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Abstract. Magnesium alloy Elektron 21 is commonly used in aerospace structural parts in which good creep
resistance and lightness are required. This alloy maintains good mechanical properties at temperatures as high as
200°C. One mechanism with high potential for improving mechanical properties of magnesium alloys at a high
temperature is dispersion-strengthening based on nanoparticles. In this paper, we analyse the properties of
magnesium Elektron 21 samples solidified with nanoparticles of aluminium nitride dispersed by an electromagnetic
stirring provided from a travelling magnetic field. X-ray tomography and X-ray spectrometry as well as compression
tests at several temperatures (350, 400 and 450 °C) are carried out on samples containing the nanoparticles. The
present study extends the knowledge on the processing by alternative techniques and on the enhancement of creep
behaviour at higher temperatures for such metal matrix composites compared to previous studies.

Keywords: metal matrix composites / electromagnetic stirring / creep resistance / hot deformation behaviour /

constitutive equation / deformation activation energy

1 Introduction

The use of magnesium ELEKTRON 21 (Mg EK21) in
industry is widespread. Because of its light weight, its high
strength as well as its fully heat treatable properties, that
magnesium based alloy is designed to be used for
structural applications subjected to high temperature,
such as aerospace applications and high performance
automotive applications such as transmission casing.
Magnesium EK21 is a multiple component alloy. It mainly
contains zinc, zirconium and rare earths such as
neodymium and gadolinium which provide high strength
at high temperatures and also a great potential for
precipitation strengthening. Zirconium serves as grain
refiner. It improves its mechanical properties at ambient
temperature and enhances its corrosion resistance.
Dispersion-strengthening using ceramic nanoparticles
which are theoretically stable at high temperatures holds
a high potential as a method to improve high temperature
properties of magnesium alloys. The reinforcement of
metal matrices using ceramic can be achieved by different
mechanisms, such as Orowan pinning of dislocations or by
restricting grain boundary sliding [1,2]. Ferkel and
Mordike [3] analyzed dispersion of SiC nanoparticles in
pure magnesium prepared with a powder metallurgical

* e-mail: Laurent. davoust@simap.grenoble-inp.fr

(PM) method. They put forth the improvement of its
creep resistance. This feature was related to Orowan
strengthening and dislocation generation. According to
Liu et al. [4], dispersion of nanoparticles of aluminium
nitride (AIN) into nanocrystalline aluminium enhanced its
hardness and elastic modulus. Reinforcement of magne-
sium alloy AZ91 using also AIN particles was also achieved
by Paramsothy et al. [5]. One of the peculiarities presented
by AIN particles is its lattice parameter which is similar to
the one presented by pure magnesium. This feature makes
this particle a potential grain refiner for magnesium
matrices [6].

According to different authors improvement of mechani-
cal properties of particulate reinforced composites highly
depends on the good dispersion of the particles within the
matrix material [7]. For example, Zhang [8] demonstrated
that a good spatial distribution of SiC particles in aluminium
samples produces much higher improvements in tensile
strength and hardening rate. Therefore, the maximum
reinforcement potential of the particles is highly dependent
on the method used to disperse them. Here, the aim of this
paper is to analyze the microstructural and mechanical
analysis of magnesium EK21-based samples in which
particles of AIN are electromagnetically dispersed using a
travelling magnetic field. Furthermore, because of the
moderate density of AIN particles (approximately equal to
3.3g/cm®) sedimentation velocity (approximately equal
respectively to 0.64 x 10~? m /s for 30 nm-diameter spherical
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particles and 2.6 x 10" °m/s for 5.8 um diameter spherical
AIN clusters in a magnesium melt according to Stokes
viscous drag) remains negligibly small compared to the
stirring velocity (equal to 0.4 m/s). Electromagnetic stirring
offersseveral advantages. Firstly, it is a contact-less actuator
which avoids any melt contamination. Secondly, the flow
pattern as well as its amplitude can be controlled in a quite
accurate way until the end of solidification.

