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Modelling of the microstructure and properties in the length scales
varying from nano- to macroscopic
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Abstract. The aim of this paper is to show the recent progress in multi length scale modelling of the engineering materials. This progress
is demonstrated using a series of examples addressing, in particular, the role of effect of the grain boundaries in shaping properties of

nano-polycrystalline metals.
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1. Introduction

Modern engineering materials feature considerable comple-
xity of their chemistry and structure. For example, chemi-
cal compositions of super-alloys are controlled at the lev-
el of ppm(s) with regard to a long list of elements. Also,
new compositions are developed for a number of applica-
tions based on complex systems with a large number of phas-
es, including intermetallic ones. Recently, structures of these
complex chemistry alloys have been controlled at the lev-
el of nano-metres, with a focus on the fine grains, parti-
cles and interfaces. As a result, development of new engi-
neering materials is challenging and can be efficiently car-
ried out only with the use of tools for predicting at least
some of the properties as a function of their chemistry and
structure. The aim of this paper is to demonstrate, that such
tools are currently available based on the numerical meth-
ods.

The capacity of the modern methods of predict-
ing/modelling properties of engineering materials should be
validated by examples, which include ab-initio modelling of
the elastic properties of Al-Mg-La alloys, properties of point
defects in Germanium and properties of the grain boundaries
in Al alloys. Another example describes simulation of the
grain growth in nano-polycrystalline metals via molecular dy-
namics and Monte Carlo method. Finally, the application of
the Finite Element Method is described for predicting prop-
erties of nano-polycrystalline metals.

The examples used in this paper have been based on
the original results obtained in [1-5] at the Materials De-
sign Group at the Materials Science and Engineering Depart-
ment of Warsaw University of Technology. More details on
the methods used in this works can also be found in the fol-
lowing papers [6-10].
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2. Ab-initio modelling of structure
and properties

Ab-initio computations are nowadays efficiently used to pre-
dict the crystal structure of metals and intermetallic com-
pounds. They also allow for modelling the properties of point
and planar defects. In the present paper, the advantages of ab-
initio modelling is demonstrated using the following exam-
ples: (a) studies of elastic properties of La modified Al-Mg
compounds developed for automotive applications, (b) pre-
dicting phase diagrams of W-Ta/V alloys for application in
fusion reactors, (c) modelling phase transformations in FePt
intermetallic alloys and (d) modelling point defects in Ge and
finally (e) optimizing properties of the grain boundaries in an
aluminium alloy.

2.1. Studies of elastic properties of La modified Al-Mg
compounds. The La-X (X=Al,Mg) intermetallic compounds
are used either as precipitates in certain magnesium alloys or
by themselves in the context of hydrogen production and/or
storage. However, optimized applications of these compounds
require better understanding of their properties, which can
be efficiently, at low cost, explored via comprehensive first
principles computations, as shown by Wrobel et al. [10]. In
this study, all independent components of the elasticity ten-
sor, Cj;, and vibrational spectra of LaAl, LaAl,, LaAls, LaAly,
La3A111, LagAl, L316A113, LaMg, LaMgg, LaMgg, LaQMgU
and LasMg4; were computed. The polycrystalline bulk (B),
shear (G), and Young’s (E) moduli were also determined
based upon the Hill criterion.

The results of computations are shown in Figs. 1-4, which
illustrate the anisotropy of elastic properties of the intermetal-
lic compounds in question. The computed values of the elastic
constants are also collated in Tables 1 and 2.
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Fig. 2. The Young’s modulus surface for the LaMg compound. Itis  Fig. 4. The Young’s modulus surface for the LaAls com-

the most anisotropic compound from all considered compounds. The pound. The Young’s modulus in the <111> direction is almost

Young’s modulus in the <111> direction is more than three times  three times larger than the modulus in the <010> direction
larger than the modulus in the <100> direction

Table 1
Components of the elasticity tensor, Cjj, polycrystalline bulk (B), shear (G), and Young’s (E) moduli from the Hill criterion for the La-Mg compounds.
All are moduli are in GPa

LaM
Strzlllctu%e Cu Ciz Cis Cs3 Caa Ceo B G E
LaMg
(Pm-2m) 474 287 - - 369 - 349 214 529
LaMg2
(Fd3m) 579 250 - - 22 - 360 197 499
LaMes 393 265 - - 366 - 374 265 643
(Fm-3m)
LaxMgi7
(P63/mme) 748 218 161 8.1 268 - 378 278 669
bas Mg 709 170 171 748 305 178 354 262 629
(14/m)
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Table 2
Components of the elasticity tensor, Cjj, polycrystalline bulk (B), shear (G), and Young’s (E) moduli from the Hill criterion for the La-Al compounds.
All are moduli are in GPa

