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ABSTRACT: Micro-indentation tests at scales of the order of sub-micron show that the measured
hardness increases strongly with decreasing indent depth or indent size, which is frequently referred to
as the size effect. At the same time, at micron or sub-micron scale, another effect, which is referred
to as the geometrical size effects such as crystal grain size effect, thin film thickness effect, etc., also
influences the measured material hardness. However, the trends are at odds with the size-independence
implied by the conventional elastic-plastic theory. In the present research, the strain gradient plasticity
theory (Fleck and Hutchinson) is used to model the composition effects (size effect and geometrical
effect) for polycrystal material and metal thin film/ceramic substrate systems when materials undergo
micro-indenting. The phenomena of the “pile-up” and “sink-in” appeared in the indentation test for
the polycrystal materials are also discussed. Meanwhile, the micro-indentation experiments for the
polycrystal Al and for the Ti/SizNy thin film/substrate system are carried out. By comparing the
theoretical predictions with experimental measurements, the values and the variation trends of the

micro-scale parameter included in the strain gradient plasticity theory are predicted.
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1 INTRODUCTION

Indentation test is an important and effective
experimental method, and has been used extensively
to estimate the plastic properties of solids undergoing
plastic deformation. Through indentation test, the
loading-unloading relation between hardness and in-
dent depth is measured. Thereby, the material pa-
rameters, such as the yielding stress, strain hard-
ening exponent, Young’s modulus, etc. are esti-
mated. Recently, with the advancement of experi-
mental technique and measuring precision, it is pos-
sible to carry out the indentation tests at the scale
of one micron or sub-micron for obtaining more de-
tailed material information. Such small-scale indenta-
tion experiments are frequently referred to as micro-
indentation tests (or nano-indentation tests). In the
micro-indentation test, new results, different from the
conventional ones, the size-dependent results, were
obtained extensively'™~%. For metal materials, the
measured hardness may double or even triple the
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conventional hardness as the indent size (or depth)
decreases to a fifth micron. The effect is often re-
ferred to as the size effect. In addition, at the micron
scale, if material is of some micro-geometrical struc-
tures and if the geometrical structure size is compara-
ble to the indent depth, the size-dependent hardness
mentioned above may be influenced additionally by
the geometrical size. We call this effect as the geo-
metrical effect in the present research. However, the
trends of both size effect and geometrical effect are
at odds with the size-independence implied by the
conventional elastic-plastic theory. Otherwise, from a
dimensional consideration!!?, the hardness was only
dependent of macroscopic parameters of material, i.e.,
was size-independent.

In order to predict the size effect phenomena, re-
cently, several strain gradient plasticity theories have
been developed(!~13].  These theories include the
strain gradient effects and go beyond the conventional
elastic-plastic theory frame. In the new constitutive
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relations, the strain terms are matched with the new
strain gradient terms through several length parame-
ters. Thus the material size effect can be character-
ized by the length-scale parameters.

On the researches of the size effect in the inden-
tation tests by using strain gradient plasticity theo-
ries, in Ref.[4], the case when the micro-scale parame-
ter was smaller than the contact radius was analyzed
by adopting the couple stress theory!'] under an in-
compressible assumption. In Ref.[3], the similar case
to [4] but adopting the Fleck and Hutchinson’s strain
gradient plasticity!'!] was analyzed. By applying the
prediction result to the micro-indentation test for ma-
terial tungsten (W)[®], the micro-scale parameter for
material W was obtained within 0.25~0.52 ym.

Alternatively, a dislocation model has been used
to study the size effect for the micro-indentation test
in Ref.[1]. By using the Taylor’s relation, von Mises’
plastic flow law and the conventional relation of the
hardness (triple the flow stress), an inverse square
root relation between hardness and indent depth was
obtained.

