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Abstract Magnesium alloys suffer from only moderate
high-temperature strength and creep resistance. Alumin-
ium-free magnesium alloys for sand casting or alloys
containing aluminium with expensive additional alloying
elements may be in use, but only microparticle or micro-
fibre-reinforced magnesium alloys really exhibit satisfac-
tory creep strengths at temperatures up to 250 °C.
Reinforcing magnesium alloys with ceramic nanoparticles
could be a solution for preserving a low density while
increasing the high-temperature performance. When pro-
duced using melting processes, nanoparticle-reinforced
magnesium composites are expected to enjoy strengthening
due to the grain refinement described in the Hall-Petch
relation. When an isotropic distribution of nanoparticles is
achieved, the composites are additionally expected to be
Orowan-strengthened. In this review, a variety of ceramic
materials, such as SiC, Al,Osz, Y,0Os3;, SiO, and carbon
nanotubes were investigated for reinforcement. Pure mag-
nesium and various magnesium alloys were chosen as the
matrix material and both powder metallurgical (PM) and
melting processes were used for production of the com-
posites. The mechanical properties of the composites were
generally enhanced, compared to an unreinforced alloy; not
only at room temperature, but also at elevated tempera-
tures. In some cases an increase in strength in combination
with increased ductility was also identified.

H. Dieringa ()

Helmholtz-Zentrum Geesthacht,

Centre for Materials and Coastal Research,
Max-Planck-Str. 1, 21502 Geesthacht, Germany
e-mail: hajo.dieringa@hzg.de

Introduction

During the last two decades, automotive engineers have
increasingly focused on magnesium alloys due to their low
density and their resulting high specific strengths. In the
earlier part of the last century, magnesium alloys suffered
from low corrosion resistance, usually due to iron, copper
and nickel impurities, but nowadays alloys with good cor-
rosion properties and coatings are available. High-pressure
die casting is the process used for approximately 90% of
magnesium alloys, and most of it is produced for room
temperature applications. Aluminium-zinc (AZ91, AZ60)
and aluminium-manganese (AM50, AM60) magnesium
alloys are widely used for this purpose, not only in the
automotive but also electronic and machine-tool applica-
tions. These alloys exhibit good room-temperature strength,
corrosion resistance, and are able to be cast and machined.
During solidification the magnesium aluminium f-phase
Mg,;Al, forms, which is known to weaken at higher
temperatures [1]. When it comes to utilisation at higher
temperatures, such as in gearbox housings, more sophisti-
cated alloys are used. Often aluminium-free alloys are used
to avoid the f-phase, but when aluminium is used, because
it improves castability, additional alloying elements are
chosen that form precipitates during solidification and are
favourable compared to magnesium, in order to avoid the
formation of Mg,;Al;, and also to enhance the material by
precipitation strengthening. Calcium, rare earth elements,
strontium and silicon are all elements used for high-tem-
perature alloys. However, strengthening for temperature
regions above 175 °C is difficult. Only some sand cast
alloys containing silver with rare earth elements (QE22) and
yttrium with rare earth elements (WE43, WE54) give good
creep resistance in these temperature regions. Magnesium-
based metal matrix composites reinforced with ceramic
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fibres and/or particles in micrometer scale have proven
outstanding creep and wear resistance, and provide strength
even at high temperatures. Their disadvantages are the high
production cost and their poor machinability. Since ceramic
nanoparticles and fibres are widely available and are inex-
pensive, these reinforcements are used for strengthening
magnesium alloys. Not only are the mechanical properties
improved by the particle strengthening effect (Orowan
strengthening) but also by the grain refining effect during
solidification.

Orowan strengthening does not play a fundamental role
in microparticle-reinforced MMC, because of the inter-
particle spacing and the particles are too large [2]. Besides
effects such as the generation of dislocations due to thermal
mismatch between ceramic particles and the metallic
matrix, which strengthen the material or load bearing of the
reinforcement, the pure Orowan strengthening effect can be
described by the Orowan-Eshby Eq. 1:

0.13Gwb, 1
AGore = #mz (1)
where Aoq,, is the increase in yield strength by Orowan
strengthening, G, the shear modulus of the matrix, b the
Burgers vector, A the inter-particle spacing and r the
particle radius. Usually A can be estimated as follows:

)L%dpl(zi‘%)m—l] (2)

where V}, is the volume fraction of reinforcement [3].

