Surface effects on nanoindentation
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In this paper, we report on a study of the surface effect on nanoindentation and
introduce the apparent surface stress that represents the energy dissipated per unit area
of a solid surface in a nanoindentation test. The work done by an applied indentation

load contains both bulk and surface work. Surface work, which is related to the
apparent surface stress and the size and geometry of an indenter tip, is necessary in
the deformation of a solid surface. Good agreement is found between theoretical
first-order approximations and empirical data on depth-dependent hardness, indicating
that the apparent surface stress plays an important role in depth-dependent hardness.
In addition, we introduce a critical indentation depth. The surface deformation
predominates if the indentation depth is shallower than the critical depth, while

the bulk deformation predominates when the indentation depth is deeper than the

critical depth.

. INTRODUCTION

Characterizing the mechanical properties of materials
at micro-/nanometer scales has become a very active area
of research due to recent development of micro-/
nanosystems.'~’ Micro-/nanosystems combine mechani-
cal, electrical, optical, and magnetic functions into
microscale and even smaller scale devices to create
sensors, actuators, and micro-/nanomachines. The min-
iaturization of electronic, optoelectronic and electrome-
chanical devices, biosensors, and in-plants has provided
the impetus for the rapid development of micro-
nanosystems, nanomaterials, and micro-/nanomechanics.

At micro-/nanometer scales, materials exhibit size-
dependent properties. A typical example of this size de-
pendence is micro-/nanohardness. For instance, the
hardness of (111) single-crystal Cu and cold-worked
polycrystalline Cu increases from less than 1 to about
2 GPa as the indentation depth decreases from 2000 to
150 nm.® Similar depth-dependent hardness has been ob-
served in a large variety of materials, such as (100) and
(110) single-crystal Ag,” diamond-like carbon,'® poly-
mers, and ceramics.”'"'* This depth-dependent hardness
has been explained with the strain-gradient plasticity by
using Taylor’s dislocation work hardening theory for
crystalline materials and the molecular theory of yielding
for polymeric materials, in which the surface effect has
not been considered.'>'* If energy dissipation on the
contact surface between an indenter tip and an indented
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sample is considered, theoretical models will also be able
to predict the size-dependent micro-nanohardness.'>'® In
this study, we seek to explore the surface effect on
nanoindentation.

Il. THEORY

The surface effect on nanoindentation results from
the energy dissipated at the surface, which represents the
work done by the indentation load against the apparent
surface stress. The apparent surface stress includes two
components. One is the surface stress, and the other is the
pseudo-surface stress induced by friction and plastic de-
formation occurring at the surface. In this paper, we in-
vestigate the surface effect on nanoindentation by
considering the shape and radius of an indenter tip
and report on apparent surface stresses extracted from
nanoindentation tests.

During indentation, the work done by an indenta-
tion load, P, can be divided into two parts: the bulk
work, which is required to deform the bulk material, and
the surface work, which deforms the surface of the ma-
terial. This energy balance takes the following differen-
tial form:

Pdh = odV + f3A (D

where £ is the indentation depth, o is the pressure aver-
aged over the contact area, A, V is the volume of the
indenter penetrating into the material, and fis the appar-
ent surface stress averaged over the contact area. Rear-

ranging Eq. (1) leads to
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The hardness, H, is defined as the ratio of the indentation
load to the projected contact area, A,

H=— . 3

H=——+-"—— | (4)

From the shape and radius of an indenter tip, we can
complete the calculation of Eq. (4) for Conical, North-
star, Berkovich, and Vickers tips. We tabulate the for-
mulas of depth-dependent hardness in Table I.

In general, ¢ and f are functions of the indenta-
tion depth. From Taylor’s dislocation work hardening
theory for crystalline materials, Nix and Gao'® sug-
gested that the average pressure could be expressed by
HN1 + h*/h, where H,, is the hardness that would arise
from the statistically stored dislocation alone, in the ab-
sence of any geometrically necessary dislocations, and
h* characterizes the depth dependence of the hardness.
Lam and Chong'* proposed an indentation model on
the basis of the molecular theory of yielding for glassy
polymers, in which the average pressure was expressed
by Hy(1 + \h*/h). In practice, H, may be regarded as
the hardness when the indentation depth is sufficiently
deep. However, how the apparent surface stress changes
with the indentation depth has not yet been explored. To
focus on the surface effect on nanoindentation, we as-
sume that ¢ = H,, and that f is a constant as the first-
order approximation. If the surface effect exists, it
should hold for all crystalline and amorphous materials
including metals, ceramics, and polymers. Available
experimental data in the literature®*'""'7! and from
our laboratory>* should therefore fit the following
equations:

f

H=H+ R

for conical tips (5a)
f . . .

