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Abstract

In the present research, the mechanical behavior of the surface-nanocrystalline aluminum

(SNCA) is investigated through nanoindentation experiment and theoretical modeling. Firstly,

through microscopical observation and measurement for the SNCA material, a microstructure

cell model is developed. Secondly, based on themicrostructure cell model and the strain gradient

plasticity theory, and based on introducing a parameter accounting for the grain size nonunifor-

mity effect, the discrete features of the hardness–depth relations of the SNCA material are

described. The ‘‘U-type’’ feature of the hardness–depth experimental curves is modeled and sim-

ulated. Thirdly, in the SNCA material the mechanical property of the grain boundary, i.e., the

strength of plastic zone penetrating the grain boundary is characterized by introducing a crite-

rion parameter, the critical effective plastic strain. The ‘‘waterfall-type’’ feature of the hardness–

depth curves is modeled and simulated. It is worth pointing out that, in the present study, the

length scale parameter in the strain gradient plasticity theory is taken as a universal material

parameter instead of a simulation parameter, and it is determined through applying the strain

gradient plasticity theory to the modeling of the corresponding single crystal aluminum.
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1. Introduction

Resent studies have shown that the high strength nano-structured materials can be

manufactured by using some advanced techniques, and on the other hand themechan-

ical behavior of the conventional materials can be improved by using some surface-
nanocrystalline techniques. For example, severe plastic deformation (SPD) method

is used to manufacture the nanocrystalline (NC) metals (see Valiev et al., 1993,

1996, 1999, 2000; Lu and Lu, 1999). The SPD methods mainly include: the large tor-

sion method (Valiev et al., 1993), the large pressing method (Valiev et al., 2000) and

the ultrasonic shot peening (USP) method (Lu and Lu, 1999), etc. Through micro-

scopical observation using the TEM technique, Wu et al. (2002) and Zhu (2002) have

displayed the microstructure features of both the nano-structured bulk materials and

the surface-nanocrystalline materials, which are of the regular microstructures overall
or locally. The microstructure cell size usually is from tens to hundreds of nanometers,

even to microns.Within this length scale, solid often behaves a strong size effect (Fleck

et al., 1994; Ma and Clarke, 1995; Stolken and Evans, 1998; McElhaney et al., 1998;

Xue et al., 2002; Huang et al., 2004). About the size effect study, in fact many inves-

tigations were focused on the nanoindentation tests for single crystal metals, and most

results showed that as the indent depth decreases, the measured hardness curve dis-

plays an obviously increasing trend, i.e., indentation size effect. The size effects were

often described by using the strain gradient theories (Aifantis, 1984; Fleck and Hutch-
inson, 1997; Wei and Hutchinson, 1997; Begley and Hutchinson, 1998; Gao et al.,

1999; Acharya and Bassani, 2000; Chen and Wang, 2000, 2002; Wei, 2001; Wei

et al., 2001; Wei and Hutchinson, 2003; Hwang et al., 2003; Huang et al., 2004;

Abu Al-Rub and Voyiadjis, 2004; etc.), and to some extent most simulation results

were consistent with the experimental data. Besides the strain gradient theory models,

other models were also found in describing the size effect, such as, a model based on a

surface work and plastic volume work concept (Horstemeyer et al., 2001; Gerberich

et al., 2002), and a homogenization model for the damage (Taylor et al., 2002; Saczuk
et al., 2003; Bonfoh et al., 2004; Brunig and Ricci, 2005), etc. About using the strain

gradient theory models to study the size effects, previous studies have shown that the

microscale parameter in the strain gradient theory is of a micron order for single crys-

tal metals (Wei et al., 2001, 2003; etc.). However, for the nanocrystalline material the

concept of the size effect is very complicated, about which besides the size effect men-

tioned above, the influences of the crystal grain size, grain shape distributions, and the

deviation of crystal grain sizes from local uniformity on the material behaviors should

be considered. In the author�s previous research on the nanocrystalline Al-alloy and
the thin film/substrate system (Wei et al., 2003, 2004a), the effect from both the crystal

grain size and the grain shape distribution was called the geometrical effect in order to

differ from the size effect. In the present research, we simply call the effect due to devi-

ation of crystal grain sizes from local uniformity as the grain size nonuniformity effect.

