Science and Technology of @ EMPAGY (IWMRIF  nenciddiiapen

Advanced Materials

..............

Modeling the dependence of strength on grain
sizes in nanocrystalline materials

To cite this article: Wei He et al 2008 Sci. Technol. Adv. Mater. 9 015003

View the article online for updates and enhancements.

You may also like

- The Structure and Micro-Mechanical

Properties of Electrodeposited Cobalt
Eilms by Micro-Compression Test
Xun Luo, Chun-Yi Chen, Tso-Fu Mark
Chang et al.

- Theoretical interpretation of abnormal

ultrafine-grained material deformation

dynamics
Elijah N Borodin and Alexander E Mayer

- Gradient structure requlated plastic

deformation mechanisms in polycrystalline
nanotwinned copper
Jia Sun, Hongfei Ye, Jun Tao et al.

This content was downloaded from IP address 3.129.218.80 on 03/06/2024 at 18:33


https://doi.org/10.1088/1468-6996/9/1/015003
https://iopscience.iop.org/article/10.1149/1945-7111/ac2be9
https://iopscience.iop.org/article/10.1149/1945-7111/ac2be9
https://iopscience.iop.org/article/10.1149/1945-7111/ac2be9
https://iopscience.iop.org/article/10.1088/0965-0393/24/2/025013
https://iopscience.iop.org/article/10.1088/0965-0393/24/2/025013
https://iopscience.iop.org/article/10.1088/0965-0393/24/2/025013
https://iopscience.iop.org/article/10.1088/1361-6463/ab29ca
https://iopscience.iop.org/article/10.1088/1361-6463/ab29ca
https://iopscience.iop.org/article/10.1088/1361-6463/ab29ca

|OP RUBLISHING SCIENCE AND TECHNOLOGY OFADVANCED MATERIALS

Sci. Technol. Adv. Mate (2008) 015003 (7pp) doi:10.1088/1468-6996/9/1/015003

Modeling the dependence of strength on
grain sizes in nanocrystalline materials

Wei He, Sanjeev D Bhole and DaoLun Chen

Department of Mechanical and Industrial Engineering, Ryerson University, 350 Victoria Street, Toronto,
ON M5B 2K3, Canada

E-mail: dchen@ryerson.ca

Received 3 July 2007

Accepted for publication 17 January 2008
Published 13 March 2008

Online atstacks.iop.org/STAM/9/015003

Abstract

A model was developed to describe the grain size dependence of hardness (or strength) in
nanocrystalline materials by combining the Hall-Petch relationship for larger grains with a
coherent polycrystal model for nanoscale grains and introducing a log-normal distribution of
grain sizes. The transition from the Hall-Petch relationship to the coherent polycrystal
mechanism was shown to be a gradual process. The hardness in the nanoscale regime was
observed to increase with decreasing grain boundary affected zone (or effective grain
boundary thickness)) in the form of A=1/2. The critical grain size increased linearly with
increasingA. The variation of the calculated hardness value with the grain size was observed
to be in agreement with the experimental data reported in the literature.

Keywords: nanocrystalline materials, grain size, hardness, strength, modeling, Hall-Petch
relationship, grain boundary affected zone