The strengthening effect of grain refinement is described
by the Hall-Petch Eq. 3, where oy is the yield strength, o;
the lattice friction, k, is a material dependent constant and
dg the grain diameter. The lattice friction o; can be sub-
divided into temperature dependent and temperature inde-
pendent parts. The temperature-dependent Peierls—Nabarro
force is related to obstacles with short-range stress fields.
The independent part arises from obstacles with long-range
stress fields. The interpretation of k, is less clear. An
interpretation is given in [4]

O'y = O'i—|-kydg_l/2 (3)
In this review, the state of the art in the nanoparticle and
nanofibre reinforcement of magnesium alloys is described.

The paper is subdivided into the type and structure of
ceramic reinforcement.

SiC

In [5], the composite is prepared with a powder metallur-
gical (PM) method. 3 vol.% SiC particles with a mean
diameter of 30 nm and pure magnesium powder with a
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mean diameter of 40 um were mixed for 8 h and milled.
After encapsulating and degassing, the material was
extruded at 350 °C. For the purposes of comparison, pure
magnesium powder was treated in the same way. Light
optical microscopy showed that a mean grain size of 20 pm
was obtained in the pure magnesium and mixed specimens,
whereas the mixed and milled specimens exhibited a grain
size close to 1 pm. In TEM studies, the SiC nanoparticles
were found close to the grain boundaries, forming a net-
work. Tensile tests at RT, 100, 200 and 300 °C showed that
the milled composite always exhibits the highest ultimate
tensile stress. The smaller grain size, according to the Hall—-
Petch relationship, is assumed to be responsible for this.
Tensile creep tests were performed at 200 °C and with
stresses of 35 and 45 MPa. The minimum creep rates are
plotted in Fig. 1 and it can be seen that after milling the
composite shows the best creep resistance, even if the grain
size is smaller compared to the others, which should
enhance grain boundary sliding. SiC particles are poten-
tially responsible for hindering this. Estimation of the stress
exponent n, as a part of the power-law equation, results in
values of ~ 10 and ~ 3, at temperatures of 200 and 300 °C,
respectively. A dislocation movement-controlled defor-
mation rather than diffusion creep is assumed to be the
dominant process. Reducing the surface roughness of the
creep specimens also significantly improves their creep
resistance. Comparing the creep results with those of creep-
resistant magnesium alloys (WE43, WES54 and QE22)
shows that even a small amount of nano-SiC leads to
similar or even better creep resistance.

SiC particles with a mean diameter of 0.6 um and Ti
particles with a mean size of 20 um were used as rein-
forcement of pure magnesium in [6]. The pure magnesium
and two composite materials with different amounts of SiC
were produced by disintegrated melt deposition (DMD)
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Fig. 1 Minimum creep rates of creep tests performed at 200 °C and
35 and 45 MPa, respectively (according to [5])
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and subsequently extruded. The composition of the mate-
rials, grain size, coefficient of thermal expansion (CTE)
and hardness are given in Table 1.

There is a significant reduction in CTE, together with an
increase in hardness, for the composite with 15 wt% SiC.
Table 2 shows that with an increasing amount of rein-
forcement the dynamic modulus increases. By increasing
the 0.2 yield strength, the ductility decreases. Micrographs
of fracture surfaces show that the titanium particles frac-
tured, which indicates a good bonding between the parti-
cles and the magnesium matrix.

The effect of different sizes of SiC reinforcement was
studied in [7]. Pure magnesium was reinforced with SiC
particles of two different mean diameters, 25 um and
50 nm, respectively. Mixtures of the powders were com-
pacted to billets and subsequently sintered in a microwave-
assisted process. For the purposes of comparison, pure
magnesium was treated in the same way. All the billets
were subsequently hot extruded. The physical and
mechanical properties were examined from a composite
with 1 vol.% nm-SiC, a composite with 10 vol.% pm-SiC
and a composite with a mixture of both. The results were
compared with the pure magnesium sample’s properties. In
Table 3, the composition, CTE, materials porosity and the
microhardness is given. The hardness increases with
an increasing amount of SiC and the CTE is reduced.

A significant increase in UTS and 0.2 YS is reached with a
reinforcement of only 1 vol.% nm-SiC and, surprisingly,
the ductility is also increased. Composites with 9 or
10 vol.% of pm-SiC and the nm-SiC reinforced composite
show an excellent improvement compared to the pure
magnesium samples (Table 4).

