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ABSTRACT

Micro-indentation test at scales on the order of sub-micron has shown that the measured
hardness increases strongly with decreasing indent depth or indent size, which is frequently
referred to as the size effect. Simultaneously, at micron or sub-micron scale, the material
microstructure size also has an important influence on the measured hardness. Thiskind of effect,
such as the crystal grain size effect, thin film thickness effect, etc., is called the geometrical
effect. In the present research, in order to investigate the size effect and the geometrical effect,
the micro-indentation experiments are carried out respectively for single crystal copper and
aluminum, for polycrystal auminum, as well as for a thin film/substrate system, Ti/SisN4. The
size effect and geometrical effect are displayed experimentally. Moreover, using strain gradient
plasticity theory, the size effect and the geometrical effect are simulated. Through comparing
experimental results with simulation results, the length-scale parameter appearing in the strain
gradient theory for different cases is predicted. Furthermore, the size effect and the geometrical
effect are interpreted using the geometrically necessary dislocation concept and the discrete
dislocation theory.

INTRODUCTION

Indentation test is an important and effective experimental method, and has been used
extensively to estimate the plastic properties of solids undergoing the plastic deformation.
Through indentation test, the loading-unloading relation between hardness and indent depth is
measured. Thereby, the material parameters, such as the yieding stress, strain hardening
exponent, Young's modulus, etc. are estimated. Recently, with the advancement of experimental
technique and measurement precision, it is possible to carry out the indentation tests at the scale
levels of one micron or sub-micron for obtaining more detailed material information. Such
small-scale indentation experiments are frequently referred to as micro-indentation tests (or
nano-indentation tests). In the micro-indentation test, a new result, which is different from the
conventional one, size-dependent hardness result has been revealed [1-5]. For metal materials,
the measured hardness may double or even triple the conventional hardness as indent size (or
depth) decreases to afifth micron. Usually, the effect is referred to as the size effect. In addition,
in our recent research, we found that if material was manufactured by some microstructures and
if the microstructure size was comparable to the indent depth, the size-dependent hardness results
mentioned above were additionally influenced by the geometrical size. We call this the
geometrical effect. In the present research, micro-indentation experiments are carried out
respectively for single crystal copper and aluminum, polycrystal aluminum, as well as thin
film/substrate system, Ti/SizN4. Specifically, in the present research, the crystal grain size of the
polycrystal specimen and the thickness of the thin film are taken into account the same order as
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that the usual size effect sensitive zone has (0.1~2 micron). The size effect and geometrical effect
are displayed experimentally. It is well known that the trends of both size effect and geometrical
effect are at odds with the size-independence implied by conventional elastic-plastic theory. In
the present research, strain gradient plasticity theory [6] will be used to simulate the size and
geometrical effect. Through comparing simulation results with experimental results, the material
length parameter appearing in the strain gradient plasticity theory will be predicted. Furthermore,
the size effect and the geometrical effect are interpreted using the geometrically necessary
dislocation concept and the discrete dislocation theory.

EXPERIMENTAL METHOD AND RESULTS

The experimental researches are carried out in detail respectively for single crystal copper
and aluminum, polycrystal aluminum, as well as thin film/substrate system Ti/SisN4 on the test
insrument MTS-Nanoindenter XP. In conventional indentation experiment, the indentation
hardness curve is measured based on a unique loading point on specimen surface (continuous
stiffness method). The hardness-indent depth curve is quite smooth. However, such a hardness
curve should be dependent of the loading point status on the surface (defects or reinforced
particles, etc.). In view of the reason, in the present experiments for single crystal metal and for
polycrystal Al, we use a different method by randomly selecting many loading points on
specimen surface, and each loading point corresponds to only one value measured for the
hardness/depth relation. Thus, a data strip about the relation is obtained. Based on the data strip,
aregion of the micro-scale parameter can be determined in abundance considering surface defect
influences. Moreover, for comparison, in the experiment for thin film/substrate system, Ti/Si3Ng,
we use the continuous stiffness method. The smooth hardness curves are obtained.

Figure 1(a) shows the experimental results of hardness-depth relation for single crystal
copper along the (110) surface. Strip results are obtained from randomly selecting the loading
points on the specimen surface. For a same depth indenting, a higher hardness value data
corresponds to a strong region indented, while a lower hardness value corresponds to a weak
region indented. From Figurel (a), sSize effects are clearly shown, which are characterized by the
hardness data trend elevating with decreasing depth. For comparison, Figure 1(b) shows another
experimental results for single crystal copper along the (111) surface from [2]. From Figure 1,
the hardness increases from 400nm sharply with decreasing the indent depth. Alternatively, with
indent depth increasing, the hardness values tends to the stable values, conventional material
hardness, i.e,, triple the yielding stress for the lower-hardening metal materials.

Figure 2(a), (b) and (c) show the experimental results of the hardness-depth relations for
polycrystal aluminum for different grain size cases. A series of grain sizes, t=600nm, 1000nm
and 2000nm, at the same order as the size effect sensitive region, are investigated. In doing each
experiment, maximum indent depth is controlled to be smaller than the grain size. For
comparison, Figure 2(d) gives the results for the case of single crystal Al. Features shown in
Figure 2 can be described that when indent depth is small and as indent depth increases, the
hardness decreases, until to some depth, the hardness tends to increase. The hardness-depth curve
looks like a "U-type" shape. With further increasing crystal grain size, the U-type relation
approaches a "L-type" dtrip, i.e., single crystal case (Figure 2(d)). The high hardness value
corresponding to the small indent depth is the size effect prevailed, while the second elevation
with increasing depth is the grain size effect, i.e., geometrical effect prevailed. From Figure 2,
hardness-depth relation behaves like a minimum limit taken at about the indent depth reaching
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one-third the crystal grain size.
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Figure 1. Hardness-depth results for single crystal copper. (a) Randomly selecting loading points.
(b) Continuous stiffness method loading from [2]. Experiment and simulation results are shown.
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Figure 2. Hardness-depth results of polycrystal Al for three different grain sizes (a, b and c) and
for single crystal Al (d). Experimental and ssmulation results are shown.
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Figure 3. Hardness-depth results for thin film/substrate system for three different thickness cases.
Experimental results (continuous stiffness method loading) and s mulation results are shown.

