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Nanoindentation test at scale of hundreds of nanometers has shown that measured
hardness increases strongly with decreasing indent depth, which is frequently referred
to as the size effect. Usually, the size effect is displayed in the hardness-depth curves.
In this study, the size effect is characterized in both the load—displacement curves and
the hardness—depth curves. The experimental measurements were performed for
single-crystal copper specimen and for surface-nanocrystallized Al-alloy specimen.
Moreover, the size effect was characterized using the dislocation density theory. To
investigate effects of some environmental factors, such as the effect of surface
roughness and the effect of indenter tip curvature, the specimen surface profile and the
indentation imprint profile for single-crystal copper specimen were scanned and
measured using the atomic force microscopy technique. Furthermore, the size effect
was characterized and analyzed when the effect of the specimen surface roughness was

considered.

. INTRODUCTION

Indentation test is an important and effective experi-
mental method and has extensively been used to estimate
the plastic properties of solids undergoing plastic defor-
mation. Through indentation test, the material param-
eters, such as yield strength, strain hardening exponent,
and Young’s modulus, are estimated. Recently, with ad-
vancement in experimental technique and measuring pre-
cision, it is possible to carry out the indentation experi-
ment at scale levels of tens to hundreds of nanometers.
Such a small-scale indentation test is referred to as the
nanoindentation test (or microindentation test). In the nano-
indentation test, an important phenomenon, size-
dependent indentation result, has been attained for metal
materials;!~'* that is, the measured hardness may double
or even triple the conventional hardness as indent size (or
depth) decreases to one-fifth of a micrometer. The effect
is often referred to as the size effect. In addition, at the
micrometer scale when material microstructured size is
comparable to the indent depth, the size-dependent hard-
ness results mentioned above should be influenced addi-
tionally by the geometrical size.'® Regarding the sensi-
tive zone size of the size effect, for the typical metals,
such as Cu, Ag, and AL>7%!"! within one or one-half
micrometer of the indent depth, the hardness is sensitive
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to indent depth. However, for some uniquely high modu-
lus metals, such as W and Ir,>'3 the size effect sensitive
zone size is much larger, that is, within about tens of
micrometers or even 100 micrometers the hardness is
still sensitive to depth. The trends of both size effect and
geometrical effect are at odds with the size-independence
implied by the conventional elastic—plastic (CEP) theory.

To predict the size effect phenomenon in nanoinden-
tation test, several versions of strain gradient plasticity
theories were developed.®*?'%!4"!7 These investigators
took the strain gradient effect as the dominant factor in
the size effect sensitive zone. Simultaneously, a disloca-
tion density model was used to study the size effect in
nanoindentation test"'*'® and to set up the relationship
between the strain gradient and the geometrically neces-
sary dislocation density.'®"’

Usually, the indentation size effect was described in
the hardness—displacement curves.'~'* Because the most
direct results of the nanoindentation test are the load—
displacement curves, it must be important and interesting
to characterize the indentation size effect in the load—
displacement curves. This will be the main intention in
the current research. In nanoindentation test, the factors
affecting the experimental results from experimental en-
vironments,'® such as the specimen surface roughness,
the indenter tip curvature, the pile-up or sink-in defor-
mations, exist inevitably. Therefore, it is also important
to investigate these effects on the experimental results. In
the current study, the load—displacement (contact depth)

© 2004 Materials Research Society

|P address; 159.226.231.80


http://journals.cambridge.org

http://iournals.cambridae.ora

Y. Wei et al.: Size effect measurement and characterization in nanoindentation test

curves for single-crystal copper and for surface-
nanocrystallized Al-alloy material are measured experi-
mentally, and the size effects are characterized in the
load—displacement curves within the submicrometer re-
gion using the dislocation density theory. In addition,
as usual the size effects are also characterized in the
hardness—displacement curves. To explore the effects of
the factors mentioned above, such as the specimen sur-
face roughness, indenter tip curvature, the elastic recov-
ery, and the pile-up (sink-in) deformation, the profiles of
the specimen surface and the imprint shape are scanned,
measured, and analyzed by using the atomic force
microscopy (AFM) technique for the single-crystal cop-
per specimen. Finally, as a byproduct of the current re-
search, the connection between the indentation hardness
and the mathematical error estimate of the load-
displacement relations will be presented.