The microstructure and hardness of nanoparticle-rein-
forced AZ91 was investigated in [8]. SiC particles with an
average diameter of 30 nm were introduced, using a high-
intensity ultrasonic wave technique (HEUWT). Two
compositions were produced, with 2.0 wt% and 5.0 wt%
SiC, respectively. It could be shown that HEUWT is
capable of distributing and uniformly dispersing SiC
nanoparticles in a magnesium melt. EDS analysis showed
that the SiC particles are partly oxidised and that Mg,Si is
formed in the composite. The microhardness increased
with an increasing amount of nano-SiC and reached an
improvement of 75% with 5 vol.% SiC compared to the
pure AZ91.

Again, an ultrasonic process was used in [9] to produce
a composite material with SiC particles of 50 nm in
diameter. As base alloys, AS21 and AS41 were used,
which were mixed from pure elements (without any Mn).
An ultrasonic probe was dipped in the molten alloy and,
with a power level of 3.5 kW, the added SiC particles were
distributed. Feeding the melt with 2 wt% SiC needed

Table 1 Composition, grain size, CTE and hardness of pure Mg and the two composites [6]

Material wt% reinforcement Grain size (1um) CTE (107 K™Y Macrohardness (HR15T) Microhardness (HV)
SiC Ti

Mg - - 21+6 28.0 47 £ 1 41 £ 1

Mg/SiC/Ti 5.02 2.7 20+ 6 234 48 £ 2 48 + 1

Mg/SiC/Ti 14.93 2.7 15+4 19.9 65 + 1 66 + 1

Table 2 Mechanical properties of pure Mg and the two composites [6]

Material Dynamic modulus (GPa) 0.2 YS (MPa) UTS (MPa) Elongation (%)

Mg 39.8 153 £ 8 207 £ 4 92+ 14

Mg/5SiC/2.7Ti 46.8 169 £ 8 204 £ 17 2.7 4+0.7

Mg/15SiC/2.7Ti 51.8 217 £ 2 233 £ 6 1+ 0.05

Table 3 SiC content, CTE, porosity and microhardness of pure magnesium and SiC composites [7]

Material SiC content (vol.%) CTE (107 K™Y Porosity (%) Microhardness (HV)
25 um 50 nm

Pure Mg - - 20.1 £ 1.2 0.52 38.6 £ 1.5

Mg + 1% nm-SiC - 1.0 28.1 £ 0.9 0.11 432 + 2.0

Mg + 10% pm-SiC 10.0 - 25.6 £ 1.9 1.22 443 £ 0.5

Hybrid Mg 9.0 1.0 249 +£ 0.5 1.75 509 + 1.0
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Table 4 Mechanical properties of pure magnesium and SiC com-
posites [7]

Material 0.2 YS (MPa) UTS (MPa) Elongation (%)
Pure Mg 125 + 15 172 £ 12 5.8+ 09
Mg + 1% nm-SiC 157 + 22 203 £ 22 76+ 15
Mg + 10% pm-SiC 140 £ 2 165 + 2 1.5+ 0.8
Hybrid Mg 156 £ 7 185 £ 11 0.6 + 0.1

Table 5 Mechanical properties of the alloys and composites with
2 vol.% SiC [9]

Material YS (MPa) UTS (MPa) Elongation (%)
AS21 48.6 137.9 9.2
AS21 + 2SiC 73.8 157.2 7.5
AS41 61.9 144.8 8.8
AS41 4 2SiC 82.1 177.9 9.5

30—40 min and then the process was continued for an
additional 15 min. The melt was cast in a permanent mould
for producing tensile specimens. Tensile tests show the
results listed in Table 5. Yield strength and ultimate tensile
strength was significantly increased, while ductility
remained good or was even improved, which is in contrast
to the pm-reinforced magnesium based MMC. Micro-
structural investigations show that micro-clusters of SiC
particles remained in the material. The grain size was
refined by nanosized SiC additions in both alloys, which
gives an additional strengthening effect. Process parame-
ters need further optimization in order to get rid of the
remaining nanoparticle clusters, occurring mainly at the
grain boundaries. Particles not belonging to the clusters
were dispersed very well. This seems to be the main reason
for the improvement of the mechanical properties, besides
grain refinement. SEM images show that nanoparticles at
the grain boundaries could be sintered. The still high
ductility of the composite materials is attributed to mag-
nesium separation of most of the particles in the clusters
and the grain refining and strengthening effects of the well-
dispersed particles. In addition, it was found that all the
silicon in the matrix alloy reacts with magnesium to Mg,Si
and that the well-bonded SiC nanoparticles have a random
orientation in the matrix.

