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Abstract

The mechanical properties of materials depend on their structure. The influence of grain size and grain size distribu-
tion on the flow stress of polycrystalline materials (e.g. metals) has been widely reported. The value of the yield point is
usually predicted by the Hall-Petch relationship which was established experimentally for micrometer grain sizes. When
the grain size is reduced to the nanometric size, the relationship between grain size and flow stress changes for several
reasons including activation of the mechanism of grain boundary sliding.

Grain boundaries play a major role in the plastic deformation mechanism of polycrystalline nano-materials, because
they possess a significantly large volume fraction of atoms at the grain boundaries. In order to quantitatively model this
influence, a two-phase finite element model was developed using the generalized Hill potential theory for modelling the
anisotropic plasticity of grain boundaries. The results of the numerical simulations give an insight into the influence of
various parameters on the plastic deformation of nano-polycrystalline materials. The simulations were also applied to
study the effect of grain size homogeneity on the mechanical properties of nanometals.
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1. INTRODUCTION

The influence of the grain boundaries on the me-
chanical properties of metals is usually described by
the Hall-Patch relationship (H-P) [2,3] which has
been experimentally proved for a wide range of
grain sizes. The classic H-P relationship between the
yield stress o, and the average grain size d is given
by the formula:

o,=0,+K-d™" (1)

where: o, is the yield stress, d is average grain size,

with ¢, and K being material constants.

The H-P equation is known to work well for
metals with average grain sizes from 1 to 100 pum.
Recent advances in nano-technology have made it
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possible to verify its relevance for grain sizes in the
range from 10 nm to 1 um. It has been found in this
context, that for grain sizes in the range 10 — 30 nm,
a reduction in the strength of nano-polycrystalline
materials is observed [6]. The possible reason for
this phenomenon, described as reverse HP (RH-P),
is a change in the mechanism of plastic deformation,
involving the activation of grain boundary sliding,
because of the high volume fraction of atoms located
in the grain boundaries (GBs). A simple geometric
consideration indicates that if the grain boundaries
1 nm wide, then for an average grain size of 10 nm,
the volume fraction of grain boundary atoms is
25 %, see figure 1.

ISSN 1641-8581



INFORMATYKA W TECHNOLOGI MATERIALOW

a
< a=1lnm g=10nm
o] 3_ 3
v, =28 100%~25%
g o

Ayq

< >

Fig. 1. Estimation of the volume fraction of atoms at the grain
boundaries.

The different behaviour of nano-metals can be
explained by the difference between the mechanical
properties of the grain interiors (Gls) and the grain
boundaries. Normally grain boundaries are consid-
ered as being 2-dimensional elements of zero thick-
ness. This concept is fully justified if the nominal
thickness of the boundaries, approximately 1 nm, is
less than 10™ of the standard grain size. However,
for nano-polycrystals the thickness of the grain
boundaries cannot be ignored. This leads to a two-
element situation, one of being the grain boundaries
and the other the grain interiors.

When the average grain size is reduced to the
nano-metric level, consideration should be given to
the influence of grain size distribution on the me-
chanical properties. Experimental results revealing
the special properties of nano-metals with bimodal
grain size distribution have been published [5].

rate phases with different mechanical properties. The
properties of the grain boundaries were described by
the Generalized Hill Potential Theory (GHPT) [1],
to account for their anisotropic plasticity. Isotropic
properties of the grain interiors have been assumed
with the yield stress of individual grains being de-
termined by the HP formula, see equation (1).

2. MODEL DESCRIPTION

Model grain structures with different grain size
dispersion were generated by Voronoi tessellation.
The numerical models were built with grain interiors
and grain boundaries, see figure 2. The thickness of
the grain boundaries were modelled at Inm. The
two-phase model was analyzed by the finite element
method implemented by Ansys software.

The anisotropic Hill potential theory was used
for modelling plastic deformation of the grain
boundaries. The Hill's criterion is an extension to the
Huber-Mises-Hencky yield criterion for anisotropic
materials. This criterion was used under assuming
that isotropic hardening is given by:

rot=Alo} Mlo}-a(e7) @

where: o,= reference yield stress and &”= equ-

ivalent plastic strain. The grain boundary phase
is assumed to have three orthogonal planes of
symmetry. The material coordinate system is
perpendicular to these planes of symmetry and
the plastic compliance matrix [M] is written as:

L5

Weas S

£ iy o 4

e T =

<~ T T [
B At e

e T A
o e I,

Pty
Ty

= =0
<

Fig. 2. The “two-phase” numerical model of the polycrystalline structure.