H=H,+ g;l for Northstar, Berkovich, and Vickers tips

(5b)

where g is a numerical factor of 2\/5, 1.1827, and 2.2406
for Northstar, Berkovich, and Vickers tips, respectively.

TABLE I. Hardness formulas for different indenter tips.
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FIG. 1. Hardness versus the reciprocal indentation depth: (a) for met-
als; (b) for polymers; (c) for diamond-like carbon (DLC) films.

Hardness formula Remarks

Tip Radius R (nm)
Conical (Hysitron) 85, 360, 500, 1000, 1800, 5000, 20000
Northstar (Hysitron) 30
Berkovich (Hysitron) 80
Vickers

o+ f/h[1 - (2 R)]
c+2\3fh

o+ 1.1827 f/h

= o +2.2406 f/h

Depth < radius/3

Sharp tip approximation
Sharp tip approximation
Sharp tip approximation
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lll. RESULTS AND DISCUSSION

Figures 1(a)-1(c) plot the depth-dependent hardness
versus the reciprocal indentation depth, respectively, for
metals, polymers, and diamond-like carbon (DLC) films.
These plots reveal that there is a linear relationship
between the hardness and the reciprocal indentation
depth. This good fit is surprising because depth-
dependent hardness also fits well with the formula
H = Hy\ 1 + h*/h for metals™"? and with the formula H =
Hy(1+ \h*/h) for polymers.'' This means that the experi-
mental data on depth-dependent hardness can fit with
different formulas derived from different models. In this
communication, we focus on the surface effect and thus
use Eq. (5) to fit the experimental data. The agreement
between the theoretical formula and the experimental
data indicates that the surface effect plays an important
role in nanoindentation. The extracted values of H, and f
are presented in Table II. It is interesting to note that the
mechanically polished (111) Cu give the values of H, =
0.662 GPa and f = 60.0 J/m?, whereas the electrochemi-
cally polished (111) Cu yields H, = 0.718 GPa and f =
18.9 J/m?. Figure 1(a) shows that the measured hardness
of the mechanical polished (111) Cu is higher than that
of the electrochemically polished (111) Cu. Liu and
Ngan'” attributed this phenomenon to a work-hardened
thin layer in the mechanically polished sample, as
McColm® suggested. On the other hand, images from
atomic force microscopy reveal that the surface of the
mechanically polished sample is much rougher than
the surface of the electrochemically polished sample.
(See Figs. 1 and 2 in Ref. 17 for details.) We postulate that
a rough surface may consume more energy during nanoin-
dentation and thus lead to a higher apparent surface stress.

Figure 1(c) shows that the hardness behavior of the
DLC film annealed at 900 °C is almost the same as
the DLC film without annealing. The extracted values of
H, are 6.05 and 2.44 GPa for the DLC films with and
without annealing, respectively. Although the values of
H, are so large, the hardness still strongly depends on the
penetration depth for both films. For example, when
the depth decreases from 50 to about 14 nm, the hardness
increases from about 20 to over 90 GPa. The depth-
dependent hardness may be induced by the apparent sur-
face stress. The apparent surface stresses are 302 and 324
J/m?, respectively, for the DLC films with and without
annealing. Since the data for each film are not sufficient,
we may fit all data for both films together, which yields
H, = 5.09 GPa and f = 307 J/m”.

Figure 2 shows the depth-dependent hardness for
single crystal bee tugsten,?® in which we do not distin-
guish the diagonal directions of the Vickers indenter.
When the indentation depth is less than 500 nm, the (100)
nanohardness is the highest, the (110) nanohardness is in
the middle, and the (111) nanohardness is the lowest. The
variation in the nanohardness with the crystalline plane
may indicate a difference in the apparent surface stress
on the three crystalline planes. The extracted values of
H, and f are also presented in Table II. The hardness at
a sufficiently large indentation depth, H,, is, however,
more or less the same for the three crystalline planes.
To understand this indentation behavior, Qiu et al.*?
considered the intrinsic lattice resistance, o,, and modi-
fied Nix and Gao’s formula'® to H/H, = 3o0,/H, +
\(1 = 30y/H,)” + h*/h. As our focus is on the surface
effect on nanoindentation, we will not discuss any other
possible mechanisms. We believe that the results shown