In [10], the fabrication process of nanoparticle-rein-
forced magnesium alloys is investigated, in terms of sim-
ulating the acoustic cavitations and acoustic streaming in
magnesium melts. Since it is difficult to observe these
effects directly in metallic melts, other liquids were used.
Experiments were done in water, glycerol, soybean oil and
an oil-water mixture. Acoustic cavitations were tested with
aluminium foils in water and it was found that the greater
the distance, the lower the impact on the foil. By keeping
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the distance constant with increasing frequency, the
acoustic cavitations are stronger and by keeping the fre-
quency constant the acoustic cavitations increase with
increasing ultrasonic power. The depth of the waveguide
tip in the metallic melt is therefore an important factor that
influences the dispersion of nanoparticles in liquids. Sound
pressure gradients are caused when ultrasonic waves are
exerted on the melt. This effect leads to a turbulent flow,
which is known as acoustic streaming. The acoustic
streaming was investigated in soybean oil and in glycerol
as well under three different ultrasonic conditions. Pro-
cessing with 15 kHz and 2.6 kW induces a fluid jet under
the tip while 20 kHz and 1.4 kW causes the strongest
turbulent flow in the melt. The scrolled acoustic streaming
with 20 kHz and 4 kW is formed after 60 s in glycerol. By
reducing the power, the acoustic streaming is formed more
quickly. Additional oil dispersion tests in water led to the
conclusion that the ultrasonic processing of the oil in water
is best at 20 kHz and 1.4 kW power output. 0.5% SiC
nanoparticles were distributed in an AZ91 melt, taking the
investigated process parameter into account. With 20 kHz
and 4 kW the nanoparticles cluster seriously, but with a
lower power of 1.4 kW they are dispersed very well.

ALO;

Dislocation generation and changes in the microstructure
as a consequence of the thermal cycling of nanoparticle-
reinforced pure magnesium are investigated in [11]. Pow-
der mixtures of magnesium and 1 vol.% alumina with
diameters of 20 um and 12 nm, respectively, were mixed
and milled for 1 h and subsequently hot extruded at
450 °C. Damping measurements were performed on the
annealed specimens. Annealing was done at different
temperatures after cooling in liquid nitrogen. It was found
that in unreinforced pure magnesium there is nearly no
dependence of the logarithmic decrement on the annealing
temperatures. However, in the composite material this
dependence is stronger. The reason seems to be the
increase in internal stresses after cooling, due to the dif-
ferences in the thermal expansions of magnesium and
alumina.

Disintegrated melt deposition (DMD) was used to pro-
duce an alumina particle-reinforced pure magnesium
composite [12]. A reinforcement of 1.1 vol.% alumina
particles with a diameter of 50 nm was added to the
superheated melt (750 °C) and mixed under an argon
atmosphere. After mixing, the melt was released down-
wards through an orifice, subsequently disintegrated by two
jets of argon gas and deposited on a substrate. Pure mag-
nesium was treated in the same way for comparison. The
resulting ingots were hot extruded at 250 °C. Optical
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investigation of microstructural features shows a signifi-
cantly reduced grain size of 14 £ 2 in the composite
compared to 49 &£ 8 in the pure magnesium. The CTE is
significantly reduced by the incorporation of 1.1 vol.%
alumina particles. By calculation, in accordance with the
rule of mixture (ROM), a value of 28.2 107¢ K~! would
have been expected. The hardness increase is more than
50% in both directions; the transversal and the longitudinal.
Table 6 shows these values and Table 7 gives the
mechanical properties. The enormous increase in yield
strength is attributed to the high number of randomly dis-
tributed particles and the reduction in grain size. An
increase in ductility of 89% in the composite compared to
pure magnesium is again attributed to grain refinement and
finely distributed nanoparticles in the matrix. Fractography
showed that with the reinforcement of alumina nanoparti-
cles, the fracture behaviour changed from a brittle to
mixed-mode fracture in the composite. Non-basal slip
systems were activated additionally.