In order to model the influence of grain bounda-
ries and grain size dispersion on the flow stress of
nano-metals, a “two-phase” finite element model
was developed. In this model, it was assumed that
the grain boundaries and grain interiors act as sepa-
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'G+H -H -G 0 0 0]
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3)

F, G, H, L, M and N are material constants that can
be determined experimentally. They are defined as:
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The yield stress ratios; R, Ry, R.., R,,, R,. and
R, can be calculated as:
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where: ¢, ¢, o, o2, o, o’ are values of
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yield stress.

Fig. 3. The mechanical properties of grain interiors.

The grain interiors were treated as being iso-
tropic elasto-plastic elements, with their yield point
being dependant on the grain size in accordance with
Hall-Patch relationship [4], see figure 3. Linear

hardening was assumed with do/de being designated
as Er.

Calculations were performed to obtain the mac-
roscopic tensile stress-strain curves for the nano-
polycrystals. The simulations of the plastic deforma-
tion of the described two-phase structure were car-
ried out for copper, with the following constants K =
0.14 MN m™” and 6, = 33 MPa for the grain interi-
ors. Work hardening was assumed as E7r= 12 GPa
for the Gls and E7= 0.6 GPa for the grain bounda-
ries.

The mechanical properties of the grain bounda-
ries, as described by the Rij dimensionless coeffi-
cients, were varied in the range from 1 to 20. For the
largest values of Rij, approaching 20, the grain
boundaries were stronger than the interior of the
larger grains. For smaller values, near to 1, the resis-
tance of the grain boundaries to plastic deformation
was equal to that of monocrystals.

The two o, parameters used in the simulation

have different physical meanings. That in the HP
equation (1) describes the resistance to plastic de-
formation of mono-crystals. The, other, applied in
the Hill theory, describes the resistance of the mate-
rial to the plastic flow. Within the scope of the
analyses reported here they have been assumed as
being numerically equal.

The material parameters used in the computa-
tions are presented in table 1.
Table 1. Material parameters for the analyzed models. R,./R,,
and R, represent the flow stress of the grain boundaries in the

directions parallel/perpendicular to the grain boundary plane
and the shear flow stress, respectively.

E Er,

apa | N | onMPa| D | Ro | Ry | Ry
Grains 150 [o.336| Fauation |y 1)
interior @))]

Grain 1150 10336| 33 0.6 |1~20]1~20|1~20
boundaries

3. RESULTS AND DISCUSSION

3.1. Variation of the flow stress of grain
boundaries

Calculations were performed to obtain an insight
into the variation of the flow stress of the grain
boundaries in two orthogonal directions, parallel and
perpendicular to the surface of the grain boundary,
and the shear stress, see table 1. The results of simu-
lations are presented in figure 4. These results
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clearly demonstrate the strong influence of the grain
boundaries properties on the properties possessed by
the polycrystalline aggregate. Depending on the
combination of the flow stress of the grain bounda-
ries the macroscopic yield point varies from 200 to
1200 MPa.

aggregates, see figure 5. It would appear that the
resistance to grain boundary sliding, which is repre-
sented by R,,, depends on the difference between the
properties of the grain interiors and the grain
boundaries.

3.2. Grain size distribution effect

N 7 Pt The influence of the grain size distri-
L I > - - > e .
[t o bution on the flow stress was analyzed for
e A= sl a set of polycrystalline aggregates with
gy F
g Vg Vs ) . . .
— sow e < —Ren? the parameters listed in table 2. Six struc-
A rur sr e J T O N I
> Y A AT e s tures with an average grain size 10, 16,
bl £ j_ 7 Vv —— Ruw=20 Runs=20 Ryy=201 h i
2 s e Rx=Z0 Ryv=5 Fxy=5 21, 32, 43, 65 nm with three different
nomeEmy 7 =—Rixm1 Ryy=S Ruy20 grain size dispersions were analyzed. The
SR TR grain size dispersion was described by the
2 Rix=10 Byy=7 Rxy=20 ) o
iR coefficient of variation CV defined as:
—— - s
o'l
Ny cy =5D (6)
E
o 0.01 0.02 0.03 0.04 0.05

strain

where SD is the standard deviation and £

Fig. 4. The macroscopic stress-strain curves obtained for the two-phase model

with varied properties of the grain boundaries (see also table 1).

is the average grain size of the structure.
The three values of CV analysed were

0.07,0.2 and 0.41.
Table 2. Material properties for modelling grain dispersion effect.