Comparing the micro-indentation test results for
conventional metals (Cu, Ag, Al)>79] with that for
the uniquely high modulus metal W8], it is clear that
the sensitive zone scale of the size effect of the for-
mer is smaller than that of the latter for an order
of magnitude. Correspondingly, the scale of the con-
tact radius of the former is also smaller than that of
the latter for an order of magnitude. Furthermore,
in view of the previous investigations®* which were
focused on the case when the micro-scale parameter
was smaller than the contact radius, it is necessary
to discuss the case when the micro-scale parameter
is greater, even several times greater than the con-
tact radius for the conventional metals (Cu, Ag, Al,
etc.). Following [9], in the present research, the Fleck
and Hutchinson’s strain gradient plasticity modell*!],
and a compressible general constitutive relation are
considered. Experimental researches of the micro-
indentation tests for polycrystal aluminum and the
metal thin film /ceramic substrate system are carried
out. For the polycrystal Al, the experimental pro-
gramming adopted here is different from the conven-
tional continuum stiffness method (CS method), and
the measured hardness curve is based on a unique
loading point on the surface, and depends on the sta-
tus of the loading point. In the present experiment,
many loading points are selected randomly, and one
test point corresponds to only one measured value for
hardness/depth relation. Although a data strip for

hardness/depth relation will be obtained by using the
CS method, its defects can be avoided. By compar-
ing the theoretical prediction with the strip test data,
the micro-scale parameter and its variation trends for
different material can be predicted. For comparison,
in the indentation experiment for the Ti/SisNy4, a
thin film/substrate system, the CS method will be
adopted. Through comparing the theoretical predic-
tions with the experimental results, the values and the
variation trends of the micro-scale length parameter
for different material, related with micro-geometrical
size, are predicted.

2 DEFORMATIONAL THEORY OF STR-
AIN GRADIENT PLASTICITY

In the present section, the compressible general
form of the deformational theory of the strain gradi-
ent plasticity is outlined as follows.

2.1 Constitutive Relations
The definitions of the strain and strain gradient
are .
eij = 5 (wij +uyi) = € + ey
(1)
P L — p
Nijk = Wk,ij = Nijk T Nyj
The expressions related with the constitutive relations
are listed as follows
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where Y and = are the effective stress and effective
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strain, respectively. LS and L;(I = 1,4) are the
micro-scale parameters for the elastic and plastic case,
respectively. From the discussion in [11], there exists
a general relation among the micro-scales (SG theory)
L= %L Ly = %L 3)
In addition, take Ly = L/2. Similarly, (3) is valid
also for the elasticity strain gradient case, with L re-
placed by L€ in (3). Moreover, the previous research
has shown that the solution is insensitive to the value
of L¢/L within the region 0 < L°/L < 1. Thus,
take L°/L = 0.5 in the present research. In the last
relation of (2), AP is the effective plastic modulus.
Considering the strain hardening material

Li=1L

5:50(2/0'1/) Y <oy
- = 1/N )
E=5,(Y/oy) X >oy
we have
~1
hp:EI:(E/O'y)l/N_l—l] (5)

In formula (2), Tz.(jlk)lmn (I = 1,4) is the projection
tensor of the strain gradient, and the detailed expres-
sions are given in [14]. Thus, by using the formulas
(1) and (2) and the projection tensor normality, the
compressible general form of the deformational theory

of the strain gradient plasticity can be expressed as
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2.2 Equilibrium and Variational Relations

Frequently, equilibrium equations can be de-
scribed by the displacement-variational relation, for
the finite element implementation. The displacement-
variational relation for the strain gradient plasticity
theory is given byl

/(aijéeij—l—njkénijk)d‘/:/ fk(S’U/de‘i‘
14 14

/tkéude—l— / Tk (Déuk) ds (7)
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Wei Yueguang et al.: Size Effect and Geometrical Effect of Solids 61

Based on (7), the traction on S is defined by

(97" ik
t = n; <a,~k — 8” > +nin;Tijr (Dpny) —
€L j

Dj (ni7ijn) (8)

and the surface torque by r, = n;n;7;,. The opera-
tors D and Dj; in (7) and (8) are defined as

D; =0/0x; — njn,0/0xs D =nid/zr  (9)

where n; in (7)~(9) is the direction cosine on S.

