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ABSTRACT

 In the present research, microstructures of the sutface-nanocrystalline Al alloy ma-
tevial are observed and measured based on the fransmission electron microscopy
(TEM) technigue, and the corresponding mechanical behaviors are investigated ex-
perimentally and theotetically. In the experimental vesearch, the nanoindentatior "
test method is used, and the load and microliardness citrves are measured, which
strongly depend on the grain size and grain size nonuniformity. . Two kinds of
the nanoindentation test methods are adopted: the randomly selected loading point
method and the continuous stiffness method. In the theoretical modeling, based on
the microstructure characteristics of the surface-nanoctystalline Al alloy material,
a dislocation pile-up model considering the grain size effect and based on the Mott
theory is presented and used. The hardness-indent depth curves are predicted and
modeled. :
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1. INTRODUCTION

Recent studies have shown that high-strength,
nanostructured materials can be fabricated by
using some special techniques. For example,
by using a severe plastic deformation (SPD)
method, one can fabricate a kind of the bulk
nanocrystalline (NC) materials [1-4] or can ob-
tain a surface-nanocrystalline (SNC) layer near
the surface of a conventional material,” and
the material mechanical behaviors can be im-
proved considerably [5,6]. Usually, the adopted
SPD methods mainly include the large torsion
method [1], the large pressing method [4], and
the ultrasonic shot peening (USP) method [5,6],
etc. The microstructure features of both the
- nanostructured bulk materials and the SNC
materials have been observed and measured
widely in previous research [1-6]. Recent in-

vestigations have displayed that the regular

microstructures exist within the SNC surface

layer, and a representative fundamental cell

size of the microstructure varies from tens to
hundreds of nanometers; even to microns.. The
mechanical behaviors of the NC materials have
been studied extensively in the last several
years. Besides the research mentioned above
[1-6], a lot of studies have covered a wide range

of the NC material behaviors, such as the grain .

- ‘boundary behavior and plasticity in the NC Ni
[7], the compressive behaviors of the NC Al al-
loy [8], the surface roughness effect on the hard-
- ness of the NC Al alloy [9], the grain rotation
model based on a nine-grain cluster mechanjsm
for the NC copper [10], the strain rate sensitiv-
ity in the NC Ni [11], the formed nanometer
crystal grain due to indented for a bulk amor-
phous metal alloy [12], the tensile behaviors
of the NC electrodeposited Ni [13], the Hall-
Petch relation of the NC grain size effects [14—
* 16], and the high tensile ductility and the grain
. size nonuniform effect of the NC copper [17]. It
is well known that below the micron scale, ma-
terials tend to display the strong size effect. On
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the ‘size effect, a lot of research is focused
on measuring and characterizing the load dis-
placement and hardness displacement rela-
tions for single-crystal or coarse-grained metals
based on the nanoindentation tests, such as the
work by Ma and Clarke {18], Nix and Gao [19],
McElhaney ef al. [20], Wei et al. [21], Zhangetal.
[22], etc. These investigations have showed that

" as the indent depth decreases, the measured

hardness curve displays an increasing trend,
the so-called indentation size effect. The size ef-
fect was often described by using the strain gra-
dient theories [23-28] and the dislocation den-
sity theory [9,19,29] as well as the discrete dislo-
cation theory [30]. Many modeling results were
quite consistent with the experimentally mea-
sured results. However, the cases involving
both the NC and SNC materials are quite dif-
ferent from the cases of both the single-crystal
and the coarse-grained materials. To the NC or
SNC materials, besides the size effect, an effect
of both the crystal grain size and grain shape