1. Introduction is lower than that in the microcrystalline (conventional)
range of grain sizes, and the slope decreases significantly for
Owing to their ultrafine grains and high density of graimyrain sizes below a critical value. In fact, some researchers
boundaries, nanocrystalline materials exhibit a variety @fave reported a negative slope, or a decrease in flow
properties that are often considerably improved in comparisgftess with decreasing grain size, i.e. ‘grain size softening’
with the conventional microcrystalline materials, includingalso called the inverse Hall-Petch relationshipg). [A
increased strength (or hardness), superior wear resistanfimber of theories and models have been developed to
improved low temperature superplastic formability, etc. Thgnderstand the deviation of the strength from the empirical
grain size of materials has a significant effect on the mechg||l-pPetch equation 2-19]. Recent molecular dynamics
anical properties. Microcrystalline materials obey the We'h\/lD) simulations have improved our understanding of the
known Hall-Petch relationship which can be expressed as,deformation of nanocrystalline materiald3. The MD
o1y = g +kd 12 (1) simulation; in nanocrystalline coppeR(23], aluminum
p—ro ’ [11, 24], nickel [22, 23] and cobalt 5], where an inverse
whereon, is the yield strengthy, is the friction stress below Hall-Petch effect was observedl 17, 20, 21, 24-26],
which dislocations cannot move in a single crystalis a revealed the difference between the grain interior and the grain
constant called ‘locking parameter’ representing the relati@@undary regions where most of the deformation occurred
hardening contribution of the grain boundaries, ahid the due to the inter-grain deformation (sliding) mechanism
average grain diameter. [20, 22, 23, 27, 28]. It was further observed that the
Experimental data available in the literature indicate thapblume fraction of the total grain boundaries, which increases
the strength or hardness of nanocrystalline materials cannottith decreasing grain size2§], increases under straining
simply predicted by extrapolating the Hall-Petch relationshipnditions, indicating an expansion of the grain boundary
to the nanoscale grain size of about 10 nth Jt has been regions during straininglfl]. The nanocrystalline materials
shown that the Hall-Petch slope in the nanocrystalline domdiave been considered as a three-component composite
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consisting of grains, grain boundaries and triple junctionsjentioned above, atomistic simulations also suggested that
where three-grain boundaries me®&gj| or a four-component dislocations nucleated at grain boundaries (GBs) carry out
composite consisting of crystallite (grain interior), graiplastic deformation in the nanocrystalline regime; once
boundaries, triple lines and quadruple nodéd].[ For nucleated, these dislocations travel across the grains and are
the sake of simplicity, the nanocrystalline materials coulkeventually absorbed in the opposite grain boundags40].

be approximated as a composite with two phases onlyla- a very recent investigation on the plastic Qeformatlon
grain interior and grain boundang?-35], since all plastic recovery in nanocrystalline aluminum and gold films, it was
deformation was observed to be accommodated in the gré@ported that the enhancement of recovery rate could be due
boundary and no intra-grain deformation occurrgd, 23. O the reduction in pinning sites caused by redistributions
The grain phase then represents the grain cores wHpedrain boundary impurities during annealingl]. It was

the matrix phase represents a blend of grain boundarif4gther stated that ‘the strain recovery results from the com-
triple junctions angor quadruple nodes. The results of MpPined effect of a small mean grain size and inhomogeneities
simulations provide a basis for identifying the role of th&" the microstructure (variations in the size and orientation of
grain interior and grain boundary during plastic deformatioffldividual grains and structure of GBs); the small grain
and a potential for predicting the strength of nanocrystallifi?€ Precludes intragranular dislocation sources, whereas
materials via composite models or the rule of mixturevariations in the microstructure lead to plastic deformation
[30, 31, 33]. It was also shown that the results of the finit%“ou@"h dislocations originating from GBs) in relatively

element calculations are almost the same as those obtail ger grains and_elasnc z_iccommoda_tlon in smaller grains..
ence, in exploring plastic deformation of nanocrystalline

using the rule of mixtures3f]. tals. it miaht b ¢ id t onlv th
Based on the above consideration a coherent polycrysqé? ais, It might be necessary to consider not only he .aver’—
e size of the microstructure but also the inherent variations’.

model was proposed in which the nanocrystalline materials. L
. is suggests that not only the average grain size but also the
were regarded as a coherent precipitate strengthened tw%—

phase alloy 6]. Recently, based on the high-resolution TE nkgaei:ttgigii?ge(rzzig:ﬂ]l bution) of the grain size should be
observation of grain boundaries in an Al-Mg alloy produceé‘ This investigation Waé therefore, aimed at describing
by a severe plastic deformation process where the gr% § !