La-Al
Strl?cture Cu Ciz Ci3 Caz Cas Cs3 Caa Css Ces B G E
LaAl 1128 335 272 1149 234 901 378 282 312 535 347 855
(Cmem)
LaAls
(Fd-3m) 140.8 306 - - - - 432 - - 673 476 1156
LaAl3
(P63/mme) 912 512 348 - - 1562 63.0 - - 636 384 957
LaAly 911 544 570 - - 117 346 - 460 697 298 783
(I14/mmm)
LaAl 953 506 514 931 608 1125 370 306 438 692 303 793
(Imm?2)
LasAly 1276 437 449 1178 461 1145 566 630 552 699 488 1186
(Immm)
LazAl
(Pm-3m) 567 310 - - - - 2238 - - 396 181 471
LazAl
(P63/mmc) 593 303 238 - - - 24.2 - - 382 194 498
%gﬁ)l 709 238 597 288  60.1 144 235 238 384 195 499
LatoAlis 85.1 336 265 - - 782 274 - - 467 269 676
P-62m

It has been found that LazAl;;compound has the high-
est bulk modulus followed by the two LaAl,; compounds. The
polycrystalline moduli for the two LazAl compounds are near-
ly identical, but the same is not the case for their computed Cj.
The shear elastic constants for LagAl (C44) and LagAly; (Cyq,
Css, Ceg) are highest which suggests that bonding is more di-
rectional in these materials than in the other compounds.

It can be also noted (for details see [10]) that the shear
elastic constants for LagAl;1, Cs5 exceed both C4y and Cgg,
so that resistance to shear is greatest in the a—c plane. The
magnitudes of the longitudinal elastic constants, Ci;, Cog,
and Cs3 are an indication of the extent to which the com-
pound resists elastic deformation along the a-, b-, and c-axes,
respectively. Shiltz and Smith [11] measured the single crys-
tal C;; of LaAly over a temperature range of 4.2 — 300 K
using a pulse-echo-overlap technique. At 4.2 K, they report-
ed C;; = 148.2, C12 = 31.9 and Cy4 = 43.6 GPa. These
computed C; for LaAly at 0 K (Cy; = 140.8, C12 = 30.6,
Cy4 = 43.2 GPa) are in reasonably close accord with these
experimentally-measured values. This positive validation of
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the results of computations implies that they can be used to
optimize chemical composition of the La-Mg/Al light alloys
for particular applications, either via particle strengthening or
directly in single-phase form.

2.2. Predicting phase diagrams of W-Ta/V alloys for ap-
plication in fusion reactors. Fusion reactors are exposed to
harsh in-service conditions which require the use of radia-
tion resistance materials. Tungsten is one of the most radia-
tion resistant materials, which, however, exhibits considerable
brittleness in at low and elevated temperatures. In order to
improve mechanical properties of tungsten, various alloying
strategies are currently explored, with Tantalum and Vanadi-
um being one of the alloying elements. The available exper-
imental phase diagrams for W-Ta/V alloys describe the high
temperature limit close to the melting point. These diagrams
exhibit only the solid solution phases and show no ordered
intermetallic phases that in principle should be expected to
form at low temperatures.
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5. Calculated enthalpy of mixing for a) W-Ta and b) W-V alloys. The most stable structure are connected by the line
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Experimental investigations of the W-V/Ta phase diagram
are technically challenging, among others because of the high
melting temperatures of these elements, and time consum-
ing. In this situation, ab-initio calculations have been carried
[12—14] to compare enthalpies of mixing for large sets (~150
structures) of alloy configurations, considering several alter-
native ordered structures corresponding to the same chemi-
cal composition. In this way, the lowest energy intermetallic
compounds were identified that are expected to dominate al-
loy microstructures, and hence the low temperature part of
phase diagrams, for both alloys, results of which are present-
ed in Fig. 5. These results provide estimates of enthalpy of
formation for W-Ta/V alloys as a function of concentration of
alloying elements. Such estimates can be subsequently used
to predict the most stable phases.