3 PROBLEM FORMULATIONS

3.1 Boundary Conditions of Indentation Test

Problem

Consider that the pressure head is a circular
cone. The usual pyramid pressure head can be re-
placed approximately with a circular cone according
to the cross-section area equivalence for simplifying
the analysis. A traction condition on the remote
boundary is used here, instead of the displacement
boundary conditions as is usually done. The advan-
tages of such a treatment are in either catching the
fundamental feature of indentation test, or making
the description and analysis much simpler.

Elastic stress distributions on the remote bound-

ary are given by (see Fig.1)[']
P 1-2v 9, .
Op = W <m — 3cos 951119)
— _ i3
o, = 572 sin” 6
3P (10)
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where 72 = 72 4+ 22. The definitions of the others are
shown in Fig.1. The mixed boundary conditions on
the material surface (z = 0) for the small deformation
case are

u, = —rtanf
R, <0
R.,=R,=0

where the reference (original) point of vertical dis-
placement u, is chosen at the conical apex, R is the
contact radius, h is the penetration depth of the in-
denter, R, and R, are the surface tractions.
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Fig.1 Simplified model for polycrystal material undergoing the micro-indent

For the convenience of the analysis, define a
loading-length parameter as

RO = \/P/ (37T0‘y) (12)

Ry is the conventional contact radius (when the size
effect is neglected) for the low-hardening metal mate-
rial in the case of flat pressure head[*®l. The hardness
definition and the relations with the geometrical pa-
rameter and indent depth are

P Ro\? _ Ry ?

3.2 Polycrystal Material Undergoing the
Micro-Indent

Consider a polycrystal material whose crystal
grain size is comparable with the indent depth. In
this case, the geometrical effect on the hardness must
be considered. When the pressure head is applied
to a crystal grain on the material surface, the plas-
tic slip zone will be constrained to the region of the
crystal grain until the pressure head approaches the
grain boundary, due to the shielding effect of the grain
boundary. Effects of all other crystal grains can be
approximately described by an elastically and homo-
geneously equivalent body with Young’s modulus and
Poisson’s ratio (Es,v,) by using the Hill’s consistent
approach!!”. The equivalent Young’s modulus value
E, for the polycrystal material is smaller than E, the
equivalent Young’s modulus of the single crystal ma-
terial. The simplified model for polycrystal material
undergoing a micro-indent is shown in Fig.1. ¢ is the
crystal grain size in the indent direction, d is another
size of the crystal grain.

In all relations given above, all parameters or
variables with length dimension can be normalized by
Ry, and all quantities with stress dimension can be
normalized by oy, such that the normalized hardness
can be taken to be a function of the independent and
non-dimensional parameters as follows

H E E, L t t
E_f<E7 E7 V, Vg, N7 ﬂ7 ﬁo7 R_()’ E) (]‘4)

while contact radius and indent depth are related to
the hardness by (13). The detailed expression of (14)
will be implemented by solving the indentation prob-
lem numerically, using the strain gradient plasticity
theory.

3.3 Thin Film/Substrate System Undergoing
the Micro-Indent

Additionally, consider a metal thin film/ceramic
substrate system undergoing the micro-indent on the
surface of a thin film. When the thickness of the thin
film is comparable with the indent depth, the effect
of the geometrical size on the hardness must be con-
sidered. In this case, the hardness-parameter relation
can be written as

H E E; L t
- = — 7= Y, VS7N7 Y D Y ]-5
i C b ) 09

where t is the thin film thickness, Es; is Young’s
modulus of the substrate material. For metal thin
film /ceramic substrate system, usually, E;/E =~ 6.
Simplified model for thin film/substrate system un-
dergoing the micro-indent is shown in Fig.2.
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Fig.2 Simplified model for the metal thin film/ceramic sub-
strate system undergoing the micro-indent