- distributions should be considered because for

NC materials the grain size is comparable to
the material length scale. In the previous re-
search of the first author on the nanopolycrys-
tal Al and the thin film/substrate system [31],
the effect of both the crystal grain size and the
shape distribution was called the “geometrical
effect” to distinguish it from the size effect de- -
scribed only by the microscale parameter of the
strain gradient theories. On the basis of the mi-
crostructure cell model and the strain gradient
plasticity theory, the size effect and geometrical
effect have been studied. Through comparing
the predicted results with experimental results,
the effects of both grain size and the microstruc-
ture characteristics on the microscale parameter
of the strain gradient theory have been stud-
ied [31]. Besides the factors mentioned above,
grain size nonuniformity is another important
factor in the nanocrystalline materials that has
a considerable influence on the mechanical be-
haviors. Some research shows that this factor
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playé a positive role in increasing the stren:gthrr

and ductility of the nanocrystalline materials
[17]. _

In the present research, first, through ob-
servation and measurement using transmission
‘electron microscopy (TEM), microstructure fea-

tures in the SNC Al alloy LC4 worked by yuse

method will be examined; second, the mechan-
ics behavior of the SNC Al alloy material will be
studied experimentally and theoretically based
on the nanoindentation experiments. In the
experimental research the specimens will be
designed and prepared according to the mi-
crostructure features. The load- and hardness-
depth curves will be measured by using both
the randomly selected loading point method
and the continuous stiffness method. In theo-
retical research; using the Mott dislocation pile-
up theory [32], a model based on a disloca-
tion mechanism constrained by grain bound-
aries will be presented and used to model the
nanoindentation experiments for the NC Al al-
loy material. The material hardness curves
will be predicted. Finally, through experimen-
tal research and the theoretical simulation and
analysis for the SNC Al alloy material, limita-
tions of the experimental research and theorefi-
cal model and further work will be discussed.

2. THE SNC MATERIALS

The procedures of the experimental specimen
preparations used here are similar to those
shown by Wu et al. [6] for another material
Al alloy 7075. A brief description of the pro-
cedures is given. -

2.1 Material

The experimental material was a high-purity Al
- alloy LC4, with a composition (wt %) of 2.5 Mg,
5.6 Zn, 0.4 Mn, and 1.8 Cu, balance Al. A com-
mercially available plate was cut into pieces 100
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"5100-x 6 mm? in dimension. A smooth surface

finish was attained on the faces by polishing on
800-1200 grade SiC papers. Microscopic exami-
nation revealed an initial grain size of the order
of ~80 um. L

2.2 The USP Technique

The principle of the USP technique was de-
scribed by Lu and Lu [5]. A brief descrip-
tion is given here as follows. Referring to
Fig.- 1{a), a high-energy ultrasonic generator
with a high frequency (45 kHz) vibrated the re-
flecting chamber, where the stainless steel shots
of 7.45 mm diameter resonated. The shots then
performed repetitive, high-speed, and multidi-
rectional impacts onto the surface of the sam-
ple. As a result, severe plastic strains were
imparted into the surface by striking loading.
The USP processing was conducted under vac-
uum at room temperature for 15 min. Through
the USP technique. treatment the nanometer-
scale crystal grains were formed near the NC
surface, as shown in Figs. 1(b) and 1(c), and
the grain sizes change with the distance away
from the NC (striking) surface in a gradient law.
Near the NC surface, nanometer-sized grains

~are formed, and at a distance far away from -

the NC surface, for instance, for distance D >
80 um, the grain size keeps the original coarse
grain size. The grain sizes change with the dis-
tance away from the NC surface.

3. TEM OBSERVATION AND
MEASUREMENT FOR SNC AL ALLOY

- 8.1 Grain Size Distribution

The TEM measurement of crystal grain size was
performed for the SNC Al alloy. Pictures were

-taken at several depths away from the NC sur-

face, and the quantities and distributions of
crystal grain sizes at each depth were counted,
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(a) Nanocrystallization principle.
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(b) The formed nanocrystal grain. D=20 micron.

(c;) Grain size nonuniformity. D=35 micron.