E,GPa v a,, MPa Er, GPa R, R, R,

Grains interior 120 0.336 H-P 12 - - -

Grain boundaries 120 0.336 33 0.06 10 15 10
e — Figure 6 presents the results of the cal-
on " culation for all the situations modelled. It

— .
= is clearly shown that the flow stress does
e 7 depend on the grain size distribution. The
T w ‘. a variation of the yield stress for the same
E A grain size can be greater than 140 MPa.

= 4. CONCLUSIONS

ann

Since the structure of grain boundaries
. differs from that of the grain interior, their

: = o e o o o plastic properties also differ. The impact of
these differences on the macroscopic prop-
erties of the polycrystalline materials is
particularly pronounced for ultrafine
grained structures.

The simulation reported here give
quantitative estimates of the grain boundary effect
on the flow stress of nano-crystalline metals. The
simulation, based on a two phase model, explains
the so-called reverse Hall-Patch dependence, as be-
ing due to the increasing volume fraction of atoms

strain

——nan=5 Ryy-5 fay-5 Nan—20 Rpy-5 Ray-5 Nan-5 Ryy—20 Ray-5 Ram=5 Ryy—-5 Ray—20

Fig. 5. Influence of the R; parameters on the stress-strain curve of analyzed
structure.

The results of the calculations show that parame-
ters R,,, defining the resistance of the grain bounda-
ries to the plastic deformation in the direction per-
pendicular to the grain boundary plane, has the high-
est influence on the flow stress of the polycrystalline
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located in the grain boundaries. Grain boundary
sliding and the variations in the mechanical proper-
ties of the grain interiors and grain boundaries play a
key role in controlling the plastic deformation of
polycrystalline nano-materials.
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dimensional discrete dislocation simulations, Acta Mteri-
alia, 56, 2008, 3245-3259.

5. Rollett, A.D., Saylor, D., Fridy, J., El-Dasher, B.S.,
Brahme, A., Lee, S.-B., Cornwell, C., Noack, R., Modeling
Polycrystalline Microstructures in 3D, Proc.AIP Conf., vol.
712, 2004, 71-77.

Fig. 6. Influence of grain size distribution on flow stress of modelled nano-materials.

The results show that resistance to plastic de-
formation of grain boundaries in the direction per-
pendicular to the grain edge has stronger influence
on plastic deformations of modelled structures than
stiffness in the parallel direction and resistance to
the shear strain. The result confirm that grain bound-
ary sliding is not a critical mechanism of plastic
deformations for structures with grain sizes lower
then ~30 nm.

Another important finding was the influence of
grain size distribution in nanostructures. It has been
shown that the mechanical properties of nano-
materials are dependent on both the average grain
size and the grain size distribution.
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ANALIZA WPLYWU STRUKTURY NANOMETALI
NA ICH WLASCIWOSCI MECHANICZNE

Streszczenie

Wiasciwo$ci mechaniczne materialow sa Scisle zwiazane z ich
budowa wewngetrzng. Wptyw wielko$¢ ziaren i niejednorodnosci
struktury na odksztatcenie plastyczne materiatow polikrystalicznych
(zwlaszcza metali) jest czgsto rozwazany w literaturze. Zmiana
warto$ci granicy plastyczno$ci, okre§lana zazwyczaj zalezno$cia
Halla-Petcha (H-P), jest zgodna z danymi eksperymentalnymi dla
mikrometrycznych wielkosci ziaren. W przypadku kiedy wielkos¢
ziarna osiaga poziom nanometryczny zalezno$¢ H-P przestaje
obowiazywac, co wiaze si¢ miedzy innymi z aktywacja mechani-
zmu odksztaltcenia, jakim jest poslizg po granicach ziaren.

Znaczacy udzial objgtosciowy atomoéw umieszczonych w ob-
szarach pomigdzy poszczegdlnymi ziarnami powoduje, ze granice
ziaren pehnia decydujaca rol¢ w odksztalceniu nanomateriatow.
W celu ilosciowego opisu wptywu wilasciwoscei granic ziaren na
odksztalcenie polikrysztatow, zbudowany zostal przy pomocy
metody elementéw skonczonych ‘dwu-fazowy’ model, uwzgled-
niajacy anizotropowe wilasciwosci granic ziaren. Wyniki symula-
cji ilustrujq wpltyw szeregu parametréw na odksztalcenie materia-
16w nanokrystalicznych.
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