Il. EXPERIMENTAL

First, the specimen surfaces of the single-crystal Cu
and the surface-nanocrystallized Al-alloy material were
ground and polished with number 600-1200 sand sheets
smoothly and carefully. Second, one surface to be in-
dented was polished on the polishing machine using the
finer media, such as diamond paste with 0.1-nm average
particle size. After the polishing process, chemical meth-
ods were used to remove the remainders on the surface
and eliminate residual stress within the surface layer.
Nanoindentation experiments were conducted on the test
instrument MTS-Nanoindenter II using the Berkovich
(three-sided pyramid) indenter with about a 40-nm tip
curvature radius. Displacements and loads were meas-
ured with a resolution of 0.7 nm and 0.3 pN, respec-
tively. The continuous stiffness measurement using the
Oliver and Pharr'® model was adopted.

To investigate some environmental effects, such as the
effects of the surface roughness and indenter tip curva-
ture, the measurements of profiles of the specimen sur-
face and the indent imprints were performed by using the
AFM technique for the single-crystal copper specimens.
Experiments were performed in the Institute of Metal
Materials, Chinese Academy of Sciences (Shenyang,
P.R.C.), and the AFM measurements were performed in
the Physical Laboratory, the Physical Department, Tsin-
ghua University (Beijing, P.R.C.).

lll. RESULTS
A. Single-crystal copper specimen

Adopting the continuous stiffness measurement
method for randomly selected test points on the specimen
surface (110), load—displacement curves were meas-
ured, as shown in Fig. 1. Simultaneously, hardness—
displacement curves were also measured and are shown
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FIG. 1. Load—displacement curves for single-crystal Cu shown in (a)
large-scale coordinates and in (b) small-scale coordinates. Conven-
tional elastic—plastic theory result and the dislocation density method

results considering the specimen surface roughness effects are also
shown.

in Fig. 2. To investigate the effect of elastic recovery
deformation, the loading—unloading curves were meas-
ured for five loading stages from 0.75 mN, correspond-
ing to 100-nm depth, to a final load of 124 mN, corre-
sponding to 2000-nm depth, as shown in Fig. 3. In the
figures, the horizontal coordinate, displacement /., cor-
responds to the contact depth of indentation. The experi-
mental results, load—displacement curves, and loading—
unloading curves, are relatively smooth. However, the
corresponding hardness curves are not smooth, especially
within the submicrometer region of the contact depth.
For comparison, the CEP theory simulated curve, a pa-
rabola, which will be discussed in detail in Sec. IV, is
plotted in the figures. From Figs. 1(a) and 3(a), the load—
displacement curves seem to be well-simulated with the
CEP theory solution; however, through detailed investi-
gation there is a big difference between them within the
submicrometer region. This can be found in Fig. 1(b).
Figure 1(b) is the same figure as Fig. 1(a) except for adopt-
ing different scales of coordinates. Obviously, in the small
scale the difference between experimental data and the con-

J. Mater. Res., Vol. 19, No. 1, Jan 2004 209

Downloaded: 30 Dec 2013

|P address; 159.226.231.80


http://journals.cambridge.org

http://iournals.cambridae.ora

Y. Wei et al.: Size effect measurement and characterization in nanoindentation test

3.0q
254 H,=0.85 GPa, h*=552nm
& 204
)
% is McElhaney, et al.?
c . 1
© Huang, et al.
(1]
T 1o x
' v § T oy s
>~
HO
0-5 T T T T T T T T 1
0 500 1000 1500 2000 2500
h, (nm)
(a)
3.0

H,=0.85 GPa, h*=552nm

Hardness (GPa)

T T T
0 100 200 300 400 500
h, (nm)
()