2.3. Modelling phase transformations in FePt intermetal-
lic alloys. Thin films of the FePt compound are known to
exhibit a high magnetic anisotropy which makes them attrac-
tive in data storage applications. Fe and Pt atoms form in
general three superstructures, which are shown in Fig. 6. The
most suitable for applications is superstructure denoted as “c”,
which, unfortunately, is not energetically stable if fabricated
in form of thin films due to surface relaxation, which results
in formation of domains with “a” and “b” superstructures,
which arrange themselves in an anti-phase manner. In order
to obtain an insight into the kinetics of phase transforma-
tions in FePt alloys, Kinetic Monte Carlo calculations have
been carried out [15], which provided estimates of average
domain size and surface fractions of domains with different
superstructure as a function of time — see Figs. 7 and 8 and
for different temperatures. Such estimates can be used to op-
timize heat treatment of FePt thin films for applications in
storage devices.

c-variants

a-variants b-variants

Fig. 6. Mesoscale voxels showing 6 L1¢ orientations (variants a+,
a-, b+, b-, ¢+ and c-)
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Fig. 7. Fraction of the a- and b-variant L1y domains in the surface
layer in relation of time for different temperatures of the simulation:
800 K, 1000 K and 1200 K
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Fig. 8. Average volume of the L1y domains in relation of time for
different temperatures of the simulation: 1000 K and 1200 K

The projection of the FePt surface in the different MC
time steps of the simulation is presented in Fig. 9. The results
shown in this figure can be used to distinguish specific stages
in the transformations into a- or b- variants, taking place in
the thin layers of FePt. They can be also used to examine the
mechanism of this transformation, which is controlled by the
growth of the bigger domains at the expense of the smaller
ones. The domain growth is more rapid in the early stages
of the process due to the higher number of small domains.
The relaxation becomes much slower when there are only few
large domains (Fig. 9).

Bull. Pol. Ac.: Tech. 58(2) 2010
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Fig. 9. Images presenting temporal domains evolution. Different colours indicate voxels with particular L1y superstructure orientations:
variants a+, a- are light gray, b+ and b- are dark gray. Black points are the fields with c-variant orientation
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2.4. Modelling the grown-in defects in Ge. Germanium sin-
gle crystals have already been used in electronic industry in
such applications as solar cells for space applications, terres-
trial concentrator photovoltaic arrays (CPV) and light emitting
diodes (LED). Recently, applications of germanium in com-
plementary metal-oxide semiconductors (CMOS) have attract-
ed considerable attention [16]. Its high carrier mobility and
low-voltage operation make Ge a possible alternative to Si as
active layer in advanced electronics devices [17]. However,
technology of growing such single crystals is far from being
fully mastered, among others, due to insufficient understand-
ing of the properties of grown-in defects formed during the
crystal growth process [18]. These defects have been recent-
ly investigated via multi-scale modelling approach based on
ab initio calculations in atomic scale (for more information
see [3]). The results obtained within these studies were used
to predict the density and size of vacancies clusters in Ge crys-
tals grown under varied technological regimes, as exemplified
in Fig. 10.

temperature distribution material parameters

macro scale meso scale atomistic scale
(macroscopic (microscopic defect (atomistic models)
process simulation) dynamics)

Fig. 10. Schematic explanation of a multi-scale model of defect dy-
namics during crystal growth after Ref. 3

2.5. Optimizing properties of the grain boundaries in alu-
minium alloys. More recently ab-initio techniques have been
used to model the properties of grain boundaries in metals
(e.g. [19]). An example of the results obtainable with ab-
initio methods is given in Fig. 11, which illustrate changes
in the energy of flat grain boundaries in Al as a function of
the rotation angle. It should be noted, however, that the ab-
initio computations are currently limited to a relatively low
number of atoms, on average less than 500. This imposes
a significant limitation on the geometry of the grain bound-
aries and the angle of rotation between the crystal lattices of
the grains. As ab-initio calculations are carried out under the
assumption of periodic boundary conditions, so called gen-
eral grain boundaries, with “random” rotation angles of the
crystal lattice cannot, as yet, be modelled. Nevertheless, the
currently available models do provide a useful insight into
the properties of so called special grain boundaries, with spe-
cific rotations angles, which comprise a significant fraction
of the grain boundaries in ultra-fine- and nano-grained alu-
minium alloys (see for example [20, 21]). Additionally, some
processes taking place at the special grain boundaries are also

222

observed for their random counterparts, usually with different
kinetics or dynamics (see for example [22]).
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Fig. 11. The energy of flat grain boundaries plotted against the ro-
tation angle between two neighbouring crystals

2.6. Application of ab-initio methods. In order to illustrate
applications of ab-initio, the following text describes how
modelling of the grain boundaries in Al can be used to opti-
mize corrosion resistance of 2014 aluminium alloy. Figure 12
shows a system of grain boundaries revealed in a sample of
such an alloy after exposure to the environment causing grain
boundary corrosion. It can be noted from the micrographs
presented in this figure that grain boundaries of different mis-
orientation show different resistance to inter-granular corro-
sion — see also Fig. 13.