Section II is devoted to the description of the set-ups
used in the experiments and the experimental protocol
associated. Sample characterization methodology and
details of the mechanical tests are provided. The results
are presented in Section IIT and discussed in Section IV.
Some conclusions are provided in Section V.

2 Apparatus, materials and methodology

The experiments comprise two successive steps. The first one
isto develop the master EK21 alloy (magnesium Elektron 21,
composition 0.2-0.5wt.% zinc, 2.6-3.1 wt.% neodymium,
1.0-1.7wt.% gadolinium, 0.4 wt.% zirconium, magnesium
balanced) by introducing the AIN nanoparticles into
magnesium EK21 alloy. The size of AIN particles ranges
between 30 to 40 nm, whereas the amount of AIN is 1 wt.%.
Aluminium nitride spherical nanoparticles were provided by
Tomsk State University (Russia). Characterization of the
particle distribution put forth the existence of AIN clusters,
the average size of which is approximately 5.8 um.
Characterization of the particle clusters is detailed in
Annex 1. The device is illustrated in Figures la—1lc. The
procedure consists of melting the EK21 alloy in an induction
furnace and then injecting a capsule containing the particles.
The capsule, made of the same metal, is prepared separately
in aglove box. The important electromagnetic stirring allows
fusion of the capsule delivery and a first dispersion of the
particles in the bath. After solidification, the samples so
produced contain 1% in weight of aluminium nitride
nanoparticles of 30 to 40 nm average size.

The second stage consists of solidifying samples in a
vertical Bridgman furnace (VB2) under a well-controlled
strong electromagnetic stirring (see Fig. 1d). The electro-
magnetic stirring system used in the current study is
produced by a Bitter coil electromagnet configured to
produce a travelling magnetic field (TMF) as large as 15 mT
and frequency of 50 Hz [9]. The pole pitch is equal to 0.09 m.
The typical liquid velocities are of the order of 0.4m/s for
B=15mT. The flow regime is turbulent, and the velocities
are proportional to the magnetic field amplitude. Such an
efficient stirring allows additional dispersion of the particles
together with heat and mass transfer enhancement. The re-
melting of the magnesium samples is performed using a
graphite resistance furnace. This furnace described in
Figure 1d, is provided with two distant zones separated
by a temperature gradient controlled area in which the
crucible is placed. The heating is performed using graphite
resistors placed on the upper and lower parts of the furnace.
The material is directionally solidified by controlling the
temperature of the resistors. The furnace is subjected to
vacuum conditions of 10 ®mbar at the beginning of the
experiments. Afterwards, an open cycle of argon 2.31/min is
maintained during the duration of the experiment. The

Vacuum
chamber

(b) (©)

upper resistor
N

A
!
Bitter coil L
generating a I
traveling

magnetic field

B

50mm-diameter
sample

crucible

lower resistor
(d)

Fig. 1. Apparatus used in the experiments. a: Induction furnace
devoted to elaboration of the master alloys. View of the cold crucible
located in a vacuum chamber. The supply frequency is 14 kHz and
the total Joule power ranges between 8 to 14kW; b: View and
scheme of the capsule containing AIN nanoparticles to be immersed
in the liquid metal matrix. The capsule was prepared in a glove box;
c¢: View of the final master alloy ingot; d: Scheme of the Bridgman
furnace used to solidify the sample under controlled electroma-
gnetic stirring (VB2) produced by a traveling magnetic field.

capsules are melted with pieces of magnesium EK21 at a
maximum temperature of 800 °C. Electromagnetic stirring is
applied after the temperature reaches 640°C and it is
maintained until the end of the solidification. The directional
solidification parameters are:

— cooling rate: 0.2 K/s;
— temperature gradient: 666 K /m.
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Table 1. Values of applied strain rate for the corresponding strain range.