FIGURE 1. ‘Surface-nanocrystallization prmc:lple (a) the formed nanocrystal grains and (b) the grain size

nonumfornuty

as shown in Figs. 2(a) and 2(b) for two distance
ranges, [) = 0~10 pm and D = 15~20 pm away
from the NC surface. Fig. 2(c) shows the rela-
tionship of the statistically averaged grain size
changing with distance away from the NC sur-
face. According to the TEM observation and
measurement, when the distance is larger than
. about 80 um, the NC effect is very weak, and
the original coarse grain size is kept (80 um).
* From Fig. 2(c), within a surface layer of ~30 pm
thickness, the grains are nanocrystallized re-
markably (grain size < 100 nm ).

3.2 TEM Observation of the Grain Size
Nonuniformity

In order to investigate the nanocrystallization
mechanism of the SNC Al alloy, a series of
the TEM micrographs are taken for a series of
distances of loading point to the NC surface:
50 pm, 40 pm, 35 um, 25 um, and 15 pm, re-

-spectively. These TEM micrographs record the

microstructure features of the SNC Al alloy cor-
responding to the given distances. A common
feature displayed in these micrographs is that
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FIGURE 2. Statist-iéally averaging grain sizes changing with the distance (D) away from the nanocrys-
talline (NIC) surface of Al alloy material. Relationships between (a, b) grain counts and grain sizes and (¢)
the grain size distribution versus distance D _ , L -

grain size is-nonuniform, as shown in Fig. 1(c) 4. MICROHARDNESS OF THE SNC AL
for D= 35 um. There is a considerable devia- ALLOY MATERIAL
tion of the grain sizes between the maximum - _

_and minimum grain size. The measured micro- In the measurement of the microhardness the
hardness should be sensitive to the grain size indented direction is perpendicular to the NC
nonuniformity. ' surface. The indented surfaces of specimens are

Volume 4, Number 1, 2006



188 L WEIET AL

taken at'a series of distances (D) away from the 4.1 The Randomly Selected Loading Point
NC surface, corresponding to a series of the dif- Method '
ferent average grain sizes. In order to clearly
describe the problem, during the nanoindenta- By randomly selecting the loading points on the
tion test, by using the randomly selected load- specimen surface and carrying out the nanoin-
. ing point method, we limit the maximum in- dentation experiments, hardness-depth rela- _
dented depth through the condition thatit must tions are measured, as given in Figs. 3(a)-3(d). -
‘be smaller than the grain size. Both the ran- The hardness results for several crystal grain
domly selected loading point method and the sizes, 0.6 pm, 1 pum, and 2 um; as well as for

continuous stiffness method are adopted. single-crystal Al are shown, respectively. The
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FIGURE 3. I—Iardneés—depth data relations for (a—c) three grain size cases and (d) the single crystal Al
based on the randomly selected loading point method
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former three specimens correspond to the dis-
tances D= 45, 55, and 60 pm away from the NC
surface, respectively. The results show a fea-
ture of the hardness variation with the indent
depth that when the indent depth is smaller
‘than about a third of the grain size, a strong

- size effect is displayed; that is, as the indent"

depth increases, the hardness first decreases
and passes through a lower limit value at about
a third of the grain size, then increases as the
plastic zone extends and is constrained by the
grain boundaries. Through comparing the re-
sults shown in Figs. 3(a), 3(b), 3(c), and 3(d)
for different grain sizes one can find that with
decreasing grain size, the hardness increases.
The hardness-depth data relation is a discrete
strip with a big discrete width. For the single-
crystal case the hardness decreases and asymp-
totes to a conventional value as indent depth in-
creases infinitely; the curve feature of the hard-
ness variation with the indent depth is in “L”
form, and the width of the hardness-depth dis-
crete strip is much smaller than that of the NC
material. It is readily understood that the big
-discrete hardness-depth relation for the NC ma-
terial is mainly caused by the grain size nonuni-
formity effect. It is worth noting that for the
'NC materials, in the nanoindentation experi-
ment, the indenter tip is probably located at a
gram boundary region, not at a desired grain
region, and in this case the measured experi-
mental data may also have a certain deviation

from the main trend of the experimental results.