A PM process with a mixing and subsequent compaction
was followed by a hybrid microwave-assisted sintering
process in [13] to produce a composite with two scales of
alumina particles. Magnesium powder with a size of
60-300 pm and alumina powder of 300 and 50 nm sizes
were used for the production. The final stage of production
was a hot extrusion at 350 °C. Three combinations of
alumina particle fractions were investigated, having in
common a sum of 5 vol.% reinforcement, as listed in

Table 8. Experimental values lie between those predicted
from the ROM, Kerner’s model and Turner’s model. This
indicates a good bonding between particles and matrix. The
increase in 0.2 YS, compared to the pure magnesium, is
attributed to Orowan strengthening, a decrease in grain size
and an increase in dislocation density around the particles.
In all cases, the ductility decreases with alumina rein-
forcement (Table 9).

Magnesium powder with a diameter of 30-60 pm and
the addition of 2.5 wt% alumina powder with a diameter of
50 nm was mixed, pressed, sintered and hot extruded at
250 °C [14]. Pure magnesium was processed in the same
way for comparison. The presence of nanosized alumina
reduces the grain size and improves the micro and macro-
hardness as shown in Table 10. The mechanical properties
significantly increased as well as the ductility in the com-
posite as shown in Table 11. Again, the finer grain size of
the recrystallized grains is attributed to the capability of
nanosized alumina to nucleate magnesium grains during
recrystallization and to restrict the growth of grains by
grain-boundary pinning. Once more, the increase in 0.2 YS
and UTS is attributed to a smaller grain size in combination
with a higher dislocation density in the matrix, due to the
thermal mismatch of alumina and magnesium, and a good
bonding with a resultant good load transfer at the interface.
The surprising increase in ductility is thought to be due to
multidirectional thermal stresses at the interface, which
starts multi-directional dislocation movement.

Table 6 Grain size, CTE, density and hardness of pure Mg and the composite [12]

Material Density (g/cm’) Grain size (jm) CTE (107 K™ Microhardness (HV)

Theor. Exp. Transverse Longitudinal
Mg 1.74 1.7397 49 + 8 284 £03 39.97 £ 0.22 40.06 + 0.29
Mg + 1.1AL,05 1.7647 1.7623 14+2 25.1£03 65.92 £+ 0.86 66.17 £ 0.58
Table 7 Mechanical properties of pure Mg and the composite [12]
Material E (GPa) 0.2 YS (MPa) UTS (MPa) Elongation (%) Go.ovs/p outs/p Work of fracture (J/m®)
Mg 42.8 97 £ 2 173 £ 1 74 +0.2 56 99 11.1 £ 0.3
Mg + 1.1AL,05 52.7 175 £ 3 246 + 3 14 +24 929 140 317+ 6.3
Table 8 Composition, density, grain size and CTE of pure Mg and investigated composites [13]
Material Amount of Al,O3 (vol.%) Density (g/cm3) Grain size (um) CTE (1076 K™

50 nm 300 nm Theor. Exp.

Mg - - 1.740 1.738 £ 0.001 36 £4 28.6 = 0.8
Mg/AlL O3 0.5 4.5 1.851 1.840 £ 0.003 24 + 8 272+ 1.2
Mg/Al,O3 0.75 4.25 1.851 1.837 £ 0.005 27+9 25.7 £ 0.6
Mg/Al,O3 1 4 1.851 1.831 £ 0.005 31 £7 258 £0.8
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Table 9 Mechanical properties of pure magnesium and investigated composites [13]

Material Amount of Al,O3 (vol.%) Youngs modulus (GPa) 0.2 YS (MPa) UTS (MPa) Elongation (%)
50 nm 300 nm

Mg - - 45 116 £ 11.1 168 + 10 9.0 £ 0.3

Mg/Al,O3 0.5 4.5 50.5 139 + 26.5 187 + 28 1.9+0.2

Mg/Al,O5 0.75 4.25 51.9 138 + 13.2 189 &+ 15 24+ 0.6

Mg/Al,O3 1 4 544 157 + 20.3 211 £ 21 30+0.3

Table 10 Alumina content, density, grain size and hardness of pure Mg and the composite [14]