Figure 3 shows the micro-indentation experimental results for a metal thin film/ceramic
substrate system, Ti/SisNa. A series of thin film thicknesses, t=1.2, 1.8 and 13 micrometer are
taken into account in the experiments. Here, the continuous stiffness method is adopted in the
indentation experiments, therefore the experimental results are quite smooth curves. Similarly,
the maximum indent depth is controlled to be smaller than thickness of film for each case. From
Figure 3, the hardness-depth curve looks also like the U-type shape, smilar to the case of
polycrystal metal just discussed above. From Figure 3, when indent depth is small, due to strong
size effect the hardness value is big. With increasing the indent depth, size effect drops and
hardness decreases. After the indent depth increases over critical point, about one-third of
thickness of film, geometrical effect is prevailed and hardness tends to increase. When thin film
thickness is very large, t=13 micrometer, within the size effect sensitive region the hardness
decreases with increasing thin film thickness monotonically.

From Figure 2 and 3, the geometrical effect (grain size effect and film thickness effect)
makes the hardness curve elevate within the size effect sensitive region.

NUMERICAL SIMULATION OF SIZE AND GEOMETRICAL EFFECTS

The micro-indentation tests of polycrystal metal and metal thin film/ceramic substrate
system can be simplified as the analytical models as shown in Figure 4 (a) and (b). For
polycrystal material, when the instrument indenter acts at a crystal grain on specimen surface,
with indent depth increase, a plastic zone develops within the grain and is limited by grain
boundary, considering that indent depth is smaller than grain size. Similar simplification
consideration is for the thin film/substrate system.

On the simulation of the size effect and the geometrical effect, one can't use the conventional
elastic-plastic theory, because no length parameter is included to distinguish a macro-scale
problem with a micro-scale problem. To predict the effects, strain gradient plasticity theories are
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Figure 4. Simplified models. (a) Polycrystal metal undergoing the indenting, and (b) metal thin
film/ceramic substrate system undergoing the indenting.

prevailed. Several version strain gradient theories have been presented, e.g. [6-8]. In the present
research, Fleck and Hutchinson strain gradient theory will be adopted [6, 9]. The deformation
theory of Fleck and Hutchinson strain gradient plasticity can be dictated as follows for the
constitutive equations (relations of stress and higher stress versus strain and higher strain) [5],

E 1, E E
Oy =———— & T( - )EwD;
1+v+3E/RP 31-2v 1+v+3E/hP

3 L2
— (1 e2T (4)
Tijk - ZE{ EL L2 / Leg +I ZE/ hp Tijkllmn + L421_ijk?mn}nlnn (1)
=l |

whereL] and L, (1=1, 4)are the micro-scale parameters of elastic and plastic case, respectively.
From the discussion in [6], there exists a general relation among the micro-scales (SG theory):
L=L L=3iL L=L )

In addition, take L, =L/2. Similarly, (2) is also valid for strain gradient elasticity lengths,
replacing L by L® in form. Moreover, previous research has shown that the solution is insensitive
to the value of L%/L within the region 0<L%L<1 [9]. Thus, take L/L=0.5 in the present research.
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In equation (1), hPis the effective plastic modulus, its expression depends on the material
tensile stress-strain curve. In the present research, conventional power-law hardening material is
considered. Finite element method is used to simulate the size effect and geometrical effect [5].

In our simulation, take several material parameters as E/c, =300,v=v,=0.3 N =0.1,
and E,/E=1 for sngle- and poly-crystal metal, as well as E,/E=6 for thin film/ceramic
system. Analysis models are shown in Figure 4(a) and (b). The ssimulation results have been
shown in Figures 1-3, together with experimental results, see solid lines. From the figures,
clearly, simulation results using strain gradient plasticity theory capture the experimental trends.
Comparing the simulation results with corresponding experimental results, one can obtain the
length parameter values. For single crystal metals, from Figure 1 and Figure 2(d), the material
length parameter value is around one micron. For polycrystal and thin film/substrate system, as
shown in Figure 2 and Figure 3, considering microstructure size effects (geometrical effect), the
length parameter value increases, depending on the microstructure size.

Size effect has been connected with the density of geometrically necessary dislocation
(DGND) at microscale [4, 10]. However, the geometrical effect case seems more complicated
than the size effect case. Besides the DGND factor, in the geometrical case the blocking of grain
boundary or interface to dislocation moving must be a main factor. Besides adopting the strain
gradient plasticity theory, one can use the discrete dislocation method to simulate the effect [11].

CONCLUSIONS

Size effect and geometrical effect have been studied experimentally and numerically in the
micro-indentation test. Both effects have been displayed clearly for the single crystal metals,
polycrystal metal, as well as the metal thin film/ceramic substrate system in the experimental
results. The numerical smulation based on the strain gradient plasticity theory has captured the
experimental phenomena. Through comparing the experimental results with simulation results,
material length parameter appearing in the strain gradient plasticity theory has been predicted.
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