applied to obtain the macroscopic
H0 and the ISE characteristic length h*.

3.4. Application of the new rough-surface ISE model

Hardness results measured at various contact depths
were fitted to Eq. (3), which does not take into account
the effect of surface-roughness, and Eq. (15), which does
take this effect into account. The macroscopic hardness
H0 and the ISE characteristic length h* obtained from
Eqs. (3) and (15) are presented in Table 1. For both mod-
els, the measured H0 values are approximately independent
of Ra (as expected from the trend of hardness change with
model

e Nix–Gao model h* (nm) by the rough-surface ISE model

411.3 ± 4.5
433.7 ± 8.1
386.2 ± 8.2

, as a function of contact depth (as a multiple of Ra) and ISE characteristic
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contact depth seen in Fig. 3). This is not surprising since
the effect of surface-roughness becomes negligible as inden-
tation depth increases relative to a given surface-roughness.
On the other hand, the influence of Ra on the h* values is
clearly different in the models. For the Nix–Gao model
(Eq. (3)), the h* values are strongly dependent on Ra; com-
pared to the h* value from flat surfaces, those from surfaces
with Ra � 3.22 nm and Ra � 8.65 nm were underestimated
by 11.8 and 23.7%, respectively. However, the value of h*

acquired from the present model does not vary significantly
with Ra, despite the increasing differences in hardness val-
ues at shallow contact depths. The averages and standard
deviations of the h* values obtained from Eq. (15) were
410.4 ± 23.8 nm. This Ra-independent h* might imply the
validity of the present model, since the ISE should be insen-
sitive to extrinsic factors such as surface-roughness.

The present model is more powerful in describing the
ISE at a smaller scale (e.g., for thin films and MEMS)
where the indentation depth is limited. Thus, determining
the critical contact depth (hc,crit) below which the present
model is properly applicable is important. According to
Eq. (15), the ISE comes from both deformation of the flat
surface (the first term on the right-hand side) and that of
the rough-surface (the second term on the right-hand side).
This second term is the hardness increase by surface-rough-
ness, DHrough. The contribution of DHrough to the total
hardness increase by ISE, DHtotal [=(H � H0)/H0], is given
by:

DH rough

DH total

¼ 0:39Ra=ðhc � 2:46RaÞ
ðH � H 0Þ=H 0

¼ 0:39Ra=ðhc � 2:46RaÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h�

hc�2:46Ra

q
þ 0:39Ra

hc�2:46Ra
� 1

; ð16Þ

which is a function of Ra, hc and h*. The hardness portion
from surface-roughness is shown in Fig. 8 as a function of
hc (presented as a multiple of Ra) and h*. This hardness
portion increases with decreasing hc or h*, as did the work
ratio shown in Fig. 6. However, the influence of surface
roughness on hardness is more apparent than its effect on
the work ratio. Note that the smaller value of DHrough/
DHtotal indicates that the effect of surface roughness on
the ISE decreases. One can determine the degree of the sur-
face-roughness effect on the ISE by an allowance limit p. At
contact depths less than the critical contact depth hc,crit, the
surface-roughness effect on the ISE is greater than p and
vice versa. Equating Eq. (16) to p and changing hc to hc,crit

yields

hc;crit ¼
0:1521ð1� pÞ2

p2 h�

Ra
� 0:78pð1� pÞ

þ 2:46

 !
Ra: ð17Þ

For example, if p is 0.03 (3%) for Ni with h* = 415.7 nm
and Ra = 8.65 nm, hc,crit is 81.48 nm. Collectively, applica-
tion of the rough-surface ISE model might be especially
valuable in characterizing the ISE with hardness results
at contact depths less than this critical value.
4. Conclusion

We have developed a new ISE model taking into consid-
eration surface roughness. Indentation P–h curves and
hardness values at various contact depths were measured
for Ni samples with different surface roughness. The total
work done during nanoindentation loading, Wtotal, was
separated into two dissipated works: the work expended
to flatten the rough-surface, Wrough, and the work
expended to deform the flat surface, Wflat. Values of Wflat

were derived analytically and verified by comparison with
those directly measured by integration of the nanoindenta-
tion loading curve obtained from an Ni sample with an
almost flat surface. The value of Wrough was calculated
and the ratio of Wrough to Wtotal was estimated as a func-
tion of contact depth, hc, average surface-roughness, Ra,
and the ISE characteristic length, h*. On the basis of these
dissipated works, the rough-surface ISE model was devel-
oped and applied to the nanoindentation hardness results
that show variations with Ra at shallow contact depths.
The value of h* did not vary significantly with the change
in Ra despite the increasing differences in hardness values
at shallow contact depths. The critical contact depth was
determined with an allowance limit p. The rough-surface
ISE model developed here may be valuable in characteriz-
ing the ISE with nanoindentation results at contact depths
less than this critical contact depth.
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