4 FINITE ELEMENT METHOD FOR THE
DEFORMATIONAL THEORY OF THE
STRAIN GRADIENT PLASTICITY

For the constitutive relation that takes ac-
count of the strain gradient effect, generally speak-
ing, the conventional finite element method can
not be used, and a special finite element method
with the displacement derivatives as the mnodal
variables is needed['3:18:19] However, for the
stretching-dominated strain gradient plasticity prob-
lem, one can obtain an effective result by adopting
the iso-parametric displacement element with nine
nodes(1419:20] " Obviously, the indentation problem
is stretching-dominated. Therefore, in the present
analysis, such an element will be used. In addition,
2 x 2 Gauss integration points are adopted for each
element.

For the axisymmetrical problem of indentation
test, consider that the elastic stress field acts on the
remote boundary, and the pressure head apex is taken
as the reference point (zero point) of vertical displace-
ment. Thus, imagine that under the action of the
remote stress field, material would move back to the
pressure head surface, near the apex, material would
contact with conical surface, and the contact radius
would be equal to R. The displacement constraint con-
ditions in the contact region are described by (11).

Using the plastic deformational theory, the so-
lution procedures can be outlined as follows. Firstly,
calculate the elastic solution. Secondly, taking elas-
tic solution as the initial trial, find the solution for
the higher-hardening material by iterating. Thirdly,
taking the last solution as the new initial trial, find
the convergent solution for the lower-hardening ma-
terial case by iterating. For example, the solution
procedures for N = 0.1 case are described as follows.
Firstly, finding the elastic solution and then taking it
as the initial solution, calculate the convergent solu-

tion for N = 0.3 case by iterating. Secondly, taking
the last solution (N = 0.3) as a new initial trial, find
the convergent solution for the case of N = 0.2 by
iterating. Finally, based on the solution of N = 0.2,
find the convergent solution for NV = 0.1 by iterating.

For the true case of the micro-indentation test
problem, take the remote boundary as the reference
point of vertical displacement. Thus, the vertical dis-
placement field can be expressed by

o(r,z) = u,(r, z) — ul® (16)

z

where u$° is the vertical displacement at the remote
boundary for case when the conical apex is defined
as the reference point of vertical displacement. The
form of finite element mesh adopted in the present re-
search is simply fan-shaped using the axisymmetrical
condition.

5 NUMERICAL AND EXPERIMENTAL
RESULTS FOR POLYCRYSTAL MA-
TERIAL

5.1 Numerical Results

In the numerical analyses for the conventional
metal materials, material parameters are taken as
(E/oy,v,N) = (300, 0.3, 0.1) and the flat pressure
head case (8 = 20°) is considered. Firstly, the rela-
tions of the hardness against the normalized length
parameter and the normalized crystal grain size are
predicted (see (14)). Secondly, the relations of the
hardness against the indent depth and crystal grain
size are obtained. The size effect and geometrical ef-
fect in the micro-indentation test can be obviously
identified. Note that the conventional flat pyramid
cone pressure head will be equivalently replaced by
the flat circular conical head for the convenience of
analysis, and the equivalent conical angle 3 is about
20 degrees. Therefore, in the present research, the
pressure head angle is taken as 8 = 20°.
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Figure 3 shows the relation between the normal-
ized hardness and the normalized material length pa-
rameters and the normalized crystal grain sizes. The
normalizing quantity of hardness (3c0y) is the hard-
ness value for the typical metal materials when the
size effect is neglected. The normalizing quantity (Ro)
for the length parameter and for the crystal grain size
is the load-length parameter, which is the radius of
the contact zone when the size effect is not consid-
ered. In Fig.3, a wide region of the normalized quan-
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tity L/Ro from 0 to 3 and a wide region of ¢/Ry are
considered. From Fig.3, the hardness increases with
L/Rgy quickly, especially for small value of t/Ry. As
t/Ro increases from 0.364 (tan20°) to 10, the hard-
ness curve decreases very quickly at starting, and then
approaches a stable value, which corresponds to a ho-
mogeneous material hardness curve (where the geo-
metrical effect is very weak). Note that the material
hardness sharply increases when the indent depth ap-
proaches the crystal grain size value (h = 0.364R).