TABLE II. The values of H,, and f extracted from the nanoindentation test

Material Indenter H, (GPa) f(I/m?)
(110) single-crystal Ag’ Berkovich 0.378 44.7
(100) single-crystal Ag® Berkovich 0.351 81.6
Polycrystalline Cu® Berkovich 0.885 108
(111) single-crystal Cu® Berkovich 0.744 172
Mechanically polished (111) Cu'’ Berkovich 0.662 60.0
Electrochemically polished (111) Cu'” Berkovich 0.718 18.9
Silicon elastomer Berkovich 0.0114 97.2
Polycarbonate'" Berkovich 0.166 5.56
Epoxy resin'' Berkovich 0.261 6.54
DLC films annealed at 900 °C"° Northstar 6.05 302
DLC films without annealing'® Northstar 2.44 324
(111) single-crystal W2° Vickers 3.27 191
(110) single-crystal W?° Vickers 3.25 269
(100) single-crystal W?° Vickers 3.04 390
(100) single-crystal W'® Conical 2.88 106
(100) single-crystal Al'® Conical 0.110 36.8
Au film*? Northstar and Berkovich 0.548 44.4
1-wm-thick Al film?' Berkovich 0.597 18.1
2-wm-thick Al film?' Berkovich 0.437 15.7
J. Mater. Res., Vol. 17, No. 7, Jul 2002 1717
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in Fig. 2 indicate that the variation in the depth-dependent
hardness with the crystalline plane may be caused by the
anisotropic behavior of the apparent surface stress.

Figure 3 shows the depth-dependent hardness tested
with different radii of conical tips, where the indentation
depth was less than one-third of the radius. For (100)

7

Single crystal w2

2 1 3 4
1/h(pm™T1)
FIG. 2. Hardness versus the reciprocal indentation depth for (100),
(110), and (111) W single crystals.
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FIG. 3. Hardness tested with different radii of conical tips for (100) Al
and (100) W single crystals.

single-crystal Al and (100) single-crystal W, the tip radii
range from 500 to 20,000 nm and from 85 to 5000 nm,
respectively. The experimental data for the (100) single-
crystal W tested with the 1800-nm radius tip are not
sufficient, which indicate the nanohardness to be almost
independent of the penetration depth. Nevertheless, the
data shown in Fig. 3 approximately exhibit the linear
relationship of H with 1/{h[1 — h/(2R)]}, which yields
H, = 2.88 GPa and f = 106 J/m* for the (100) W
and H, = 0.11 GPa and f = 36.8 J/m? for the (100) AL
These experimental results indicate that the depth- and
tip radius-dependent hardness may result from the sur-
face effect.

Figure 4 illustrates the depth-dependent hardness of a
gold film deposited on a (100) silicon wafer, of a 1-pum-
thick aluminum film deposited on a glass substrate and a
2-pm-thick aluminum film deposited on a glass sub-
strate. Both Northstar and Berkovich indenters were used
in the hardness test on the gold film. The deepest inden-
tation depth was 0.66 pm, less than 20% of the gold film
thickness of 3.319 wm. Bhattacharya and Nix** sug-
gested that the substrate effect is negligible when the
indentation depth is less than the 20% of the film thick-
ness. The slope of the hardness over the reciprocal pen-
etration depth is 148 GPa/pm for the Northstar tip, which
is larger than the slope of 54.1 GPa/pm for the Berkovich
tip, indicating tip-dependent hardness. Dividing the
slopes by the corresponding numerical factor, g, we have
the apparent surface stresses of 45.7 and 42.7 J/m?, re-
spectively, for the Berkovich and Northstar tips. The dif-
ference in the apparent surface stress tested with
the two tips may be caused by experimental error. The
mean of 44.4 J/m? is thus listed in Table II. The hard-
nesses at sufficiently large indentation depth, H,, are
0.532 GPa for the Berkovich tip and 0.564 GPa for the
Northstar tip, giving a mean of 0.548 GPa.

1.2
‘Au film%
104 (Northstar tip) A
Au film
(Berkovich tip)
g
0.8
\% 1000nm
Al film®
0.6 1 2000nm
Al film?*!
0.4 . . . . :
0.000 0.002 0.004 0.006 0.008 0.010
1/h(nm™T)

FIG. 4. Hardness of a gold film deposited on a (100) silicon wafer and
for a 1-pm-thick aluminum film and a 2-pm-thick aluminum film
deposited on glass substrates.
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To ensure that the indentation depth is less than the
20% of the film thickness, limited data are taken from
Ref. [21] and plotted in Fig. 4 for the 1- and 2-pm-thick
Al films. Again, the depth-dependent hardness reveals a
linear relationship with the reciprocal of the penetration
depth. The slope of the hardness over the reciprocal pen-
etration depth for the 1-pwm-thick Al film is 21.4 J/m?*
(f = 18.1 J/m?), which is almost the same as the slope of
18.6 J/m* (f = 15.7 J/m?) for the 2-um-thick Al film,
indicating that the apparent surface stress may be inde-
pendent of the film thickness. The results seem to be
reasonable because the two films have the same deposi-
tion conditions.”’ The hardnesses at sufficiently large
indentation depth, H,, are 0.597 and 0.437 GPa, respec-
tively, for the 1- and 2-pm-thick Al films.