Generally, the difference in the corrosion resistance of dif-
ferent types of grain boundaries can be related to the differ-
ences in their energies. On the other hand, the energy of the
grain boundaries, and in turn their corrosion resistance, is also
influenced by grain boundary segregation effects, as demon-
strated by recent studies using the ab-initio method [23]. The
ab-initio results describing the tendency for the segregation of
alloying elements at grain boundaries of different orientation
angle in aluminium are given Table 3.

‘ GB misorientation angle:

3-15° 15-35°

Fig. 12. Grain boundaries revealed in 2014 aluminium alloys: the
coloured lines indicate the grain boundaries of mis-orientation angle
from different ranges

Bull. Pol. Ac.: Tech. 58(2) 2010
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Fig. 13. Distribution function of the grain boundaries mis-orientation
angle (a) and propensity of grain boundaries to grain boundary cor-
rosion

Table 3
Changes in the grain boundary energy, in J/m?, due to alloying additions at
the grain boundaries in aluminium

Angle

Clean Cu Fe Mg Mn

-4.17884E-06

22.62 -0.4053 | -0.00351 -3.97486E-06
36.87 -1.0602 = -0.00017 -6.28934E-06  -1.79448E-05 ‘

These results have been obtained for twist boundaries. It
can be noted that for all 3 grain boundaries analyzed, there
is a strong tendency for Mg segregation. By contrast, iron
does not segregate at all and Mn and Cu segregate only to the
boundaries with a higher orientation angle. The results also
clearly illustrate the segregation effect on the energy of the
grain boundaries and in turn on the corrosion resistance.

3. A molecular dynamic and Monte Carlo sim-
ulations of grain growth

Molecular dynamics is widely used in the modelling of engi-
neering materials when a larger number of atoms need to be
considered. An example of such a situation is the modelling of
processes taking place at grain boundaries, in particular grain
shrinking/growth under the action of grain boundary surface
tension [24]. A model geometry used to simulate changes in
small grains, typical of nano-polycrystalline metals, is shown
in Fig. 14.

Bull. Pol. Ac.: Tech. 58(2) 2010

D, = 8,6 nm

Fig. 14. A special case of non-flat grain boundaries: (a) general view
of the modelled volume; (b) 2-D image of a small grain embedded
into a larger one; (c) the case of three grains— for details see Ref. 20

Such model geometry has been used to predict the kinet-
ics of grain disappearance, which in turn directly determines
the rate of grain growth in fine, nano-grained polycrystalline
aggregates.

Monte Carlo modelling can be used to model processes
at the scale of microns, such as grain growth. The computing
power available in a standard laboratory nowadays allows for
the modelling of grain growth with a higher level of sophis-
tication than in the past. The currently available models of
grain growth take into account the true geometry of the grain
boundaries and the diversity in their properties, as illustrated
in Fig. 15.

1
a) I
-

| 179

b)

- .

ll?g

Fig. 15. A model of the grain boundary geometry and their proper-

ties adopted in Ref. 25 — (a) Map of grain orientations and (b) grain

rotation angles of boundaries for a structure with non-homogeneous
grain size distribution
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A model developed by Wejrzanowski [25] has been used
to study the effect of special grain boundaries on the kinetics
of grain growth. The results, shown in Fig. 16, for two poly-
crystalline structures, are characterized by a large fraction of
the special grain boundaries (denoted as “textured”, as such
boundaries are more likely in materials exhibiting crystallo-
graphic texture).

(a) 50 T T .
= non-textured
40 1 o textured
3
=30 -
N
20 A
10 + T r T T
0 100 200 300 400 500
t[a.u.]
(h)0.9 . . .