30 PR IS S S N [N TN TR T S N SN S S T AN A T PR T R S T T
] t/Ro=0.364
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Fig.3 Variation of hardness with normalized parameters:
length parameter L/Rg, grain size t/Ro, and ¢/L

Figure 3 shows the case when the crystal grain
size is larger than 0.364R, (the indent depth for con-
ventional material). The effect of the normalized pa-
rameter t/Ry on the hardness characterizes either the
crystal grain size effect, or the load effect. When the
composition parameter value is small, it is either a
small crystal grain size case when applied load is fixed
or a big load case when grain size is fixed. In order
to explain the effect of the crystal grain size, isolines

of the normalized parameter ¢/L are plotted based
on the hardness relation against L/ Ry and t/Ry, see
dashed lines shown in Fig.3. We also investigate the
influence of Young’s modulus E, of the equivalent
body on the material hardness. The results are shown
in Fig.4. From Fig.4, clearly, the influence of the
Young’s modulus Ratio Es/E on the material hard-
ness is very weak within a wide region of E;/E = 0.67
to 6.70.

30 PR SR SR S [N SN TN S SR N T Y T
{ E/oy=300, v=1.=0.3, N=0.1, d=5t
25 1 .
1 solid lines: E./E=0.67
] dashed lines: E./E=6.70
20 1
™~ ]
5 ]
215 1
= i
= i
10 +
54 7 e
0 T T LI T
0.0 0.5 1.0

2.0 2.5 3.0 3.5

L/Ry

Fig.4 The influence of Young’s modulus ratio on the hardness curves
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Furthermore, the dashed lines in Fig.3 can be
replotted in the coordinates: hardness/indent depth,
see Fig.5. From Fig.5, the size effect and the crystal
grain size effect are clearly shown. When the indent
depth is small, i.e., when the indent tip is far away
from the crystal boundary, the size effect is domi-
nant. As the indent depth increases, the size effect
decreases and the geometrical effect increases. When
the indent depth approaches the grain boundary, the
geometrical effect becomes dominant and makes the
hardness curve sharply go up. With the decrease of
the crystal grain size, both the size effect and crystal
geometrical size effect are enlarged. The effects of the
crystal grain size d and the size in the horizontal di-
rection on the material hardness are shown in Fig.6.
In Fig.6, the geometrical effects for two values of d,
d = 5t and d = 100t, respectively, are displayed. The
results show that the effect of the crystal grain size
in the horizontal direction on the material hardness is
very weak. The conclusion implies that although the
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analysis is for the polycrystal material, it can approx-
imately be applied for the thin film/substrate system
to be discussed in the next sub-section.

The phenomena of “pile-up” and “sink-in” in
the micro-indentation test for the polycrystal mate-
rial are also investigated here. The results are shown
in Fig.7. From Fig.7, with the increase of the ma-
terial length parameter or with the decrease of the
applied load (Ry = \/P/3moy), correspondingly with
the increase of L/ Ry, the “pile-up” phenomenon dis-
appears and the “sink-in” feature gets prominent in
the micro-indentation test. The pile-up phenomenon
is favorable for the big force and small length parame-
ter. This conclusion is consistent with the single crys-
tal material casel”. When the crystal grain size is
large, the geometrical effect is weak, and the size ef-
fect is dominant. As the crystal grain size decreases,
the geometrical effect increases, and the indent depth
decreases considerably for a fixed applied load.