This effect will be considered in our microstructure cell models.

Until recently, only few studies have been undertaken on the mechanical behavior

of the surface-nanocrystalline materials. Wu et al. (2002) and Zhu (2002) carried out

the TEM microscopy analysis for the microstructure features. The nanocrystal
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mechanisms were interpreted from dislocation density and in the submicron region

motion. Based on the molecular dynamics simulation a functional relationship

between the dislocation density and the nanocrystal grain size was obtained (Ma

et al., 2003). Wei and others used the microstructure cell model and strain gradient

theory to study the size and geometrical effects of a nanocrystalline Al-alloy under
compression and nanoindentation (Wei et al., 2004a). In the present research, the

mechanical behavior of a surface-nanocrystalline aluminum (SNCA) obtained by

the USP method (Lu and Lu, 1999) will be studied using microscopy observation,

experimental measurement and model analyses. In the experimental research, the

specimens will be designed and prepared according to the observed microstructure

features. Nanoindentation experiments will be carried out based on both the contin-

uous stiffness method and the randomly selected loading point method. The corre-

sponding microstructure cell models put forwarded by Wei et al. (2003, 2004a)
will be developed to consider the grain size nonuniformity effect. Strain gradient

plasticity theory will be used to simulate the nanoindentation experiments. The

effects of the length parameter in the strain gradient theory (size effect), of the grain

sizes and their shapes (geometrical effect), as well as of the grain size nonuniformity

are simultaneously considered. The characteristics of the indenter or plastic zone pe-

netrating the grain boundaries will be simulated. Through comparison of experimen-

tal data with theoretical predictions, both material parameters and the model

parameters will be attained.
2. Microscopy observation and measurement for the SNCA material

First, through microscopy observation and analysis for the SNCA material, the

microstructure features will be discussed. Second, the nanoindentation experiments

are performed by using both the continuous stiffness method and the randomly se-

lected load point method.

2.1. Microscopy observation and analysis

Fig. 1(a) shows a schematic illustration of the nanocrystallization SPD method

(Lu and Lu, 1999). When a material free surface is continuously subjected to the

ultrasonic shot peening (USP), nanometer-sized crystals are generated within a thin

layer near the NC surface. As shown in Fig. 1(b) and (c), the grain size gradually

increases toward the interior of the material reaching the initial size at about
100 lm. Fig. 1(c) is a plot of the averaged grain size as a function of distance (D)

along a direction toward the interior of the material from the NC surface. Note that,

the horizontal coordinate scale is of two order magnitude larger than that of the cor-

responding vertical coordinate scale. From Fig. 1(c), at a given distance D the statis-

tically averaged grain size is not uniform. Since the nanoindentation test result is

very sensitive to local features of the specimen surface, it is very important and inter-

esting to study the grain size nonuniformity influence on the nanoindentation test

results.



Fig. 1. Sketches of surface-nanocrystallization technique (a) and (b), grain size distribution along the

normal direction of the NC surface (t–D relation) (c), and the TEM photos about the formed nanometer-

sized grains (d)–(f), where (d) for D = 15 lm, (e) for D = 40 lm and (f) for D = 55 lm.
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TEM photos of the higher-resolution electron microscopy for the SNCA mate-

rial produced by USP method are shown in Fig. 1(d)–(f). The fabrication process
was performed at the Metal Institute, Chinese Academy of Sciences (Zhu, 2002).

The material microstructures observed on the cast surfaces, parallel to the NC

surface for D = 15, 40 and 55 lm, are shown in Fig. 1(d), (e) and (f), respectively.



Y. Wei et al. / International Journal of Plasticity 21 (2005) 2089–2106 2093
A regular nanocrystal structure within a layer near the NC surface is formed after

nanocrystallization, and the mean grain size (t) increases with D. The nanocrystal

grain shape along the direction normal to the NC surface is somewhat flat from

microscopic observation. At D = 15 lm (Fig. 1(d)), nanometer-sized crystal grains

are observed. From Figs. 1(e) and (f) the submicron grains and micron scale grains
can be observed. From Fig. 1(d)–(f), for a series of distances away from the NC

surface, clearly the grain sizes are not uniform. The uniformity deviation (grain size

nonuniformity effect) may considerably influence the experimental measurement

data in nanoindentation test. Fig. 1(d)–(f) show the formed grains at D = 15, 40

and 55 lm, respectively. In contrast to the conventional polycrystal material, nano-

crystal grain boundary is with a given thickness and with a thin layer microstruc-

ture (Wei et al., 2004a).