= non-textured
o textured

0 100 200 300 400 500

t[a.u.]
Fig. 16. The results of modelling of grain growth in polycrystalline
materials containing different fractions of special grain boundaries-
changes as a function of time: (a) in the mean size of grains, E(d); (b)
in the diversity of the grain size, defined in terms of the coefficient
of variation, CV(d)

The results clearly show that a high fraction of special
grain boundaries brings about a higher rate of grain growth
(Fig. 16a). It also brings about a tendency for abnormal grain
growth, as indicated by the results shown in Fig. 16b.

4. Finite Element Models of plasticity
of nano-metals

It has long been recognized that grain boundaries influence the
properties of a wide range of metallic materials, particularly
in the case of fined and nano-grained polycrystalline metals.
The effect of grain boundaries on the mechanical properties
of metals is especially strong at temperatures below approxi-
mately 0.3 Ty, (T, — the melting temperature). The strength-
ening effect of the grain size on the yield stress was described
by Hall [26], Petch [27] and on the flow stress by Armstrong
and co-workers [28]. There have been also numerous papers
published over the last 30 years (for example [29-36]) on
the influence of the grain boundaries on the plastic flow of
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polycrystalline materials with the grain size in the range of
micrometres.

The plastic deformation of nano-polycrystalline metals dif-
fer significantly from the deformation of their micrometre
counterparts by the fact that in the latter case grain bound-
aries must be considered as 3-D elements. This is due to the
fact, that in nano-sized polycrystals the atoms residing at the
grain boundaries account for a considerable fraction of the
material’s volume. With this in mind, a finite element model
of nano-polycrystalline aluminium alloy has been developed,
which is illustrated in Fig. 17 (for more details see [4, 32]).

Grain Interior:

Plastic Bi-linear Isotropic model

+ Hall-Petch equation for yield
point of each grain

Grain Boundaries:
Anisotropic Hill Potential model

Fig. 17. Finite element model of nano-polycrystalline aluminium de-
veloped in Ref. 36

The model shown in Fig. 18 has been used to study the
effect of the variation of the properties of the grain bound-
aries on the macroscopic flow stress. In particular, the effect
of grain boundary sliding has been also investigated — results
are shown in Fig. 19, which illustrates the relative accommo-
dation of the macroscopic strain at the grain boundaries and
in the grain interiors. It can be noted that the grain bound-
aries, and particularly some triple points, absorb relatively
large deformation at the early stages of the plastic straining.
This preferential deformation at the grain boundaries results in
the grain boundary softening (inverse Hall-Petch relationship)
and necking of nano-polycrystalline metals.

macroscopic strain-stress curve

T 300
2
7 250

=+ 2all boundaries “slide” easily

—a—all boundaries are stiff against
sliding

a 0,005 0,01 0,015 0,02
strain —

Fig. 18. Results of modelling of the grain boundary sliding in a nano-
crystalline material: a) all boundaries are stiff against sliding, b) all
“slide” easily

The inverse Hall-Petch relationship as en effect of influ-
ence of the grain boundaries volume fraction is shown in
Fig. 19. The growth of influence of grain boundaries on
the flow stress for metals in nanometric regime rapidly in-

Bull. Pol. Ac.: Tech. 58(2) 2010
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crease with changing the volume fraction of atoms residing
at the grain boundaries [37].The softening of polycrystalline
nanometals, for the grain size les then approximately 20nm,
due to strain absorption in grain boundaries has a larger im-
pact than mechanisms of grains stiffening which are respon-
sible for standard H-P relation.

1000
T 800 5 e L ~l
a 32nm
= 43nm*
w N 65nm”¥
]
£
o400
2
2 00
0 T
0 01 __ 0.2 0.3
d—1/2

Fig. 19. The inverse Hall-Petch relationship as an influence of the
grain boundaries volume fraction

5. Concluding comments

The results presented here have been collated with the in-
tention to demonstrate that the currently available modelling
methods allow for optimizing the structure/properties of poly-
crystalline materials.

The examples provided in this paper to validate this state-
ment include modelling: (a) — at the atomistic level (ab-initio);
(b) — at the level of micrometres (molecular dynamic) and (c)
— at meso- and macroscopic level. At each of the above in-
dicated scales, modelling provides a better insight into grain
boundary processes and into the influence of these processes
on the properties of polycrystalline materials.

In conclusion, it has been shown that there are tools avail-
able, which can be used to optimize the properties of poly-
crystalline materials by engineering the structure/properties of
the grain boundaries.
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