. . dependence of strength (or hardness) of nanocrystalline
boundary interface showed curvature and undulations, Yagd - iais on the grain size, based on the Hall-Petch

and Ghosh3¢| developed a model of ‘grain boundary mantlgg|aiionship and coherent polycrystal model via further
shear zone power law creep’ to calculate the strength ;

. . v |ﬁfegrating a log-normal distribution of grain sizes.
various strain rates. Similarly, Dagt al [37] observed that
nano-twinned Cu after tensile testing showed dislocatiqg Modelin
pile-ups along twin boundaries (TBs) and curved TBs; @ 9
region within a few nanometers of a TB was often heavily

. _ . n the coherent polycrystal modeb][ the grain phase
influenced by the dislocations along the TBs. Each of tr\]ﬁas assumed to be a perfect crystallite while the grain

TBs may be treateq as a special grain boundary, _Wh%gundary phase contained potential defects (e.g. dislocations,
the plastic deformation in copper with nanoscale tWins (8,5 cjes, impurity atoms, etc) and was relatively narrow.
concentrated in the vicinity of the TBs. High resolutionpy,, strengthening effect of the grain boundary matrix by

TEM imaging directly confirmed the presence of partiahe conerent precipitates, i.e. by the grain phase, may be
dislocation dissociation, dislocation pile-up and TB bendi”%‘xpressed as

Based upon these observations they proposed a model of . 5
‘twin boundary affected zone (TBAZ)’, where the region 0co = gy +Keol (d — A)/d], 2)

adjoining the twin boundaries, considered to be elasticalyhare 06 and 6© are the strength of the nanocrystalline
. . . . . gb
strained, is different from the crystal interior. The TBAZnjterial and the grain boundary, respectivily;is a material
is plastically softer than the predominantly elastic cryst@arameter representing the measure of the strengthening effect
interior region between TBAZs. The grain boundaries (or twigf grain cores on the grain boundary matrix, and the grain
boundaries) in the above models were basically conside ndary affected zone (or mantle shear zone) or effective
as a continuous matrix and the grains were embeddedgiin boundary thicknes$,25, 36, 37]. Since there is a large
the grain boundary matrix. These recent observations apslume of experimental data available as hardness values, it
models basically support the two-phase coherent polycrysi@tonvenient to convert the strength values to hardness values
model [6]. Therefore, the coherent polycrystal modél [ using the method given irtp],
involving the dependence of strength on grain sizes in the
nanoscale range will be considered in this study. Ho = 300, (3)
Experimental observations have also revealed that intra-
granular dislocation sources like the Frank—Read source cease K =3k. 4)

to operate in nanocrystalline materials and result in h'gfhen the equivalent equation for the grain size dependence

strength and reduced plasticity in these materials. The & the hardness in the coherent polycrystal model may be
ditional dislocation theories may no longer be applicable @(pressed as

the deformation behavior of nanocrystalline materials. Con- 5
sistent with the recent experimental observations or models H = Hgp + Keol (d — A)/d]", (5)
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where H, H} and K¢, are the corresponding terms to
those specified in equatior?)( That is, H and Hé’b are
the hardness of the nanocrystalline material and the grain
boundary, respectively, andq, is a material parameter that
reflects the measure of the hardening effect of grain cores on
the grain boundary matrix. There will then be a critical grain
size,d*, above which the deformation mechanism changes
from the coherent polycrystal mechanism to the Hall-Petch
type strengthening mechanism according to equafipn (
Songet al [6] also reported thai is associated with the
average atomic diameteDf;) of the major elements in the
nanocrystalline materials, given by,

A =84D, — 217, (6)
where bothA and Dy, are in nm. It follows that the larger
the atomic diameter, the larger the effective grain boundary
thickness.

As suggested by Rajagopalat al [4]1], the inherent
variations in grain sizes in nanocrystalline materials should
be taken into account in exploring their plastic deformation.
We consider the grain size distribution which follows a
log-normal function. To facilitate the analysis, the following
assumptions similar to those specified4n§] are used.