€ 0-0.1
&10%s7!) 1

0.1-0.15 0.15-0.2 0.2-0.25
0.2 0.4 1

0.25-0.3
0.8 2 4 8 10

0.3-0.35 0.35-0.4 0.4-0.45 0.45-0.5

2.1 Mechanical analysis using high temperature
compression tests with strain-rate jumps

In order to measure the consequences of electromagnetic
stirring on the mechanical properties of magnesium EK21
produced by the dispersion of the AIN particles, samples of
pure material populated (or not) by AIN particles are
tested using hot compression tests. Information such as
material creep resistance, flow behaviour as well as
activation energies, that are useful for practical applica-
tions, can be obtained using such mechanical tests. The
compression tests are performed using an Instron Indus-
trial Series 300DX system jointly with a Model SF-16 split
furnace. The samples processed in the Bridgman furnace,
are cylindrical (3 mm in diameter and 4.5 mm in length) for
the purpose of characterization. For the tests performed at
350°C (respectively 400 and 450 °C), each sample is heated
from room temperature up to 310 °C (respectively 375 and
433°C) with a heating rate of 19°Cmin~'. Then, the
heating rate is decreased to 10°Cmin~' until the
temperature increases up to 356 °C (respectively 406 and
453°C). Afterwards, the temperature is decreased at a
cooling rate of 1.5°Cmin~" until reaching 350 °C (respec-
tively 400 and 450°C). It is left to stabilize at the target
temperature during 10 minutes, then compression tests
with strain rates jump are performed. The imposed strain
rates as a function of the strain values are listed in Table 1.

2.2 Microstructural characterisation of samples

The nanoparticle dispersion and the microstructure of
EK21 (with or without AIN particles) are analysed using
X-ray tomography. This technique is based on the use of
X-ray measurements taken with different orientations of
the sample which produce, after reconstruction, cross-
sectional (tomographic) images. These images are used to
produce 3D compositions in which the internal structure of
the sample is revealed. The tests were performed using the
X-ray beam provided by the KEuropean synchrotron
radiation facility (ESRF) at Grenoble (France). The
tomographic analysis is produced using an X-ray beam
of 19keV and a scan time of 5s. With such configuration,
images of 645 nm /pixel resolution of 0.10 mm?® magnesium
samples are obtained. Nano particles were not found using
tomography, only particle agglomerates are detected by
means of this technique. It was possible to characterize the
average distance and size of AIN clusters. An illustration of
the methodology is provided in Figure 11 of Annex 1. Such
a resolution allowed also us to detect some intermetallic
particles like AlZr compounds (cf. Figs. 3 and 5). Such 3D
images are used to calculate the average cluster size and the
average cluster-cluster distance making use of ImageJ and
Matlab. Some details of methodology are provided in
Annex 1. The analysis of the chemical composition of

Material No particle 1wt.%AIN particles

0.40 1.55

Mean grain size (mm)

Fig. 2. Optical micrographs of EK21 (left) and EK21+ AIN
(right) samples. Below are indicated the grain sizes.

Zirconium _Intgrmetallic

oD
300 pm %"

e Zirconium + particles

Pure Mg EK21 Mg Ek21 + 1wt.% AIN nanoparticles

Fig. 3. Tomographic view of the grain boundaries. Thresholded
3D images of EK21 (left) and (EK21 + AIN), side view.

samples containing AIN nanoparticles is carried out using
Energy-Dispersive X-ray spectrometry (EDS) and X-ray
diffraction.

3 Results
3.1 Structural and chemical analysis

Two samples of magnesium Elektron 21 produced using
an electromagnetic stirring of 70 mT are presented in
Figure 2. The sample on the left is the pure material
whereas the sample on the right contains 1% in weight of
AIN nanoparticles. Both materials present an equiaxial
grain structure, but the material containing nano-
particles presents a bigger grain size with respect to
the pure alloy material, from 0.4 mm in average for “pure”
EK21 to 1.55 mm for EK21 + 1wt.%AIN. Such a trend
could be a consequence of stirring which destroy nucleant
elements in the bath. In addition, the turbulent
electromagnetic stirring could have accelerated the
reaction between zirconium and AIN enhancing the
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Neodymium

Aluminium Gadolinium

SEM image

Fig. 4. EDS analyses of the intermetallic phase. The width of each image is 240 pm.