E/oy=300, v=r,=0.3,
E./E=0.67, N=0.1 i

10 —
o] 0.364
8 0.5
7_

™ 6

5

D05

— 4

Ty
3
2
1

h/L

Fig.5 Size effect and geometrical effect on the hardness/depth relations
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25 7 solid lines : d=5¢
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H/(3ay)
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Fig.6 Effect of the crystal grain size in the horizontal direction on the hardness
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dashed lines: t/Ry=5.0

Fig.7 The simulation of the phenomena “pile-up” and “sink-in”
for polycrystal in micro-indentation test

5.2 Micro-Indentation Experiment for Poly-

crystal Al

In order to study the micro-geometrical effects
experimentally, we design the test specimens for poly-
crystal Al with several different crystal grain sizes.
The indentation experimental method is similar with
Ref.[9] for the single crystal material. The experimen-
tal method consists of choosing many loading points
arbitrarily on the specimen surface, and for one load-
ing point, only one set of experimental data about
hardness and indent depth being obtained. In such a
method we shall obtain a data strip about the hard-
ness/indent depth relation. The scatter degree of the
data strip depends on the feature of the selected load-
ing point on the specimen surface. If an indent point

is just located at a fault region on the specimen sur-
face, a low hardness will be obtained, when the in-
dent depth is fixed. If an indent point is just chosen
at a hard particle, a high hardness value is obtained.
Figure 8 shows the surface profile of the polycrystal
Al specimen for a SE photograph. From Fig.8, on
the specimen surface, some faults exist inevitably. If
the continuum stiffness method is used, the obtained
hardness curve must depend on the indent location.
Therefore, we shall use the experimental method here
by selecting the indent loading points on the specimen
surface arbitrarily as in [9], rather than adopting the
continuum stiffness method, so that the influence of
the faults and the different loading point selections on
the experimental results will be displayed clearly.

1pm
|

t=1pum

Fig.8 The profile of the specimen surface for the polycrystal Al
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In Fig.9, the experimental hardness results for
polycrystal Al for several crystal grain sizes are
shown. From Figs.9(a) to (d), the series of the grain
sizes, 0.6 um, 1 pm, 2 ym and infinitly large size (sin-
gle crystal Al), are shown separately. The results
show that the feature of the hardness variation with
the indent depth is in a “U” form. When the indent
depth is small, a strong size effect is characterized. As
the indent depth increases, the hardness decreases and
passes through a lower limit value, then increases with
the indent tip approaching the grain boundary. Com-
paring the results shown in Figs.9(a), (b), (c) and (d)
for different crystal grain sizes, with the decrease of
the crystal grain size, the hardness increases in gen-

6000 L 1 L 1 n 1 L | L 1 L 1
experiment for polycrystal Al
5000 1 0  t=600nm F
4000 1
<
a¥
= 3000
~
i
2000 A
10001
L=1.4pm
0 T T T T T Lf
0 50 100 150 200 250 300 350
h/nm
(a)
4000 +——— —
experiment for polycrystal Al
0 t{=2000nm
3000 -
<
a¥
= 2000
~
i
10001
L=1.2 pm
0 —— T
0 200 400 600 800 1000
h/nm
(©)
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eral. For comparison, the theoretical predictions of
the hardness using the strain gradient plasticity are
also shown in Fig.9. For each case, two curves cor-
responding to different length parameter values are
plotted. These two curves can be taken as the bounds
of the experimental data. As the crystal grain size
increases, the length parameter values decrease, and
approach 1 pum and 2 um, corresponding to the lower
bound curve and upper bound curve, respectively, for
the single crystal case. The material hardness ap-
proaches the conventional value as the indent depth
increases infinitely. For the single crystal case, the
curve feature of the hardness variation with the in-
dent depth is in an “L” form.