However, for ¢ > 600 nm, there is a great pos-
sibility of the indenter tip being located at the
grain region because the grain region is much
larger than the grain boundary region.

4.2 The Continuous Stiffness Mefhod

In the present research the indent loading
~points were randomly selected at the distance
of 30 um away from the NC surface, where the
average grain size is about 200 nm from the
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TEM measurement. Indented direction was in

the normal direction of the NC surface. =
Figure 4 shows the measured load- and
hardness-depth curves for several selected

loading points. From Fig. 4(a) the load-depth

curves seem to have a good repeat property.
Several curves based on the several load points
seem close to each other. However, for the
hardness curves from Figs. 4(b) and 4(c), there
exists a big deviation, and the results are
strongly dependent on the loading points. The
hardness curves are discrete mainly due to the
grain size nonuniformity effect (referring to
Fig. 1(c)). In Figs. 4(b) and 4(c), corresponding
to the submicron-scale grain sizes, owing to the
grain size nonuniformity effect, the differences -
between the measured hardness values based
on different load points are big, and the differ-
ences decrease with increasing indent depth.

5. MECHANISM CHAHACTERIZATION AND
. ANALYSIS

It is well known that the materials display a
strong size effect in the submicron or nanome-
ter scale. A lot of research discusses indenta-
tion size effects in this length scale region. Sev-

- eral theories concerning size effect characteriza-

tions were presented and used previously, such
as the strain gradient theories [23-28], disloca-
tion density theory [9,19,29], and discrete dis-
location theory [30]. The indentation size ef-
fects for single-crystal materials and for coarse-
grained materials have been widely studied in
the last several years; however, for the NC and
SNC materials, these kinds of studies are very
few. For the NC or SNC materials, besides

" the conventional size effect usually described

by the length parameters contained in the scale
theories, such as the strain gradient plasticity
theory, there exists an additional length scale,

‘grain size, which is small and comparable to the

material length scale parameter. The studies for
the combination effects are of important signifi-
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cance to understanding the mechanical proper-

ties of the nanometer materials. It is worth not-
ing that the dislocation density model based on
the Taylor theory has been widely and success-
fully used to describe the indentation size éf- -
fect in the last several years for both the single-
crystal and coarse-grained metals, such as by
[24], Wei ef al.
[9], and Swadener et al. [29]; however, for the
NC and SNC materials, since the grain size is
so small that it is comparable to the charac-
teristic length scale of dislocation density, the
grain boundary constraint is considerable, and
the dislocation pileup phenomenon is preva-
lent. Therefore the dislocation density model
based on the Taylor theory fails to describe the
case. In the present research the dislocation
density. model based on the Mott theory [32] is
used to model the mechanical behaviors of the

" SNC materials, such as the load- and hardness-

depth curve behaviors shown in Section 4.

5.1 Dislocation Density Model Based on the
Taylor Theory

A brief review of the dislocation density model
based on the Taylor theory is given as follows.

" For a nanoindentation test problem the dislo-

cation density is nonuniform, and it can be di-
vided into two parts: the statistically stored dis-
location density and the geometrically neces-
sary dislocation density [33,34]. In this case the
dislocation density depends not only on the ex-
erted load, but also on the microstructure ge-
ometrical parameters. The geometrically nec-
essary dislocation density depends on the ge-
ometrical parameters. Through constructing a
deformation-permitted dislocation mechanism,
Nix and Gao [19] arrived at a simple relation be-
tween the total dislocation density and the in-
dent depth h, pr = B(1 + k*/h). Putting to-
gether the related relations, such as the Taylor
model relation, the Mises flow theory of plas-
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ticity, the Tabor factor relation, and the above"

dislocation density relation, we have
. h*
T=0¢HvaTa PT=B<1+?),

o= \/§T, H =30 (1)