2.2. Nanoindentation tests

Nanoindentation experiments are carried out at the State Key Laboratory of Fric-

tion and Lubrication, at Tsinghua University, and at the Metal Institute, Chinese

Academy of Sciences, respectively. The instrument of the former is a CSM-Nanoind-

enter (made in Switz). The nanoindentation test method is the randomly selected

load point method. The instrument of the latter is an MTS-Nanoindenter-XP. The

nanoindentation test method is the continuous stiffness method, i.e., the hardness–
depth curve is continuously obtained during indentation at a fixed loading point. In-

denter tip shapes for both instruments are identical, Berkovich tip with a 40 nm tip

radius.

Nanoindentation experiment was carried out on specimen surface paralleling to

NC surface approximately at D = 25 lm, that is, the grain size ranges from 50 to

150 nm. In the present experiment, due to the grain size nonuniformity effect, ini-

tially, the indenter tip may be located at either large size grain region or the small

size grain region. When horizontal size of contact zone is smaller than the hori-
zontal size of the indented grain, or when the vertical size of the contact zone is

smaller than the vertical size of the indented grain, the plastic zone will be con-

strained within the grain region when grain boundary constraint strength is high

enough, otherwise, the plastic zone will be extended to the neighboring grain

region.

2.2.1. Nanoindentation with the continuous stiffness method

Fig. 2(a)–(c) show the load–contact depth curves and the hardness–depth curves
for 6 different indenting locations at a same distance from the NC surface,

D = 25 lm. The load–depth curves seem to be insensitive to the loading positions,

while hardness–depth curves are significantly dependent upon the loading points,

especially at shallow indentation depths. This may be due to the grain size nonuni-

formity effect. From Fig. 2(b) or (c), given a distance D, the hardness values of the

SNCA material are taken from a discrete strip. This dependence of hardness on grain

size nonuniformity was treated from a viewpoint of surface roughness by Wei et al.

(2004b). A specific hardness–depth experimental data (for a given loading point) is



Fig. 2. Nanoindentation experimental results based on the continuous stiffness method at the distance

D = 25 lm (away from the NC surface). Load–indent depth curves (a), hardness–indent depth curves for

small horizontal coordinate scale (b) and for large horizontal coordinate scale (c). Six load point results are

given in the figure.
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shown in Fig. 3(a) and (b). The experimental data curves are not smooth due to the

grain boundary constraints on the plastic zone and due to the plastic zone penetrat-

ing the grain boundary.



Fig. 3. Hardness–depth experimental data for the SNCA material based on the continuous stiffness

method. (a) and (b) correspond to two load points at D = 25 lm. The theoretical modeling results (solid

lines) are also shown in the figures, where the grain sizes are taken as t = 200 nm for case (a) and

t = 400 nm for case (b), the other parameter values have shown in figures.
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2.2.2. Nanoindentation with the randomly selected loading point method

By randomly selecting the loading points at D = 50, 60 and 70 lm away from the

NC surface, respectively (corresponding the average grain sizes are 600, 1000,

2000 nm, respectively), and carrying out the nanoindentation experiments, the ob-
tained hardness–depth data are shown in Fig. 4(a)–(c). Note that the maximum value

of indent depth here for each case is controlled smaller than the grain sizes of corre-

sponding indent point. A trend of the hardness–depth data, a ‘‘U-type’’ characteris-

tic for each case is assumed. When indent depth is small, the hardness value

decreases with increasing indent depth (i.e., size effect feature), then goes down

through a minimum value. The hardness increases with further increasing the indent

depth due to plastic zone constrained by grain boundaries (geometrical effect). The

hardness–depth data are always a discrete strip due to the grain size nonuniformity
effect. The corresponding depth locations of the minimum points of hardness data

depend on the average grain sizes. Prior to the minimum point, the size effect dom-

inates. After that the geometrical effect dominates. For comparison, Fig. 4(d) shows

the hardness–depth experimental data for single crystal aluminum based on the ran-

domly selecting load point method. From Fig. 4(d), a trend of the hardness–depth

experimental data, an ‘‘L-type’’ feature can be observed, and the size effect domi-

nates. This feature can be modeled based on the strain gradient plasticity theory,

and by comparing the modeling result with experimental data curve the length scale
parameter in the strain gradient theory can be determined for aluminum. Through