FIG. 2. Hardness—displacement curves for single-crystal Cu shown in
(a) large-scale coordinates and in (b) small-scale coordinates. Conven-
tional elastic—plastic theory result and the dislocation density method
results considering the specimen surface roughness effects are also
shown.

ventional theory result is considerably big. This difference
is described clearly in hardness curves, as shown in Fig. 2.
The hardness curve from the parabolic law shown in Fig. 1
corresponds to a horizontal straight line with a constant
value H,, as shown in Fig. 2. The difference between the
experimental curves and the CEP theory simulation is
called size effect in nanoindentation test. In Fig. 2(a), the
experimental results for materials of the single-crystal cop-
per'! and strain-hardened copper? are also shown for com-
parison. The effectiveness of the current experimental re-
sults is confirmed. From Figs. 1 and 3, the experimental
load—displacement curves are relatively smooth, and the
differences between curves are small, so that the effect of
the specimen surface roughness on the curves seems
negligible. However, from Fig. 2, for hardness curves, this
effect is magnified, especially within the indent depth
region of 300 nm. This effect will be discussed later in
Sec. IV. C.

Besides the effect of the specimen surface roughness,
the indenter tip curvature effect on the experimental re-
sults is also displayed. From Figs. 2(a) and 2(b), within
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FIG. 3. Loading—unloading curves for single-crystal Cu specimen
shown in (a) large-scale coordinates and in (b) small-scale coordinates.

the depth region of about 60 nm, the hardness value
decreases as depth decreases. The feature is consistent
with the analysis of Xue et al.'* for the effect of indenter
tip curvature.

B. Surface-nanocrystallized Al-alloy material

To investigate the size effects further, the nanoinden-
tation experiment for surface-nanocrystallized Al-alloy
material was made on the cross-section points corre-
sponding to the crystal grain size around 20 nm. The
surface-nanocrystallized Al-alloy material is an im-
proved modern composite made by using a nanocrystal-
line technique.?® The distribution of crystal-grain sizes is
in a gradient manner along the thickness, which is several
nanometers on the nanocrystalline surface and several
tens of micrometers inside the material far away from the
nanocrystalline surface. Near the material surface, the
nanocrystalline layer thickness is about 80 wm. Figures 4
and 5 show the load—displacement curves and the
hardness—displacement curves, respectively. Figures 4(b)
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FIG. 4. Load-displacement curves for surface-nanocrystallized Al-
alloy specimen shown in (a) large-scale coordinates and in (b) small-
scale coordinates. Conventional elastic—plastic theory result and the

dislocation density method results considering the specimen surface
roughness effects are also shown.

and 5(b) correspond to the replotted figures of Figs. 4(a)
and 5(a), respectively, with 350 nm as the maximum
horizontal coordinate. For comparison, Fig. 4(a) also
shows the experimental load—displacement result for
conventional aluminum.'®*' Through comparison, one
finds that the nanocrystallized Al-alloy material has the
much higher hardness value than that of the conventional
aluminum. From Fig. 4(a), in large-scale coordinates,
load—displacement curves seem to be well simulated by
the CEP theory result (parabolic relation), which will be
discussed in detail in Sec. IV. However, from Fig. 4(b),
in small-scale coordinates the difference between the ex-
perimental curves and the parabolic curve is relatively
large. The hardness—displacement curves are plotted in
Figs. 5(a) and 5(b).

Comparing the results in Figs. 2 and 5, one can ob-
serve that the size-effect sensitive zone size for the
surface-nanocrystallized Al-alloy material seems smaller
than that for the single-crystal copper material. The hard-
ness curve of the surface-nanocrystallized Al-alloy
material is higher than that of the single-crystal copper
material.
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FIG. 5. Hardness—displacement curves for surface-nanocrystallized
Al-alloy specimen shown in (a) large-scale coordinates and in
(b) small-scale coordinates. Conventional elastic—plastic theory result
and the dislocation density method results considering the specimen
surface roughness effects are also shown.