- where T and' ¢ are the shear flow stress and

the Mises effective flow stress, respectively, u
is shear modulus, b is Burger’s vector, « is a
geometrical constant with a value of about 0.3,
and B and h* are constants to be determined in
the nanoindentation test. B is the statistically
stored dislocation density, and h* is a charac-
teristic length, characterizing a strength of the
geometrically necessary dislocation density, re-
lated to the strain gradient dominated zone size
[9]. For h < h* the geometrically necessary dis-
location density prevails; otherwise, the statis-
tically stored dislocation density prevails. From
Eg. (1), Nix and Gao [19] derived

g:HM-/H-”hi @
where
Ho = 3v3opbv/B (3)

H, is the macroscale hardness without con-

~ sidering the size effects and can be determined
through using Eq. {2) to model the experimen-
tal hardness curve for a deep indentation case,
i.e., for a large value of h. The hardness-
depth relationship based on the Taylor theory
(Eq. (2)) is simple ‘and effective for describ-
ing the case without considering the dislocation
“pileup. There are two parameters in the above
model, Hp and &*, by which the hardness-depth
relationship for single-crystal metals and for

coarse-grained metals can be effectively char-

acterized. When the effect of the geometrically
necessary dislocation density can be neglected,
-or for a deep indentation problem (small 2* or

~large h), the hardness is a constant, Hy, which -

is only related to the macroscale parameters of
material [35].
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Mott Theory

For a NC material the grain size is compara-
ble to the characteristic length scale of disloca-

5.2 Dislocation Density Model Based on the -

tion density, and the grain boundary constraint -

effects are considerable. Within an indented
grain region, with increasing load the disloca-
tions nucleate, move, and pile up near grain
boundaries. According to Mott theory [32], the
corresponding shear flow stress within a mate-
rial inside can be described as follows:

= %u(nb)\/p_;p @)

where n is the number of the pile-up dislo-
cations along a single-edge dislocation plane.
Variable pr is the total dislocation density of
the superdislocation with the Burgers vector
nb. Similarly, pr is divided into the statisti-

cally stored dislocation density and the geomet-

rically necessary dislocation density. In order
to find the geometrically necessary dislocation
density, we present and adopt a model here
to describe the deformation mechanism of the
superdislocations in a nancindentation test, as
shown in Fig. 5, for simplicity assuming that

the indenter tip will not penetrate the grain

boundaries. In Fig. 5, t is the representative
grain size in the indenting direction. Noting
that the volume occupied by the superdisloca-

tions is assumed to be a part of the semisphere '

due to the grain boundary constraint, similar to
the derivation of Nix and Gao [19], one can ar-

rive at
H = I?g'\/l + (%—) F (%,e)

(5)
where -
Ho = i@u(nb)@, | ()
2
and
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B is the statistically stored dislocation den-
sity of the superdislocations. The indent angle
is © =~ 15° for the Nanoindenter XP instrument.
In derivation of Eq. (7), when A/t > tan®,
.the adopted volume in calculating the geomet-
rically necessary dislocation density is only a

- the grain boundary. The case of weak constraint

in the direction of the grain boundary seems
suitable for a thin film/substrate system under-
going nanoindentation in the normal-direc¢tion .

 of the thin film [36].

part of the semisphere, as shown in Fig. 5, in-

“stead of a complete semisphere, as adopted by
Nix and Gao, for applying the Taylor model to
a umform material. Comparing Egs. (3) and (6},
Hy is usually larger than Hy because the piled-
up dislocation number, n, is quite a large num-
ber [32]. There are three parameters included
in- the dislocation density mode! based on the
Mottt theory, Hy, h*, and ¢, whete ¢t is the repre-
sentative grain size in the direction of indent-
ing. Examining the presented model (Fig. 5)
suggests that it may be ideal for describing the

' case where the grain boundary constraints on
the indented grain are strong in the normal di-
rection and weak in the tangential direction of

5.3 Modeling the M:crohardness of the
SNC Material

The hardness-depth relationships of the NC

materials based on the present model are plot-

ted in Fig. 6, which shows the curves of H/H; ~
h/t for several values of A*/t. From Fig. 6
the hardness increases as indent depth de-
creases. However, as indent depth increases,
the hardness-depth curves quickly terid to a sta-
ble value, described by '