SEM image Zirconium Aluminium

Fig. 5. EDS analyses of identified particles showing presence of
AlZr phases within the Mg matrix. The width of each image is
240 pm.

formation of intermetallics such as Al4Zr5 or ceramic
particles such as ZrN. Some clues of the latter effects are
indicated in Annex 2.

The internal structure of both materials presented is
also studied producing X-ray tomographic volumes. T'wo of
the samples are displayed in Figure 3. The image on the left
presents the pure material in which two types of structures
are visualised: the first one, in dark grey colour, is the
intermetallic phase which contains gadolinium and
neodymium; while the second one rich in zirconium is
made visible according to bright spots well dispersed within
the intermetallic phase (Fig. 5). The image on the right
presents a sample of magnesium EK21 containing AIN
nanoparticles. In this case, the intermetallic phase present
morphological changes with respect to the phase presented
in the pure material and zirconium rich areas can be seen
containing particle type structures or agglomerates. Dark
areas within the grey structures in both materials contain
the magnesium a-phase.

The analysis of several samples of Mg EK21 + 1wt.%
AIN demonstrates the presence of particle agglomerates
with an average volume of 178 wm® or a Sauter diameter of
5.83 wm. The chemical analysis of the material containing
nanoparticles is performed using X-ray spectrometry EDS.
It demonstrates the presence of aluminium in the
intermetallic areas containing gadolinium and neodymium
(Fig. 4) and particles are made evident within the
magnesium matrix containing zirconium and aluminium
(Fig. 5).

The presence of aluminium in the intermetallic phase
could be related to the rejection of the particles by the
solidification front during the cooling of the master sample.
Some of the particles present in the intermetallic phase
could have reacted with the different elements present in it,
forming compounds. The detection of aluminium next to
zirconium as shown in Figure 5 supports the fact that

particles chemically react with the elements present in the
alloy. In order to determine the reactivity of the particles
with the elements of the alloy in play at the conditions of
the experiments, the equilibrium reactions between AIN
and magnesium were calculated using the thermochemical
software FactSage. Considering the following experimental
conditions: 1% in weight of AIN particles in magnesium
alloy EK21, under argon atmosphere (pressure: 1bar,
maximum temperature: 800 °C). The results, displayed in
Table 2, indicate that 36% of the particles are dissolved in
contact with the magnesium matrix releasing 23% of their
weight as pure aluminium. The results indicate a high
tendency of aluminium to react with neodymium and
gadolinium producing potential compounds such as AlGd
or NdAl,. The formation of AI-RE compounds was
confirmed by the analysis produced using X-ray diffraction
on a sample of magnesium EK21 + 1wt.% AIN. The results
of the test confirmed the presence of NdAl, as shown in
Figure 6.

3.2 Mechanical analysis

The compression curves with strain rate jumps obtained
with pure magnesium EK21 and magnesium EK21 + 1wt.
% AIN at 350 °C are depicted in Figure 7. The changes of
the applied strain rate during the compression test
produce a step-like curve from which the behaviour of
the specimen can be extrapolated using the different stress
plateaux.

A rapid increase in the flow stress at the beginning of the
test is made evident, which is rather pronounced in the
material containing nanoparticles. The test shows that flow
stresses in the material reinforced with AIN nanoparticles
increases by 20% at large strain rates, whereas low strain
rates present enhancements of approximately 20 to 50% with
respect to the unreinforced material. The stress-strain curves
displayed for the reinforced alloy magnesium EK21 + 1wt.%
AIN exhibit a serrated flow behaviour in the end of the test.
This typical behaviour could be related to the motion of
dislocations which interact with precipitates impeding their
motion. The motion of the dislocations affected by a stop and
go behaviour due to their pinning with precipitates
corresponds to the stress fluctuation depicted as a serration
in the stress-strain curve [10]. The stress-strain curve
resulting from the initial loading into the plastic range can
be approximated using the following power law equation,
initially proposed by Norton to describe creep under low
stresses [11] which includes a threshold stress parameter o,
when it is applied to nanocomposites, which leads to a
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Table 2. Results of the thermochemical analysis showing potential reaction between Al and EK21 with subsequent

production of side-compounds.