1. Polycrystals with a relatively large average grain size
(d > d*) follow the classical Hall-Petch relationship,
equation {).

2. The strengthos, or hardnessH of the material with
very small grains complies with the coherent polycrystal
model, i.e. equation?] or (5).

3. The volume of grains obeys a certain distributidrip),
then the mean volume of all the graims,, is given by,

mvzfmvf(v) dv, @)
0

or expressed in terms of the grain diamekerthe mean
grain siz¢diameter of all the graing, becomes,

d= foo Dg(D)dD, (8)
0

4.

whereg(D) is the grain diameter distribution. The mean
volume of the grains may be further expressed as,

(9)

wherek is a geometrical shape factor considered to be 1
in this analysis.

When the grain size decreases to the critical grain
size, it is assumed that the conventional Hall-Petch
mechanism associated with dislocation glide and
pile-ups switches to the coherent polycrystal mechanism.
At d = d*,

mV = de,

(10

whereon, andog, are described by equatiory @nd @),
respectively.

For mean grain sizes different from*, the yield
stress, after averaging via combining the Hall-Petch

Ohp = Oco,

3

response with the coherent polycrystal mechanism, may
be expressed as,

(otot) = Fnp+ Feo, 11)
where
1 [o¢]
Fop = — / onpvf (v) v, (12)
mv v*
1 (v
Feo= — / ocovf (v) dv, (13)
m, 0

where Fyp, stands for the contribution of the Hall-Petch
mechanism and-., represents the contribution of the
coherent polycrystal mechanism to the overall strength.
The critical volume corresponding to the transition in the
mechanisms may be estimated from,
v* =k (d¥)3. (14)

Equation (1) is a unified equation representing the
relationship between the yield stress and the grain size
with a certain grain size distribution. The yield stress
of materials with a mean grain size from the nanoscale
to micro-scale regime can thus be calculated from
equation 11). Likewise, an equivalent equation for the
grain size dependence of hardness may be expressed as,

(Hiot) = Fr/1p+ Féo’ (15)
’ 1 > f
Fop = P / ~ Hipof () do, (16)
! 1 u*
T / Heovf (v) v, (17)
my Jo

where (Hot), FP;p and F/, are the corresponding terms
specified in equationl().

The volume of grains follows a log-normal distribution,
which has been observed to be reasonable in many
metals, alloys and ceramic systemsH, 43]. Hence, the
log-normal distribution is chosen to represent the grain
size distribution in the present investigation and may be
expressed as,

_(In v —Mip v)2

= 2,

} )

1
exp{
v/ 2787,

wheremy,, andsy, are the mean value and standard deviation
of In v, respectivelym, is the mean volume of all the grains,
and according to equatiof)(it is given by,

my = /oo vf (U) dv = exp[mlnv + (Sln v)z/z]' (19)
0
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Figure 1. The hardness calculated from equatitB)(@as a function (b)
of grain sizes in the form o ~Y/2 for the nanocrystalline Zn, in Ti-Al
comparison with the experimental dat. [
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3. Applications of the model and discussion

oo
T

3.1. Applications

Hardness (GPa)

9}
T

The developed model can be applied to a number of metallic
systems for which the experimental data are available in 1
both nanoscale and micro-scale regimes. Like the Hall-Petch 20 0.1 0.2 0.3 0.4
equation, the parameters in the coherent polycrystal model d~" (nm)~'"2
can be determined from the experimental data according to
equation 2) or (5). Figure 2. The hardness calculated from equati®B)(as a function

Koch and Narayanl] and Narayaret al[44, 45] reported of grain sizes in the form ad =2 in comparison with the
that the hardness of the nanocrystalline metal Zn deviafg@erimental data: (a) Ni-Rf] and (b) TiAl [49].
from the Hall-Petch relationship when the grain size is less
than about 11 nm and exhibits an inverse Hall-Petch effect. )
The Hall-Petch parameters from their experimental data afle calculated hardness curves show good agreement with the