2 [T
Hy (% tan 9)
from Egs. (5) and (7) , instead of unity in using
the Taylor theory. For comparison the Taylor
theory results are also shown in Fig. 6 for sev-
eral h* values (see dashed lines), where ¢ can be
understood as any reference length. The hard-
ness curves based on the Taylor theory quickly

®
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FIGURE 6. Variations of normalized hardness
with the normalized indent depth for several grain
size values based on the present model. Grain size
as normalizing quantity. Solid lines stand for using
the present model, and dashed lines stand for usmg
the Taylor model -

decrease as indent depth increases. When in-
dent depth tends to infinity, "H/H, tends to
unity. On the other hand, for h* fixed the hard-
ness increases as grain size (t) decreases. '

By using the above theoretical analysis re-
sults {0 model the experlmental results of the
SNC Al alloy shown in Fig. 4, we obtain the
hatdness-depth curves, as shown in Fig. 7,
where several parameters are taken as follows:
the average grain size t = 200 nm; length scale
R* = 1656 nm (from Wei et al. [9]); and Hy =
1.7 GPa (the only selected parameter according
to experimental curves). Comparing the mod-
eling results shown in Fig. 7 and the experi-
‘mental results shown in Fig. 4, one finds that
the simple model developed in. the present re-
search can roughly capture the complicated mi-

crohardness features of the SNC Al alloy LC4.

6. CONCLUDING REMARKS

The Al alloy LC4 has been surface-
nanocrystallized by using the USP method,
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h* = 165 nm, H_ = 1.7 GPa -

t=55 nm

=193 nm

24 . t>B25 nm

7 T T T 7 T T
50 100 150 200 250

h (nmy)

FIGURE 7. Microhardness modeling for the
SNC Al alloy material by using the present model.
Hardness-depth curves are grain size-sensitive '

and the nanometer-sized grains have been
produced within the surface layer of the spec-
imen. The microstructure features of the NC
region have been observed and measured by
using the TEM techmque The deformation
mechanism of the SNC material has been
characterized and investigated based on the
nanoindentation experiments and the disloca-
tion pile-up model. Experimental results have
displayed that the hardness-depth curves of

‘the SNC material are with a strong size effect

and a strong nonuniformity effect of grain size.
Theoretical modeling results ~are consistent

~with the experimental results.

On the strength and hardness of the poly-
crystalline material, there exists a famous Hall-
Petch relationship. According fo the Hall-Petch
relationship, the strength and hardness of the
polycrystaﬂme materials increase with decreas-
ing grain size. Although the NC material is
a kind of polycrystalline material, the crystal
grain size of the NC materials is at the nanome-
ter scale, so how effective is the Hall-Petch re-

-lationship in this case? To answer this ques-

tion, there has been considerable research in
last decade, for example, the research of Nieh
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and Wadsworth [14], Nieh and Wang [15], and
Yamakov et al. [16]. A lot of research has shown
that the strength and hardness of the NC ma-
~ terials varying with the grain size can be char-
acterized by the Hall-Petch relationship when
grain size is larger than about 20-40 nm and by
an inverse Hall-Petch relationship when grain

size is smaller than that value for the nanocrys-

talline metals. In the present research our at-
tention has focused on investigating the size ef-
fect and the geometrical effect (including the
grain size nonuniformity effect), and therefore
we have obtained hardness information for sev-
eral grain sizes of the nanocrystalline Al alloy
when grain size is larger than 100 nm. Ow-
ing to the limitations of the currently used the
Nanoindenter XP instrument (indenter tip cur-
vature radius is about 50 nm), we cannot ob-

tain reasonable hardness results when the grain -
size is too small. No matter the limitations

of the Nanoindenter instrument, we can assess
the Hall-Petch relationship when grain size is

larger than 100 nm. In this grain size region, ~

obviously, the Hall-Petch relationship is reason-
able.
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