Constituents MgoNd  MgsRe  MgoNd(s) AlGd(s) ZrN(s) AIN NdAly(s) Nd_ Solid-A(s)
Equlibrium gram 3.17 14 0.922 0.64 0.359 0.092
T T X
x x Mg v NdAl,
Mg,,Nd ®Mg,Gd
| ; "
x :
105 x T SO TR N T N—— T—— | .....
2 .
=
-
=)
@)
X
4 NI N x | |
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Fig. 6. X-ray diffractogram of EK21 + 1wt.% AIN.
[ R SR S e R T v (S i (Young’s modulus, diffusion coefficient, grain size, activa-
3 3 3 | | ‘ ‘ ! . tion energy, Burger vector) and 7 is the strain hardening
B A w0 — T i exponent which is linked to deformation mechanisms such
P I S PSS e M~ SN S as dislocation climb, diffusion or grain boundary sliding.
= ‘ ‘ ‘ ! ‘ ‘ . The parameter ot can therefore be considered as a
€ oo fflfi—Y P [------ frome g feenees poeeees joeeeaes fooe o . threshold stress below which creep is no longer detected.
o —EK21+1% AIN Test 1 Using a fit based on a least squares method and equation
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===EK21+1%_AIN Test 2

===EK21+1%_AIN Test 3
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Fig. 7. Strain-stress curves obtained during the compression

tests with strain rate jumps at 350°C for EK21 (2 tests) and

EK21 + AIN particles (3 tests).

corrected constitutive law:

& =k(oc—o)", (1)
where ¢ is the steady creep rate, o is the flow stress required
for plastic deformation at the given temperature, k is a
constant which depends on the material characteristics

(2), the exponent n is found very close to the value, n=>5.
According to the literature, an n value ranging from 3 to 7
indicates that climb-controlled dislocation creep is the
dominant deformation process [12,13]. The log-log plots of
strain rates as a function of stress values extracted from the
mean values of the plateau on the strain-stress curves are
depicted in Figure 8 and a summary of the results is
presented in Table 3.

The threshold stress and the k coefficient as identified
from the previous identification process are presented in
Table 3. The results show a significant enhancement in
creep resistance of the material reinforced with AIN
nanoparticles. This effect was also observed (cf. Katsarou
et al. [14] and Yang et al. [15]) and the values of the
threshold stresses are of the same order of magnitude.

Hot compression tests with strain rate jumps were
performed with the objective of measuring flow stresses at
temperatures of 350, 400 and 450 °C.
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Fig. 8. Log-log plots of strain rates as a function of stress values
extracted from the mean values of the plateau on the stain-stress
curves. Dots are experimental data while lines show the best fit
obtained the power law and a threshold stress. Values are given in
Table 3.
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Fig. 9. Log-log plots of the strain rate versus stress taken from
the compression test curves of the Mg EK21 + 1wt.% AIN sample
at 350°C (magenta), 400°C (blue) and 450 °C (red).

Figure 9 presents experimental data and the fit
obtained with a fixed value of n=>5. Values for the pre-
exponential term and threshold stress are given in Table 3.
As expected, the threshold stress is decreasing with the
temperature. Using the following relation describing the
steady-state creep rate dependence to stress and tempera-
ture (T in K):

i = (o —ay'e (), 2)
with R the universal constant of gases and @) the activation
energy (J/mol) and plotting the log(o— ot) versus 1/nRT
for the various strain rates used during the strain rate jump

Table 3. Values of k and ot extracting form the fit of the
experimental data using equation (1) and n=>5.