5 000 n 1 n 1 L 1 L 1 L 1
experiment for polycrystal Al
fo 3000 -
=
~
= 2000
10001
L=1.3 pm
0 T T T T T “
0 100 200 300 400 500 600
h/nm
(b)
2 000 n 1 n 1 L 1 L 1 L 1
single crystal Al. (110)
1600 1 r
~ o
= 1200 -
~
i
0 b L=2pm
8001 0y8 -
%o
L=1pm
400 T T T T T T T T T T T
0 200 400 600 800 1000 1200
h/nm
(d)

Fig.9 Experimental and numerical results of the hardness/indent

depth relations for different crystal grain sizes

As mentioned above, if one adopts the method
of arbitrarily selecting the loading points on the spec-
imen surface in the indentation experiment, one will
obtain the hardness variations with the indent depth
in the form of the data strip. Figure 9 shows such

strips, the scattered data strips. Obviously, the width
of the scattered strip of the hardness for the poly-
crystal specimen is somewhat larger than that for the
single-crystal specimen, comparing Figs.9(a), (b), (c)
with Fig.9(d). This result is reasonable and seems to
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be expected. This is because for a polycrystal speci-
men the experimental hardness is influenced both by
the loading point status (faults, reinforced-particles,
etc.) as for a single-crystal specimen case, and by the
grain boundaries and the grain size differences. The
latter effect is specifically important for the present re-
search case when indent depths are comparable with
the grain sizes. Although the polycrystal specimen
is expected consisting of the uniform grain size, it is
rarely the case. From the SE photograph of the sur-
face profile for a polycrystal Al specimen with 1 um
grain size shown in Fig.8, besides the many faults be-
ing observed on the surface, the grain sizes are not
uniform. In Fig.8, the longer black curves character-
ize the grain boundaries and the small black zones are
the faults. Some indent loading locations are clearly
observed in the figure.

6 Ti FILM LAIN ON THE SisN, CERAMIC
SUBSTRATE UNDERGOING MICRO-
INDENTING

Let us discuss the hardness of a thin film lain on
a ceramic substrate. When the thin film thickness is
comparable with the indent depth, the substrate and
film /substrate interface will have a strong influence on
the hardness (geometrical effect). In the present case,
the parameter relation between hardness and other
material and geometrical parameters is given in (15).

From discussions in subsection 4.1, the predicted
hardness relation for the polycrystal material shown
in Fig.5 can be applied to the thin film /substrate sys-
tem approximately within a parameter region 0.67 <
E,/E < 6.70. In the present case, the Young’s modu-
lus ratio for the ceramic substrate (SisN4) and metal
thin film (Ti) is about 6.0. In order to investigate
the hardness variation with the thin film thickness,
we have designed three kinds of the specimens corre-
sponding to a series of the thin film thickness. For
a comparison, we adopt the conventional continuum
stiffness method in the experiment, i.e., the curve of
the hardness variation with the indent depth is ob-
tained from one loading point on the specimen sur-
face. In such a test method, the experimental hard-
ness curve will be a smooth one.

Figure 10 shows the experimental hardness for
the Ti film lain on the SizN4 substrate for three dif-
ferent thicknesses of the thin film. Figures 10(a), (b)
and (c) correspond to the thin film thickness 1.2 pym,
1.8 yum and 13 ym, respectively. From Fig.10, the fea-
ture of the hardness variation with the indent depth
is in a “U” form and it can be described as follows:

When indent depth is small, the result shows a strong
size effect. As the depth increases, the hardness de-
creases quickly until the indent depth reaches some
fraction of the thin film thickness, the hardness as-
sumes a lowest value. From the lowest value the
hardness turns to increase as the indent depth in-
creases further. Alternatively, as the thin film thick-
ness increases, the hardness decreases all over the re-
gion and the depth value corresponding to the lowest
hardness point increases. When the thin film thick-
ness increases to a certain extent (13 pm), the in-
fluence of thin film thickness on the hardness curve
can be neglected, so that the hardness/depth curve
approaches the conventional hardness value as the
indent depth increases until the pressure head ap-
proaches the interface. For the small thin film thick-
ness, see Fig.10(a) (case I), due to the strong size ef-
fect and geometrical effect, the hardness is very high,
but the size effect is dominant when the indent depth
is small. With increasing depth, the size effect de-
creases and the geometrical effect (the effect of thin
film thickness and interface) increases. Until a depth
equals to about 300 nm (about one fourth of thin film
thickness), the geometrical effect is so large that the
hardness curve turns to increase. The hardness ob-
tains a lower limit value 5.6 GPa at the turning point.
From Fig.10(b), increasing the thin film thickness by
0.6 pm, i.e., t = 1.8 um (case II), the geometrical ef-
fect decreases remarkably comparing with case I. For
example, the hardness is about 10 GPa at h = 100nm
for case I, from Fig.10(a), while the corresponding
hardness at the same depth is about 8 GPa for case 11,
from Fig.10(b). When the indent depth is small, the
size effect is dominant. As the indent depth increases
and the hardness decreases until the turning point at
about h = 580nm (about one third of the thin film
thickness) is approached, from Fig.10(b). Thereafter,
the geometrical effect is dominant. Considering that
the thin film thickness increases and becomes very
large, see Fig.10(c) (case III), the geometrical effect
can be neglected. With the increase of depth, the
size effect decreases. When the hardness decreases to
a macro-scale hardness value, the size effect can be
neglected.

In Figs.10(a), (b) and (c), the theoretical pre-
dictions of the thin film/substrate hardness from the
strain gradient plasticity theory are also shown. Ob-
viously, the characteristics of the theoretical predic-
tions are consistent with those of the experimental
results. Through plotting the theoretical predictions
and the experimental results together in Figs.10(a),
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(b) and (c), the dependence of the material length
parameter on the thin film thickness is obtained. The
corresponding values of the material length parameter
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are also shown in Figs.10(a), (b) and (c), respectively.
Obviously, the length parameter also depends on the
micro-geometrical size (thin film thickness).
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Fig.10 Experimental and numerical results of the hardness/indent depth for
Ti/SizNy thin film/substrate for different thickness of thin film

7 CONCLUDING REMARKS

In the present research, the size effects and ge-
ometrical effects in the micro-indentation tests have
been simulated and predicted by using the finite el-
ement implementation based on the strain gradient
plasticity theory. Meanwhile, the experimental re-
searches of the micro-indentation test for polycrystal
aluminum and for the Ti/SizN4 thin film/substrate
structure have been carried out.

For the polycrystal material and for the thin
film /substrate system, when the crystal grain size or
the thin film thickness is comparable with the indent
depth, the composition effects from size effect and
from geometrical effect on the material hardness are
considerably strong. For the hardness/depth curve,

when the depth is small, the size effect is dominant.
As the indent depth increases, the size effect decreases
and the geometrical effect increases. Before a depth
(a turning point) is reached, the geometrical effect in-
creases, dominates and makes the hardness curve go
up sharply.

The simulation results using the strain gradient
plasticity theory for the size effect and the geomet-
rical effect are consistent with experimental results.
Through comparing the simulation results with exper-
imental results, the values and the variation trends of
the material length parameter included in the strain
gradient plasticity theory have been predicted.

From experimental results for polycrystal Al,
even though the crystal grain size is fixed, the hard-
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ness/depth relation is still a scatter strip. The feature
mainly comes from the status of the indenting point
on the specimen surface. Certainly, it is possible that
the prepared specimens always and inevitably include
some faults or reinforced phases and the differences
among the crystal sizes and shapes. From experimen-
tal results for Ti/SigNy thin film/substrate system
using the continuum stiffness method, the composi-
tion effects of the size effect and geometrical effect are
clearly displayed. The experimental results show that
the material length parameter has a fixed value for a
uniform material, however, when the micro-structure
is considered and the length parameter increases, de-
pending on the micro-geometrical size.
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