C. AFM measurements for the single-crystal
copper specimens

From experimental hardness curves shown in Figs. 2
and 5, the experimental results have undergone consid-
erable effects from surface roughness and indenter tip
curvature within a small region of tens of nanometers. To
investigate the roughness effects, a nanoscale measure-
ment for copper specimens was performed using AFM
technique. Before the experiments, the surface profile
was scanned and measured. After the experiments, the
profiles of the indentation imprints were measured. Fig-
ure 6 shows the specimen surface profile measured by
using the AFM technique. From Fig. 6, as expected, a
zig-zag surface shape in nanoscale is displayed. Figures
6(a)-6(d) show the surface profile scanned along four
different straight lines: a horizontal, a vertical, and two
inclined lines, respectively. Locations of each line on the
specimen surface were selected arbitrarily before scan-
ning. From the profile figures, the root mean square
roughness,**>*>
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FIG. 6. Photos and curves of surface profiles of the single-crystal copper scanned along four lines on the specimen surface using the AFM
technique. The surface roughness can be measured based on the curves.

h,= '\/(zf ++...+2)/N

an average roughness value for a surface, was measured,
where (z,,2,,. - .zyx) are the vertical coordinates of sur-
face points relative to an average horizontal plane and N
is the number of the measured points. In the current
measurement, each line included 50 measured points,
and total measured points were N. The result of the root
mean square roughness obtained as 4, = 5 nm. Moreover,
to investigate the effects of the indenter tip curvature, the
profiles of indentation imprint for several depth cases
were measured after the experiments. First, the complete
pictures of the imprints for two indent depths were taken

212
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by using the AFM technique, as shown in Fig. 7. The
AFM photos were taken for two depths of the imprints,
500 nm and 1000 nm, respectively. In these photos, to
display the imprint profiles clearly, AFM inverse imag-
ing technique was adopted. Indent depth is described
with brightness (i.e., the deeper, the brighter). The cur-
vature radii of the imprint tips are displayed in Figs. 7(a)
and 7(b). The effects of the indenter tip curvature can be
observed from the profile photos of the imprints. Fur-
thermore, the profiles of the imprints along the outlines
crossing the apex, one side, and the central line of the
triangular cross section of the imprint were measured for
three indent depth cases, &, 1000 nm, 500 nm, and
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FIG. 7. The complete pictures of the indentation imprints for two
indent depth cases using the AFM inversion technique. Indent depth is
described with brightness.

200 nm, shown in Figs. 8(a)-8(c), respectively. From
Figs. 7 and 8, the pyramidal shape of the imprints seems
to be well kept after unloading, and the effects of the
indenter tip curvature seem not to play too big of a role
in the indentation test results. The pile-up and sink-in
phenomena are not observed obviously. On the other
hand, from loading—unloading curves shown in Fig. 3,
the unloading recovery deformation is not too big, even
for small indent depth. Moreover, from Figs. 7 and 8, the
indenter tip curvature radius observed by means of the
imprints is not obvious. Actually, the effects of the in-
denter tip curvature on the hardness curves, if any, should
be within a small indent depth region at the same order as
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FIG. 8. Pictures of profiles of the indentation imprints for three indent
depths using the AFM technique. Scanning is along the apex and the
one side of the imprint.

the indenter tip curvature radius. For the pyramidal in-
denter in the MTS-Nanoindenter II, there exists a small
curvature radius at the indenter tip, around 40 nm from
manual. Conceivably, during indentation experiment, at
start a small spherical surface contacts with the specimen
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surface. According to the researches of Swadener et al."?
and Xue et al.'? for a spherical indenter case, the hard-
ness increases as indent depth increases. From current
experimental results shown in Figs. 2(b) and 5(b), it
seems reasonable to propose that within the region h <
40 nm, the indenter tip contacts the specimen surface
with a spherical surface; the trends of experimental re-
sults within the small region seem consistent with the
result trends obtained by Swadener et al.'"’ and Xue
et al.'? The discrepancy of hardness curves within the
small region will be interpreted as the effects of the
specimen surface roughness in Sec. IV. C below.