Temperature Material /test k ot
(°C) MPa
350 Mg EK21 test 1 2.05e-12  12.5
350 Mg EK21 test 2 1.49¢-12 10
350 Mg EK21 1% AIN test 1 2.19e-11  52.5
350 Mg EK21 1% AIN test 2 1.28e-11 52.5
350 Mg EK21 1% AIN test 3 8.19¢-12 48
400 Mg EK21 1% AIN 1.1e-10 30
450 Mg EK21 1% AIN 2.1e-9 15
45 : . , : . . v
O 0.0002 1/s
o O 0.0004 1/s
“Saal O 0.0010 1/s
S ARk TSI O 0.00081/s| T
= * = ST~ *0.0020 1/s
0 0~ T~o ¥ *0.0040 1/s
8 R Tho Tl T % 0.0080 1/s
B35 TSz S~ ~. I~ * 0.0100 1/s| T
k=] <.
2 ™~ < >
3
£
S ap
i
S5}
33 34 3.5 3.6 3.7 3.8 3.9 4 4.1
1/nRT %« 107°

Fig. 10. log(o —ot) vs 1/nRT extracted from the compression
test curves of the Mg EK21+ 1% AIN.

tests (Fig. 10), we can compute the activation energy for
each strain rate. A value of Q=167 £ 6kJ/mol is obtained
which is slightly higher than the one for the magnesium
self-diffusion energy (136 kJ /mol) [16,17] but close to it and
with threshold stresses similar to the one obtain by Klosch
et al. [18]. This could be explained by the presence of rare
earth elements.

4 Discussion

The addition of AIN nanoparticles to magnesium EK21
produces measurable changes in the microstructure and
mechanical properties of the material. The first effect
observed is an increase in grain size with respect to the
pure material processed under the same casting con-
ditions. The reinforced material presents an average grain
size 200% larger than the average grain size of pure
magnesium EK21. The study of the equilibrium reactions
of AIN with pure magnesium shows that an amount
equivalent to 0.3% in weight of aluminium is released into
the magnesium matrix under the casting conditions
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applied during the experiments. The aluminium dissolves
in the melted magnesium and tends to react with the
available elements in the alloy such as zirconium which is
used as grain refiner. It is likely that the significant
electromagnetic stirring accelerates the dissolution kine-
tics. The reactions involving zirconium and aluminium
produces different compounds such as AlZr or NdAl,. The
lattice mismatch between zirconium and magnesium is
reported to be less than 1% [19], whereas the lattice
mismatch between AlZr and magnesium is approximately
4%, suggesting that this type of particle is not well-
adapted as a grain refiner of magnesium matrices. The
formation of these particles is suspected to reduce the
grain refinement effect of zirconium and consequently to
be responsible for the increase of the grain size observed.
In the same system EK21 + AIN particles Yang et al. [15]
found that the grain size was slightly reduced but
ultrasound waves were used to disperse particles with
further enhancement of grain refinement. Aluminium was
also found in the intermetallic phase rich in Gadolinium
and Neodymium. The high difference of electro negativity
between aluminium and RE elements leads to a high
tendency to form Al-RE compounds [19,20]. Aluminium
compounds containing rare earths or zirconium such as
Al3Zr have been related to the enhancement of creep
strength on different alloys such as Mg-Li-Al [21]. The
effect of this type of compound in the mechanical
performance of the alloy should be assessed, but different
studies such as the one performed by Meshinchi Asl [22],
have shown that particles of Al;;RE3; improve the creep
resistance of magnesium AZ91. The formation of AINd,
compounds was predicted by thermodynamic calculations
and confirmed during XRD analysis of the materials
produced. These particles were also detected in studies
performed by Saboori et al. [23] in which dispersion of
EK21 and AIN nanoparticles was produced by an
ultrasound-assisted casting. The presence of aluminium
in the intermetallic phase can be also related to the
presence of AIN nanoparticles rejected to grain boundaries
during solidification. The presence of AIN nanoparticles in
grain boundaries has been detected in a similar study by
Mounib et al. [24], showing that despite the partial
dissolution of the particles during material processing,
most of the nanoparticles survived. The presence of
particles in the intergranular space could have contribu-
ted to the reinforcement of the material related to
intergranular reinforcement.