Ho = —0.51 GPa an& = 5.32 GPa nm¥2 [1]. As suggested experimental data, and the curves exhibit a gradual transition
in [6], A may be estimated from equatiof){ which leads from the_ Hall-Petch mechanism t(_) the_ cohere_nt polyt_:rystal
to A = 4.1nm using theD,, value of Zn given in 46]. The mechanism. The present ana_IyS|s, via the integration of
two parameters in the coherent polycrystal mode§, and the HaII-—Petch mechamsm W|.th the coherent polyc?ryst.al
Keo, may be obtained from the experimental data in th@ec.han.lsm and the consideration of a Iognormal grain size
nanoscale regime in terms of equatid): (HZ, = 0.52 GPa, distribution, can thus be used to describe the grain size
and K¢, = 2.02 GPa. Using the above five parameters, tﬁgapendence of hardness from micro-sized grains to nanosized
hardness from the micro-scale to the nanoscale regime EHANS-
be estimated from equatiof). Metlab software was usedto ~ The gradual transition process may be understood in
calculate the numerical values from equatios) (to (17). the following way. In a sample with an average grain size
The critical grain size is obtained a =11.4nm using close to the critical grain sized*, some grains would
equation {0). The corresponding maximum hardness iBave sizes larger thad*, and others smaller thad*. It
H* = (Hit(d*)) = 1.07 GPa, which is very close to theis anticipated that there would co-exist two deformation
experimental valueH ~ 1.04 GPa. Figurel shows the mechanisms at the same tim&l]. The grains with larger
calculated hardness values as a function of the grain size $#es obey the traditional Hall-Petch relationship related to
the nanocrystalline Zn. It is seen that, after the grain sitee dislocation glide and pile-up strengthening mechanism,
distribution is taken into consideration, a gradual variation @fhereas the rest of the grains with smaller sizes behave
the hardness values is observed. Furthermore, the hardrs®rding to the coherent polycrystal mechanism. The overall
values calculated from equatiohq) are in agreement with macro-effect of the deformation of the sample would be
the experimental data. the superposition of the two mechanisms. With decreasing
Figures2(a) and (b) show the calculated hardness curveserage grain size, the fraction of the grains deformed via
as a function od~'/2, in comparison with the experimentalthe dislocation glide and pile-up strengthening mechanism
data for the Ni—P47, 48] and TiAl [49] systems, respectively. decreases, while the fraction of the grains deformed according
In these alloy systems, the parameters of the Hall-Petiththe coherent polycrystal mechanism increases. This gives
relationships were given imf7, 49], while the parameters of rise to an overall variation from strengthening to softening in
the coherent polycrystal model were presented]nAgain, the polycrystalline materials.
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3.2. Effect of effective grain boundary thickness @ 137 5, — — A=28nmm
s s A=32

In equation 1) or (15), there are five material parameters, /\ ce--A=35 EIIE

oo, K, 0, Keo (0r in the case of hardnessl,, K, Hg"b, Keo), = LIF ——A=41nm

and the effective grain boundary thickneas, It should be % ——A=4.6nm

noted that the concept of effective grain boundary thickness;, 097 ‘\lv N T A=50nm
or grain boundary affected zone, or mantle shear zone, or twi@ .
boundary affected zone, has also been considered recen@
by a number of researcher]] 25, 36, 37]. Since A was T
suggested to be proportional to the atomic diame@y [

or the twin boundary affected zone was suggested to span 03 ‘ ‘ ‘ ‘
7-10 lattice parameters in thickness (i.e. 2.5-3.6nm in the "7 15 025 0.35 045 0.55
nanocrystalline copperB[], the deformation characteristics d-12 (nm-12)