IV. CHARACTERIZATION OF SIZE EFFECT

Size effect describes the different behaviors of mate-
rial manifested in different length scales from macroscale
to microscale. There are several kinds of theoretical
methods for characterizing the size effect. The disloca-
tion density theory method and the strain gradient theory
method are two of them. According to previous re-
searches of our group,” the results of the size effect mod-
eling based on both methods were very similar with each
other for properly selecting the modeling parameters in-
cluded in both theories. In the following analysis, the
dislocation density theory method will be used. More-
over, the effect of the specimen surface roughness on the
nanoindentation test result will be discussed.

A. Conventional elastic—plastic theory result

The size-effect phenomenon cannot be described by
adopting the CEP theory. According to dimensional
analysis,* the indentation load can be expressed in the
form

P = h2C(E/Gy, v, N, B) = h> oyf(E/ay, v, N, B)
)]

where £, is the indent contact depth, E is material
Young’s modulus, v is Poisson’s ratio, oy is yield
strength, N is material strain hardening exponent for a
power-law hardening material, 3 is the pyramidal in-
denter tip angle, and for the instrument Nanoindenter I,
. The horizontal cross-sectional area of the contact sur-
face is A = 24.5hf; from Eq. (1), hardness can be ex-
pressed as:

H = (1/24.5)C(E/ay, v, N, B)
= (0,/24.5)f(E/oy, v, N, B) . ©)

For a weakly hardening metal material, 0 < N < 0.2,
the hardness is approximately equal to three times the
yield strength (i.e., H = 30).”°

From Eq. (1), for the CEP theory, the load-
displacement curve is a parabolic curve, and the hardness
curve [Eq. (2)] is independent of the indent depth.

The predicted results from Egs. (1) and (2) are shown
in Fig. 1-5 in solid lines. The value of C depends on the
material parameters and the indenter angle and can be
computed through using the finite element method”*° to
simulate the nanoindentation experiment and can also
be directly obtained through using the parabolic curve
[Eq. (1)] to simulate the nanoindentation experimental
curve. The obtained C values using the above two meth-
ods are very close to each other.® In the current study, the
determination of C is through letting the value of the CEP
theory result be equal to the value of the experimental
load—displacement curves at the end point (i.e., at the
maximum value of indent depth).

B. Dislocation density theory method

The nanoindentation test for metals belongs to the case
of the nonuniform plastic strain problem. From the dis-
location density theory, the dislocation density is also
nonuniform. In this case, the dislocation density can be
separated into two parts: the statistically stored disloca-
tion density and the geometrically necessary dislocation
density.”>*” It depends not only on the exerted load, but
also on the microstructure geometrical parameters.”®>’
The geometrically necessary dislocation density depends
on the geometrical parameters. Nix and Gao' obtained a
simple and an approximate relation of the total disloca-
tion density relation for nanoindentation test problem, py
= B(1 + h*/h_), and the total dislocation density depends
on the indent depth £_. Putting together the related rela-
tions, such as the Taylor model relation, von Mises flow
theory of plasticity, Tabor factor relation, and the above
dislocation density relation, we have

7= apb\or,
pr =B + h*/h.), o = \/§’T,
H=30 |, 3)

where T and o are the shear flow stress and von Mises
effective flow stress, respectively, . is shear modulus, b
is Burger’s vector, a is a geometrical constant and its
value is about 0.3, and B and h* are constants to be
determined in the nanoindentation test. B is statistically
stored dislocation density and A* is a characteristic
length, characterizing a varying strength of the geometri-
cally necessary dislocation density. For /. < h*, the geo-
metrically necessary dislocation density prevails; other-
wise, the statistically stored dislocation density prevails.
From Eq. (3), Nix and Gao derived out

H=Hy\/1+h*/h, , (4)
Hy =3\3apnb\/B . (5)