5 Conclusion

The effects on the microstructure and the creep resistance
issued from the incorporation of AIN nanoparticles into
magnesium EK21 matrices by electromagnetic stirring have
been assessed. The following conclusions can be drawn: the
creep threshold of the samples containing nanoparticles is
found to increase with respect to the unreinforced alloy, and
the flow stress rises up by 20 to 50%, which supports other
studies found in literature but here for higher temperature
ranges. Threshold stresses up to 50 MPa are obtained with
the composites. This value decreases as creep temperature

increases and an activation energy of 163 kJ /mol is obtained
in the range 350-450°C. The particles also showed a high
reactivity with magnesium producing different compounds
with the rare earths element present in the alloy, which could
have also contributed to the reinforcement of the alloy and
the threshold stresses. The reaction kinetics are found faster
likely because of the strong electromagnetic stirring. In spite
of a similar lattice parameter, AIN particles did not produce
any grain refinement at the casting conditions in which the
samples were produced. This could be related to the reaction
of the particles with the zirconium present in the alloy
forming stable particles that poisons the grain refining effect
as well as some residual agglomeration of the particles.
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Annex 1

A picture of the AIN clusters which could be detected is
shown in Figure 11a. Using the software imageJ plugin 3D
object counter (cf. Ref. [25]) the position in the space of
the centroid of each agglomerate is measured and
displayed in the isometric view (Fig. 11b). A Matlab
code based on Delaunay triangulation has been developed
to calculate the average interparticle (agglomerate)
distance using the position of the centroid of each particle.
The sample presents particles (agglomerates) dispersed
within a single o magnesium grain. In this case, the
average interparticle distance calculated is 30.29 pm, and
the average volume around one particle cluster 178 wm?®.
Considering the shape of the particle clusters to be fairly
approximated as spheres, the average size of a cluster, as
calculated, is 5.83 pm.

Annex 2

Batchelor [26] analyzed mass transfer around small rigid
spherical particles suspended in fluid. The fluid is in
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Fig. 11. a: View of aluminium nitride clusters detected by tomography in magnesium EK21 + 1% AIN particles; b: Isometric plot of

particles; c: distribution of the AIN particle cluster sizes.

statistically steady turbulent motion. The flow around a
particle is a superposition of (a) a streaming flow due to a
translational motion of the particle relative to the fluid with a
velocity proportional to the density difference, and (b) aflow
due to the velocity gradient in the ambient fluid. For small
particles, the translational motion is weak, and the latter
mechanism is dominant. Batchelor provided an expression of
the final non-dimensional expression for the transfer rate (or
Sherwood number) in terms of the mean turbulent
dissipation rate ¢ (in W/kg), which is obtained from the
computation of the turbulent fluid flow by means of the k-e
model. The expression of the Sherwood number Sh is:

1

Sh=2+035d%"?/ (D' P
where d, Dm and n respectively denote the particle
diameter, the molecular chemical diffusion coefficient and
the kinematic viscosity. In Relation (A1), the second term
in the RHS account for the effects of liquid metal
turbulence on mass transfer around a particle, whereas
the effect of pure molecular diffusion corresponds to Sh= 2.
Taking e~ 10~ m%~* (computed average value), D,,~ 10
“9mg=l and v~ 0.75 x 107° m?%s ™! the numerical values of
the Sherwood number are:

— Sh=2.02 for d=30nm,;

— Sh=2.56 for d=5.8 pm.

The latter estimates indicate that the influence of
convection on mass transfer is significant only for particle
clusters significantly larger than 5.8 pm. Mass transfers are

essentially driven by chemical diffusion, and the main
interest of electromagnetic stirring is to cause a better
dispersion of particles.
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