of nanomaterials would be influenced by the valueAof

Figure 3(a) shows the calculated values of hardnésk:), Ni_P ----A=12nm
of nanocrystalline Zn according to equatidrd) for different ——A=14nm
values of A while keeping other parameters unchanged. Tr N
Similar results are given in figure3(b) and (c) for two
other nanocrystalline materials, Ni—P and TiAl, respectively.
It is seen that the hardness in the nanoscale range increase
with decreasingA, and the value ofd* increases with
increasingA. This is in agreement with the results of atomistic
simulations of mechanical deformatior2qf 38-40]. The
simulation results suggested that grain boundary atoms as well
as the atoms up to 7-10 lattice parameters away from the 5 : : :
grain boundary are heavily involved in plastic deformation. 0.1 0.3 05 0.7
Thus the deformation was mostly taken up by atoms at and d='2 (nm~12)
near grain boundaries (i.e. in the grain boundary affected

zone). In other words, the material near grain boundaries is (¢) TiAl Soas,
easier to deformZ0, 38-40] and the associated deformation /
mechanisms are also observed to be strain rate sendfije [
As aresult, when the effective grain boundary thicknegsr
the grain boundary affected zone) decreases, the deformation
becomes more limited and difficult, thus the hardness in
the nanoscale regime increases with decreagingWith

an appropriate selection ok value based on the atomic
diameter or lattice parameter of the principal element in the
nanocrystalline materialb] 37], the proposed model can be 0 0.1 o2 03 0.4
used to adequately describe the dependence of hardness over d-12 (nm-12)

a wide range of grain sizes. For example, in the case of

nanocrystalline ZnA = 4.1 nm, the model gives a reasonablgigure 3. The calculated values of hardness from equatic (
description of the relationship between the hardness and thith different A values. (a) Zn, (b) Ni-P and (c) TiAl.

grain size, as shown in figufie

~ The effect of A on the critical grain size is showngijze while g represents the effect of the effective grain
in figure 4 for different nanocrystalline materials. A I'”earboundarythickness on the maximum hardness. Equatgis (
relationship is observed, which may be expressed as, and @1) show that the thinner the effective grain boundary
4 — d* +aA 20 in the nanocrystalline materials, the smaller the critical
T T TS, (20) grain size, and the higher the maximum hardness of the
where d and « are constants. When the grain boundarg‘a_te”als' This can be understood by noting that a smaller
ritical grain size due to a smaller effective grain boundary

affected zone is absent (i.a.= 0), d; = d*, the critical grain . ) : _ )
size. Figure 5 shows the maximum hardness as a functibiickness is equivalent to extending the range valid for

of A-Y2. A linear variation of the maximum hardness withthe Hall-Petch equation to a smaller grain size. Since the
A-Y2 s also observed. i.e. hardness or strength increases with decreasing grain size in

the Hall-Petch relationship, the maximum hardnds$sat the
H* — HgﬂgAfl/Z’ (21) smaller critical grain size becomes higher. The parameters
based on equation2@ and @1) for the three materials are
where H} and g are constantse represents the effect oflisted in tablel. It appears tha& is relatively insensitive to
the effective grain boundary thickness on the critical graile material systems as it changes only between 0.73 and 1.09,

0.7

0.5

—~
=3
=

Hardness (GPa)

11r

ss (GPa)

Hardne

5



Sci. Technol. Adv. Mater9 (2008) 015003 W Heet al

(a) @ 128
12+ Zn s Zn g
S 118t
5111 5
S " Calculated E 1.08 | = Calculated
— Linear fitting — Linear fitting
10 L L : ! 0.98 | | |
2 3 4 5 6 0.29 0.3 0.31 0.32
A (nm) A2 (nm—1/2)
(b) 8
(b) 7.2 -

B Calculated

Ni-P
27T /
£
*
S

Hardness (GPa)
J
T

6 —
Linear fitting » Calculated
5 . A A | — Linear fitting
1.1 1.3 1.5 1.7 1.9 6.8 ! ! I I |
A (nm) 0.7 0.75 0.8 0.85 0.9 0.95
A—I/Z (nm—l/Z)
(©) 22
TiAl (c) 135
= TiAl -
g <
£ 20f G
* N
= = Calculated 2 1251
. _ =
Linear fitting 'g " Calculated
18 L L L 1 I — Linear fitting
4 4.5 5 55 6 6.5
A (nm) 11.5 L !
04 0.45 0.5
Figure 4. The critical grain sizeg* , as a function of the effective A2 (nm‘”z)

grain boundary thickness. (a) Zn, (b) Ni—P and (c) TiAl.