Fig. 4. Hardness–indent depth relation data for the SNCA material based on the randomly selected load

point method. (a)–(c) correspond to different grain sizes t. The solid lines are the simulation results based

on the microstructure cell model and the strain gradient plasticity theory considering the grain size

nonuniformity effect. For comparison, (d) shows the hardness–depth data for single crystal aluminum,

where solid line is the theoretical modeling result based on the strain gradient plasticity theory.
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comparison of Fig. 4(d) with Fig. 4(b) and (c), the SNCA material has a much higher

hardness than single crystal aluminum, and the strip width of hardness–depth data

of the SNCA material is much larger than that of the single crystal aluminum.

The discrete feature of hardness–depth data of the single crystal aluminum can be
taken as the effect due to the surface roughness.

The size effect and geometrical effect can be characterized by using a microstruc-

ture cell model and by adopting the strain gradient theory (Wei et al., 2003, 2004a).

The grain size nonuniformity effect at a given distance D can be described by intro-

ducing a measurable parameter, W, which is defined as

W ¼ tmax � t
t

¼ t � tmin

t
; ð1Þ

where t is the average grain size along indenting direction at a given D, tmax and tmin

are the maximum and minimum values of grain sizes at the given D, respectively. W
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describes the grain size nonuniformity, can be measured with the help of TEM

observations.
3. Theoretical modeling for the SNCA material

Since the size effect cannot be simulated by using the conventional elastic–plastic

theory, here the strain gradient plasticity theory combined with the microstructure

cell models will be adopted to model and simulate the hardness–depth curves for

the SNCA material. Fleck-Hutchinson�s strain gradient plasticity flow theory (Fleck

and Hutchinson, 1997; Wei and Hutchinson, 1997) will be adopted here. In the fun-

damental relations of the strain gradient plasticity flow theory, an additional length-

scale parameter, L (SG theory), is included. At the macroscale, the strain gradient
effect is very weak and can be neglected, and the strain gradient theory will be

retrograded to the conventional elastic–plastic theory. However, at the microscale

(micron or sub-micron), this effect is important. Usually L is called the microscale

length parameter. An overview on the microstructure cell models and the stain gra-

dient plasticity flow theory will be briefly presented as follows.

3.1. Microstructure cell models

From observations of microstructure features of the SNCA (Fig. 1(d)–(f)) and

analyses of the nanoindentation experiment, a microstructure cell models for

indentation problem can be developed, as shown in Figs. 5 and 6 for the cases of

non-penetrating and penetrating the grain boundaries by plastic zone, respectively.

3.1.1. Non-penetrating the grain boundaries by plastic zone

For the case of non-penetrating, i.e. when indent depth is smaller than grain size,

or when grain boundary has a strong constraint on the plastic zone crossing, the
plastic zone is always constrained within the indented grain region. The indented

grain deforms plastically and the others deform elastically. The indented grain region

can be treated with the elastic–plastic material described by the strain gradient plas-

ticity theory. All other grain regions can be treated with an equivalent elastic med-

ium described by a conventional elastic theory, and the equivalent elastic parameters

(Young�s modulus and Poisson ratio) can be estimated by using the Hill self-consis-

tent theory (Hill, 1965). When the grain size is in the submicron scale (100 nm to

1 lm), the length scale is the same quantity level as the size-sensitive indent depth.
The nanoindentation procedures and deformation phenomena can be described as

follows: when indenter acts on a grain surface, as indent depth gradually increases,

near the indenter tip the plastic slip zone size increases and expands to the grain

boundary within the indented grain region. However, due to resistance of the grain

boundaries, the plastic slip zone is constrained to the indented grain region. The

other grains outside the indented grain region only undergo the elastic deformation.

The total region the other grains occupy can be approximately treated with an equiv-

alent uniform and isotropic elastic body. According to self-consistent theory (Hill,



Fig. 6. The microstructure cell model for the case of the plastic zone penetrating grain boundaries.