H, is the macroscale hardness without size effects and

should be equal to H in Eq. (2) for using the CEP theory.
Therefore, from Eq. (4), and by using Eqs.(1) and (2),

where

214 J. Mater. Res., Vol. 19, No. 1, Jan 2004

Downloaded: 30 Dec 2013

|P address; 159.226.231.80


http://journals.cambridge.org

http://iournals.cambridae.ora

Y. Wei et al.: Size effect measurement and characterization in nanoindentation test

one can readily derive out the load—displacement relation
as follows:

P 1 h*hz E N. 6
= +hCCC(rY’v”B ) (6)

In the hardness relation (4) and the load—displacement
relation (6), the characteristic parameter 2* can be deter-
mined through using the hardness relation (4) to simulate
experimental curve. The simulated results by using (4)
and (6) are shown in Figs. 1 and 2 and Figs. 4 and 5,
corresponding to i, = 0 (without roughness effect).
From Figs. 1 and 2 and Figs. 4 and 5, obviously, the
trends of the load—displacement curves and the hardness—
depth curves can be described by using the dislocation
density theory, except for a small region with the size of
several tens of nanometers. From Figs. 1(a) and 4(a), the
simulated results of the load—displacement curves using
the CEP theory (P = Ch?) seem to compare well with the
experimental curves assessed from the length scale of
several micrometers. However, the comparisons are
poorly assessed from the submicrometer scale as shown
in Figs. 1(b) and 4(b). From the hardness—displacement
curves, the CEP theory simulations always compare
poorly to the experimental curves from Figs. 2 and 5.
The simulated results using the dislocation density
method compare well with the experimental curves for
both the load—displacement curves and the hardness—
displacement curves, except for a small region of indent
depth.

C. Surface roughness effects

The discrepancy of hardness curves within the small
indent depth region [Figs. 2(b) and 5(b)] can be inter-
preted as the specimen surface roughness effects. Fol-
lowing the method of Weiss?? and Bobji et al.,>® the
effect of specimen surface roughness on the hardness
curve can be considered with a revision on the results
without roughness effect. This implies that the measure-
ment error for contact depth due to the specimen surface
roughness is deducted or eliminated through adopting an
effective indent depth to replace the original depth. Re-
ferring to Eq. (4), considering the effect of the surface

roughness, the hardness—depth relation can be expressed
22,23
as:™”

h.\2 I
Hz(l——e) 1 +—H, |, @)

where

h, = kh, 3)

h, is the root mean square roughness of the surface®>** as

described above in Sec. III. C. From investigation by
Bobji et al.,? the coefficient k is about 3. From Eq. (7),

one can obtain the load—displacement relation consider-
ing the effects of the surface roughness as

P 1h“’21 h*hzcE N
Tk T ooy NP

9

From the current AFM measurement for the copper
specimen surface in Fig. 6, we have &, = 5 nm (as pre-
sented in Sec. III.C), and thus A, = 5 nm. Figures 1 and
2 also show the load—displacement curves and hardness—
displacement curves considering the surface roughness
effect. From Figs. 1(a) and 1(b), the roughness effect on
the load—displacement curves is small. However, the
roughness effect on the hardness—depth curves is obvious
within the small depth region of 300 nm. The effects of
the surface roughness on the load—displacement curves
and the hardness—depth curves for the surface-
nanocrystallized Al-alloy specimen are given in Figs. 4
and 5, where take /. to be 12 nm. Obviously, the rough-
ness effect on the hardness—depth curves is considerably
large within a small region of the indent depth.

V. ERROR ESTIMATE

For the load—displacement relations, the comparison of
the CEP theory simulated result with the experimental
result is performed under the mathematical concepts ab-
solute error and relative error. A connection between
error measurement of both results and the indent hard-
ness is presented.