Figure 5. The maximum hardness corresponding to the critical
grain size versus the effective grain boundary thickness in the form

Table 1. Parameters in equationaq) and @1) for different of A-Y2. (a) Zn, (b) Ni-P and (c) TiAl.

nanocrystalline materials.
Materials ~ d*=d: +aA H*=Hy+BA~Y2
d(hm) @ He (GPa) B (GPa nmY/?)

pile-up process according to the Hall-Petch relationship,
and (ii) the smaller grains deform by the coherent

Zn 8.35 0.73 1.88 0.83 polycrystal mechanism (a precipitate-like strengthening
Ni-P 5.23 1.09 6.01 1.20 mechanism). With decreasing average grain size, the
TiAl 1525 101 4.63 17.46 fraction of deformation associated with the dislocation

glide decreases, and the fraction of deformation via the
coherent polycrystal mechanism increases, giving rise to
an overall change in the response from strengthening
to softening of the material.
. By combining the conventional Hall-Petch relationship
for larger grains with the coherent polycrystal mechanism
4. Conclusions for smaller grains and introducing a log-normal
distribution of grain sizes, a model was developed
1. The effect of grain size on the strength or hardness to characterize the grain size dependence of hardness
was attributed to two deformation mechanisms associated (or strength) in nanocrystalline materials.
with inhomogeneities in the microstructure: (i) a fraction 3. The transition from the Hall-Petch relationship to the
of larger grains deform by a dislocation glide and coherent polycrystal mechanism was shown to be a

while g is strongly dependent on the material, indicating that
the maximum hardneds* is a strong function of the effective
grain boundary thickness. 2

6
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gradual process, and not an abrupt change from oi€] Giga A, Kimoto Y, Takigawa Y and Higashi K 2006
mechanism to the other. Scr. Mater55 143

4. The effective grain boundary thickness representing the) M?’lez;w A, Mishra A and Benson D J 20680g. Mater. Sci.
grain boundary affected zone was observed to hawye gieiter H 2000Acta Mater48 1
a significant effect on the critical grain size and thei5] Fan G J, Choo H, Liaw P K and Lavernia E J 20@&ter. Sci.

hardness (or strength) in the nanoscale regime. Eng. A409243 .
5. The critical grain size in the nanocrystalline materials wd46] Pande C S and Masumura R A 20@#ter. Sci. Eng. A09
observed to increase linearly with increasing effect|Vﬁ7] Ovid'ko | A 2005 Inter. Mater. RevS0 65

grain boundary thickness. . _[18] Takeuchi S 200Bcr. Mater44 1483
6. The maximum hardness in the nanocrystalline materigh®] Lu K 1996 Mater. Sci. EngR 16 161

was found to increase with decreasing effective gral@0] Schigtz J, Di Tolla F D and Jacobsen K W 1998
boundary thicknessX) in the form of A=%/2. Nature391561

1] Jiang B and Weng G J 204 Mech. Phys. Solids2 1125
7. The calculated hardness values were observed to bj Van Swygenhoven H. Caro A and Farkas D 22t Mater.

good agreement with the experimental data on the grain” 441513
size dependence of the hardness from the micro-scalg4g] van Swygenhoven H, Caro A and Farkas D 200dter. Sci.
nanoscale regime. Eng.A 440309-10
[24] Kadau K, Germann T C, Lomdahl P S, Holian B L, Kadau D,
Entel P, Kreth M, Westerhoff F and Wolf D E 2004
[25] Zheng G P 200Acta Mater.55 149 _ _
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