Fig. 5. The microstructure cell model for the case of non-penetrating grain boundaries by plastic zone.
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1965), equivalent Young�s modulus and Poisson�s ratio can be found. The related

problem of the self-consistent method can be summarized as follows: for the equiv-

alent modulus problem of a polycrystal material when grain shape is a cylinder,
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consider that a cylinder is located in an infinite equivalent elastic body, solve the

problem to find the equivalent modulus. Obtained Young�s modulus for the equiv-

alent elastic body is 0.671 times the average Young�s modulus of single crystal grain.

If one considers the grain shape as an ellipsoid, Young�s modulus of the equivalent

elastic body is 0.614 times the average Young�s modulus of single crystal grain. From
previous research, the size effect result was not sensitive to the coefficient (Wei et al.,

2003). For the indented grain deformed plastically, the grain can be approximately

treated with a uniform and isotropic elastic–plastic material (for the conventional

FCC metals, this simplification is reasonable), simultaneously the strain gradient ef-

fect is considered. The simplified sketches are given in Fig. 5(a) and (b). Considering

the cylinder grain shape, the problem can be further simplified to an axisymmetrical

problem, as described by Fig. 5(c). At the remote boundary, an elastic field (a solu-

tion of a point load acting on the semi-infinite body surface) (see Timoshenko and
Goodier, 1970) is exerted.
3.1.2. Plastic zone penetrating the grain boundaries

For the case of plastic zone penetrating grain boundaries, the simplified cell
model is described by Fig. 6. Differing from the model shown in Fig. 5, a condi-

tion of the plastic zone penetrating grain boundaries is presented. The plastic

zone is constrained by the grain boundaries, and the limit constraint strength

can be described by the critical effective plastic strain. Increasing indentation load

further, when effective plastic strain at the point on the grain boundaries reaches

the critical value, the plastic zone will penetrate the grain boundaries and extend

to the neighboring grains. In the model, as shown in Fig. 6, as long as plastic

zone extends to a new grain region, the new grain region will be absorbed into
the elastic–plastic material region. For example, increasing the indentation load

when plastic zone extends to other two grain regions, the model evolution is de-

scribed in Fig. 6.

Consider that when effective plastic strain at grain boundary is over a critical va-

lue, �ecP, the plastic zone will cross the grain boundary and extend to neighboring

grain region. The condition of the plastic slip zone across the grain boundary can

be expressed as

�ePjC ¼ �ecP; ð2Þ
where C stands for the grain boundary. By using the critical value of the effective

plastic strain, one can further characterize the grain boundary features, such as hard-

ening, weakening, damage, etc.
3.2. Strain gradient plasticity flow theory

In the present research, Fleck and Hutchinson strain gradient plasticity flow the-

ory (Fleck and Hutchinson, 1997; Wei and Hutchinson, 1997) will be adopted. An

overview on the theory is presented as follows (Wei and Hutchinson, 1997).
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Constitutive equations for strain gradient plasticity flow theory:
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h is plastically hardening modulus, and it can be expressed as
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N is strain hardening index for power-law hardening materials, rY is yield strength,

R is effective stress, and is expressed as

R2 ¼ 3r0
ijr

0
ij=2þ L�2

X3
I¼1
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sðIÞijks
ðIÞ
ijk ; ð5Þ

Elastic modulus tensors give by

�Lijkl ¼
E
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ð1� 2mÞ dijdkl
� �
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and their reverse relations are

Mijkl ¼ �L�1

ijkl ¼
1

E
1þ m
2

ðdikdjl þ dildjkÞ � mdijdkl

� �
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T ðIÞ
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where T ðIÞ
ijklmn, (I = 1, 4) are the strain gradient projection tensors, their expressions

have been derived by Wei and Hutchinson (1997). Lk(I) = LI (I = 1, 3) is microscale
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length parameters, 0 6 k(I) 6 1 is length scale ratio, dimensionless. From discussions

by Fleck and Hutchinson (1997), usually, k(I) (or kðIÞe ) follows from the two types:

(1) For couple stress case (CS):

kð1Þ ¼ 0; kð2Þ ¼ 1=2; kð3Þ ¼
ffiffiffiffiffiffiffiffiffiffi
5=24

p
. ð8Þ

(2) For strain gradient general case (SG):

kð1Þ ¼ 1; kð2Þ ¼ 1=2; kð3Þ ¼
ffiffiffiffiffiffiffiffiffiffi
5=24

p
. ð9Þ

In the present analysis, take k(4) = 1/2, Le/L = 0.5, referring to Wei and Hutchin-

son (1997), and adopt the SG theory (see (9)). L is microscale length parameter in

strain gradient plasticity.
4. Simulations for the SNCA material

In Section 2, we have obtained the nano-indentation experimental results which

include the hardness–depth data relations by using the randomly selected load point

method when indent depths are smaller than grain sizes, and the loading-/hardness–

depth curves by using the continuous stiffness method when indenter (or plastic

zone) penetrates the grain boundaries. In the present section, using the microstruc-

ture cell models and the strain gradient plasticity flow theory models the above dis-

cussed two kinds of the nanoindentation experimental processes by adopting finite

element method. The element adopted here is the iso-parametrical displacement ele-
ment with nine nodes (Wei and Hutchinson, 1997).
4.1. For the case of non-penetrating the grain boundaries by plastic zone

The microstructure cell model is shown in Fig. 5. In the simplified model, besides

the conventional material parameters, there are three additional governing parame-

ters: the grain size, the micro-scale parameter L and the grain size nonuniformity fac-

tor W. Through dimensional analysis, the dimensionless parameter relationship of
hardness–depth curve can be expressed as

H
3rY

¼ f
h
L
;
d
2L

;
t
L
;
E
rY

;
Es

E
; m; ms;N ;W

� �
. ð10Þ

Through finite element simulation, the detailed relationship of hardness–depth is

obtained and plotted in Fig. 7 for several parameter values and for 2t/d = 0.2, a flat

grain case as discussed in Section 2. In Fig. 7, six cases of grain sizes, t/L = 0.364, 0.5,

0.7, 1.0, 1.5 and 10, are plotted, corresponding to the different grain size effects. The

hardness–depth curve is with a ‘‘U-type’’ feature as we expect and experiment shows

in Section 2. When indent depth is small, size effect from length scale parameter in
the strain gradient theory dominates. With increasing indent depth, both size effect

and hardness value decrease, and the hardness curve goes down through a minimum

value, then goes up due to the plastic zone constrained by grain boundaries, i.e., the



Fig. 7. Variations of the normalized hardness as a function of the normalized indent depth for several

grain size values based on the microstructure cell model (see Fig. 5). The ‘‘U-type’’ simulated curves are

seen from figure.
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geometrical effect dominates. From Fig. 7, for a given L value, with increasing grain
size, the hardness–depth curve goes down and the geometrical effect considerably

decreases.

It is worth noting that the results shown in Fig. 7 plotted for the case of W = 0

(not considering the grain size nonuniformity effect) can be easily used to analyze

the general case of W 6¼ 0. Actually, the grain size,t, can be taken as the average grain

size for a given D (distance away from the NC surface). For the given values of (t,W),

one can obtain two corresponding curves of hardness–depth relation, corresponding

to the upper bound (for grain size tmin) and lower bound (for grain size tmax), respec-
tively. (For the case of W = 0, both bound curves become a unique one). Using these

solutions to simulate the experimental data given in Fig. 4, the simulating results are

also shown in Fig. 4. The experimental data strip of hardness–depth relation can be

interpreted effectively by the grain size nonuniformity effect. It is worth pointing out

that in Fig. 4, the strain gradient length parameter L is taken as a fixed value in all

cases, 1 lm, which is determined by using the strain gradient plasticity theory to

model the single crystal aluminum case as shown in Fig. 4(d), so the length scale

L can be fully taken as a material parameter instead of a simulation parameter.

4.2. For the case of plastic zone penetrating the grain boundaries

In Section 2, we have discussed the experimental hardness–depth curves, as shown

in Figs. 2 and 3, obtained by using the continuous stiffness method. Obviously, in

this case the indenter (or plastic zone) has penetrated the grain boundaries. The

hardness–depth curves are with a ‘‘waterfall-type’’ character. In the present sub-

section, we adopt the microstructure cell model (see Fig. 6) and the strain gradient
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theory to model the hardness–depth relations. In the simplified model, besides the

conventional material parameters, there are four governing parameters: the grain

size, the micro-scale parameter L, the grain size nonuniformity factor W, as well

as the strength criterion parameter of the plastic zone penetrating grain boundaries,
�ecP. Through dimensional analysis, the dimensionless parameter relation of the hard-
ness–depth curve can be expressed as