Table II shows that the hard materials, such as tung-
sten and diamond-like carbon, have the highest hardness
at sufficiently large indentation depths and the highest
values of the apparent surface stresses as well. The sili-
con elastomer has the lowest hardness at sufficiently
large indentation depth, but its apparent surface stress is
much higher than the other two polymers. The polycar-
bonate and the epoxy resin have lower hardnesses at
sufficiently large indentation depths and lower values of
apparent surface stress. The values of H,, and f for the fcc
bulk metallic materials are in the middle between the
hard materials and the polymeric materials.

With Nix and Gao’s average pressure expression
and considering the surface effect, Eq. (5) has the fol-
lowing forms:

h* f o
H=H, 1+ 7 + m for conical tips
(6a)
h*
H=H, 1+ N +g 7 for Northstar, Berkovich,
and Vickers tips . (6b)

Equation (6) determines the depth-dependent hardness
for crystalline materials caused by work hardening in the
bulk and the energy dissipation at the surface. Using
Eq. (6), we can determine the predominant regions of the
bulk and surface terms. For simplicity, we take Eq. (6b)
as an example, which can be rewritten as

1 1 e 1 A A* &
H=H,(l+ Ll s —HO-(7)

Equation (7) indicates that the bulk term predominates
if v 1+ h%h — 1 > A%h; otherwise, the surface term
predominates. Consequently, the critical depth, A, is
given by

(A%)*
h, = W oA® h* > 2A% | 8)
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FIG. 5. Hardness versus the reciprocal indentation depth for a (100)
Al single crystal, where all indentation depths are less than 100 nm. In
the fitting formulas H and /4 are in units of GPa and nm, respectively.

The surface term predominates in the region of & < h,
while the bulk term predominates in 4 > h_. If h* < 2 A*,
however, the surface term will predominate over the en-
tire region of the indentation depth. Similarly, the bulk
term by Lam and Chong'* results in a critical depth,
h. = (A*)*/h*, for polymers. With the extracted values
of h*, H,, and f, we estimate the value of the critical
depth for various materials. For example, the mechani-
cally and electrochemically polished (111) Cu samples
have the critical depth of #, = 75 nm and i, = 111 nm,
respectively.

To demonstrate that the surface effect predominates at
the nanometer scale, we conducted nanoindentation tests
with a Hysitron nanoindentation system on the standard
(100) Al sample provided by the Hysitron company.
Figure 5 shows the nanohardness as a function of the
reciprocal of the indentation depth, where all indentation
depths are smaller than 100 nm. Fitting the data with
Eq. (5b) yields a correlation coefficient r* = 0.9214,
while fitting the data with H, vV 1 + h*/h gives a corre-
lation coefficient 7 = 0.5875, indicating that the depth
dependence of the nanohardness is indeed controlled by
the surface effect. In Fig. 5 there is a small plot of H>
versus 1/h, which indicates that the fitting results give a
meaningless negative value of H,” and a low correlation
coefficient, > = 0.7306.

IV. CONCLUSIONS

In summary, the nanohardnesses of both crystalline
and amorphous materials are approximately linearly pro-
portional to the reciprocal of the penetration depth. In
addition, at a given indentation depth, the nanohardness
of the gold film tested with the Northstar tip is higher
than that tested with the Berkovich tip, but the apparent
surface stress is almost the same. Furthermore, the results

J. Mater. Res., Vol. 17, No. 7, Jul 2002 1719
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show that Eq. (5a) is able to predict roughly the depth-
and tip radius-dependent nanohardness of the (100)
W and the (100) Al. There exists a critical indentation
depth. The surface effect plays a predominant role if the
indentation depth is shallower than the critical depth,
while the bulk deformation predominates when the in-
dentation depth is deeper than the critical depth. How-
ever, the apparent surface stress extracted from the
nanoindentation test is about 2 or 3 orders higher in
magnitude than the surface energy of the same material.
More theoretical and experimental studies are needed to
understand the apparent surface stress and its relation
to the surface morphology.
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