A. The absolute error

Let e and e!' be the absolute errors of the load—and
hardness—displacement curves between the experimental
result and the CEP theory simulation result, respec-
tively. Thus,

Hex
) =1 Py = 0 (22 1o

0
for hy < h, < h,,, , (10)
Hex
ela{ (h(,) =| Hexp - HO |= ( Hop - I)HOs
for hy < h, < h,,, - (11)

P, and H,,, are the experimental load and hardness.
Ch? and H,, are the load and hardness simulated using the
CEP theory. (h;, h,,,, is the effective range of the experi-
mental curves; from current experimental results, i; =
70 nm, and h,,,,, = 2400 nm. According to an agreement
in Figs. 1-5, we have ¢ (h,,,,) = 0 and e;'(h,,,) = 0,
the conditions to determine C and H,. From Figs. 2(a)
and 2(b) and Figs. 5(a) and 5(b), e!!(h,) increases mono-
tonically as &, decreases from h,,,, to h. At h, = h;, et =
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1.4 GPa from both Figs. 2 and 5. From Figs. 1(a) and
1(b), Figs. 3(a) and 3(b), and Figs. 4(a) and 4(b), the
variation of ek(h.) is complicated as &, decreases. The
maximum value of e} is about 6 mN at h_ = 1256 nm
from Fig. 1(a) and is about 3 mN at about 700 nm of
indent depth. Because the absolute error is dimension-
dependent, it is not suitable for a scale problem.

B. The relative error

Let e~ and e}’ be the relative errors of the load— and
hardness—displacement curves between the experimental
result and the CEP theory simulation result, respectively.
Thus

2
g =l Ty
Ch; H,
Hexp
= -1, for by < h.< hg,, , (12)
H,
|Hex - H, | Hex
6:{ (hc) = P 0 = s - 1 P
H, H,
for by < h,< h,,, . (13)

From the last two formulas, the relative error functions
have a correlation with the material hardness—depth
curves. According to the agreement for determining H,,
we have e“(h,,,) = e’(h,..) = 0. The relative errors
increase as the indent depth decreases monotonically. At
h; = 70 nm, e~ = e is about 2.0 from Fig. 2 for single-
crystal copper specimen and is about 1.4 from Fig. 5 for
the surface-nanocrystallized Al-alloy material specimen.

From the above error analyses for difference of the
load—displacement relations between the experiment and
CEP theory modeling, the relative error is a dimension-
less quantity and has the obvious physical meaning, that
is, it is equivalent to the material hardness ratio. There-
fore, the relative error is a suitable quantity for assessing
the size effect or the consistence of the CEP theory result
with the experimental result in both large scale and small
scale.

VI. CONCLUSIONS

A nanoindentation experimental result, such as the
load—displacement curve, covers multiple scales from
microscale to macroscale. At macroscale, one can use the
CEP theory to simulate the macroscale experimental re-
sult. However, when one uses the CEP theory to simulate
the microscale experimental result, a big relative error or
a big hardness difference between the experimental result
and the modeling result can occur. The current researches
show that the depth-dependence of the dislocation den-
sity may be the size effect dominated factor in nano-
indentation test.

The size effects have been characterized by using the
dislocation density method in the current research. From
simulations for the experimental processes of the copper
specimen and of the surface-nanocrystallized Al-alloy
material specimen, we note that the dominant zone sizes
of the geometrically necessary dislocation density for
both kinds of specimens, characterized by h*, are differ-
ent from each other: 4* = 552 nm for the single-crystal
copper specimen and A* = 165 nm for the surface-
nanocrystallized Al-alloy specimen, from Figs. 1 and 2.
It is worth pointing out that the geometrically necessary
dislocation density can be directly connected to the strain
gradient of solids.>**” Based on the concept of the geo-
metrically necessary dislocation density, Gao et al.'® and
Huang et al.'” further developed a strain gradient plas-
ticity theory. As mentioned above in Sec. IV, both dis-
location density theory and strain gradient theory have a
certain connection with each other. Therefore, h* also
characterizes the strain gradient dominated zone size.
From this point, there exists a strain gradient dominated
zone around the imprint tip. The zone size of the single-
crystal copper specimen is larger than that of the surface-
nanocrystallized Al-alloy specimen.

The effects of the specimen surface roughness and the
indenter tip curvature have been investigated by using
AFM measurement and the revised method of Weiss>*
and Bobji and Biswas.** Both effects only play a role in
a small region with tens of nanometers.
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