H
3rY

¼ f
h
L
;
d
2L

;
t
L
;
E
rY

;
Es

E
; m; ms;N ;W;�ecP

� �
. ð11Þ

Through finite element simulation, the detailed relationship between hardness and

depth are obtained and plotted in Fig. 8 for several parameter values and for two

cases: (1) 2t/d = 0.2, 2t2/d = 0.08, 2t3/d = 0.12 and (2) 2t/d = 0.4, 2t2/d = 0.2, where

t2 and t3 are the sizes of the grains absorbed into the plastic zone in the second

and the third order, referring to Fig. 6. From Fig. 8, the hardness–depth curves

for both cases are with the ‘‘waterfall-type’’ feature, the trend is similar to that by

experimental measurement. The results show that with increasing the indent depth,
the size effect decreases and the geometrical effect increases due to plastic zone con-

strained by grain boundaries. When the constraining characterized quantity (effective

plastic strain) attains a critical value at some points on the grain boundaries, the

plastic zone sharply extends to the neighboring grain region, correspondingly, the

hardness value decreases. With further increasing the indent depth, the plastic zone

expands within the new and enlarged region, reaches a new grain boundary, and is
Fig. 8. Variations of the normalized hardness as a function of the normalized indent depth for several

grain size values based on the microstructure cell model (see Fig. 6) considering the plastic zone

penetrating the grain boundaries. The ‘‘waterfall-type’’ simulated curves are seen from figure. The results

based on the conventional elastic–plastic theory are also shown for comparison.
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then constrained by the new grain boundary, and the hardness curve goes up again.

From Fig. 8, comparing the results of the case (1) and case (2), since grain size (t va-

lue) near the specimen surface for the case (1) is smaller than that for the case (2), the

‘‘waterfall-type’’ hardness curve for the case (1) is higher than that for the case (2).

The results shown in Fig. 8 can be used to simulate the experimental results for
W 6¼ 0 (considering the grain size nonuniformity effect) like Fig. 2. The difference

between the grain sizes on the specimen surface causes the different hardness

curves.

Using the microstructure cell model and the strain gradient plasticity theory sim-

ulates the experimental results given in Fig. 3. The simulated results are plotted and

compared with experimental results as also shown in Fig. 3. Obviously, using the

microstructure cell model and the strain gradient plasticity theory to simulate the

nanoindentation test for the SNCA material is effective.
5. Concluding remarks

The mechanical behaviors of the SNCA material manufactured by using the USP

method have been investigated through microscopy observation and measurement,

nanoindentation experiments and the theoretical modeling and simulations. By using

the microstructure cell models and the strain gradient plasticity theory, the charac-
teristics of the hardness–depth curves for the SNCA material, such as the ‘‘U-type’’

and ‘‘waterfall type’’ features, have been modeled and simulated successfully. By

introducing a measurable parameter to characterize the grain size nonuniformity ef-

fect, the discrete features of the hardness–depth relations have been described, and

the microscale length parameter in the strain gradient theory can be taken as a uni-

versal material parameter instead of the simulating parameter. The length scale

parameter is uniquely determined through applying the strain gradient plasticity the-

ory to the modeling of the single crystal material. In the present research, the grain
boundary mechanical properties have been characterized by introducing a criterion

parameter, a critical effective plastic strain.

It is worth pointing out that if we adopt the conventional elastic–plastic theory

instead of the strain gradient theory to model the hardness–depth relationship for

the SNCA material, we have found that the obtained hardness results (see Fig. 8)

are too low to compare with experimental data (see Fig. 2). Even through increas-

ing the penetrating strength of the grain boundary, the hardness value is still very

low.
Through microstructure observations for the SNCA material, we have found that

near the NC surface the grain size is very small (several nanometers). However,

when grain size is smaller than submicron, it is difficult to confirm the effectiveness

of both the microstructure cell models and the strain gradient plasticity theory,

although the strain gradient theory can be applied to a smaller scale to compare with

the conventional elastic–plastic theory. Therefore, when grain size is smaller than

submicron, the simulated results can only be taken as a rough estimation for the

SNCA material.
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