Material Alumina (vol.%) Density (g/cm3) Grain size (um) Microhardness (HV) Macrohardness (HR15T)
Mg - 1.7387 £ 0.0022 60 £ 10 40£0 37 £ 1

Mg2.5A1,04 1.1 1.7632 £ 0.0048 31 £ 13 66 + 1 65 £ 1

Table 11 Mechanical properties of pure Mg and the composite [14]

Material E (GPa) 0.2 YS (MPa) UTS (MPa) Ductil. (%) Go2vs/p auts/p
Mg 41.2 132 +£7 193 £2 4.22 + 0.08 76 111
Mg2.5A1,0; 44.5 194 £ 5 250 £ 3 6.89 + 1.01 110 142

Magnesium reinforced with three different amounts of
300 nm alumina particles are investigated in [15]. The
material was produced using the DMD process, followed
by hot extrusion as described in [12]. Three different
amounts of alumina particles were introduced: 1.5, 2.5 and
5.5 wt%. The results of an investigation into the mor-
phology, density and grain size are shown in Table 12.
Microstructural investigations have shown that the rein-
forcement was distributed randomly in the matrix and the
magnesium recrystallized completely after extrusion. The
finer grain size is again attributed to nucleation of

magnesium grains by alumina particles and the grain
growth restriction of the particles during recrystallization
(Table 13).

In a further study by the same authors, pure magnesium
was reinforced with 2.5 wt% alumina of three different
sizes: 50 nm, 300 nm and 1 pm [16]. The materials were
produced by mixing the powder, compacting it and sub-
sequently sintering. After hot extrusion at 250 °C, micro-
structural investigations and mechanical testing was
performed. The best 0.2 YS and UTS are found in
the composite with 50 nm alumina particles. Ductility

Table 12 Density, porosity and grain size of Mg and the composites [15]

Material Alumina content (wt%) Density (g/cm3) Porosity (%) Grain size (um)
Theor. Exp.

Mg - 1.7400 1.7397 £+ 0.0009 0.02 49 + 8

Mg0.7A1,03 1.5 1.7548 1.7541 £+ 0.0029 0.04 6+2

Mgl.1A1,03 2.5 1.7647 1.7636 £ 0.0013 0.06 6+ 1

Mg2.5A1,04 5.5 1.7954 1.7897 £ 0.0044 0.32 4+1

Table 13 Mechanical properties of Mg and the composites [15]

Material 0.2 YS (MPa) UTS (MPa) Ductility (%) WF (J/m) 00.2vs/pP aurs/p

Mg 97 £2 173 £ 1 74 £02 11.1 £03 56 99

Mg0.7A1,03 214 + 4 261 £5 125 £ 1.8 289 + 4.7 122 149

Mgl.1A1,03 200 £ 1 256 £ 1 8.6+ 1.1 209 £ 2.8 113 145

Mg2.5A1,0; 222 +2 281 £ 5 45+£05 100 £ 1.3 124 157
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increases with increasing particle size. The work of frac-
ture, which expresses the ability of energy absorption up to
the moment of fracture, increases with increasing particle
size. It is much higher in each composite compared to pure
magnesium. In an additional study, the authors summarised
the material properties of nanocomposites produced from
powder with a DMD process [17]. The composites pro-
duced by DMD show a more uniform particle distribution
and a finer grain size, compared to PM processing. The
dimensional stability, in terms of CTE, is much better in a
DMD processed composite, whereas the mechanical
properties are comparable in both cases. Composites with
different sizes of particles were also produced using the

DMD technique [18]. It enables a direct comparison
between the materials processed in two different ways
(Tables 14, 15, 16, 17).

The same authors have also compared nanocomposites
produced using the blend-press-sinter PM process [19]. The
process is already described and the results of mechanical
testing and microstructural characterisation are given in
Tables 18 and 19.

For evaluating the damping behaviour of alumina
nanoparticles-reinforced pure magnesium a PM method
was chosen to produce the composite [20]. Magnesium
powder with a diameter of 60—300 pum was blended with
1 wt% (= 0.4 vol.%) alumina powder with an average

Table 14 Density, porosity, grain size and inter-particle spacing of all materials [16]

Material Density (g/cm’) Porosity (%) Grain size (pm) Interparticle spacing A (pm)
Theor. Exp.

Mg 1.7400 1.7378 £+ 0.0022 0.08 60 £ 10 -

Mg/Al,O3 (50 nm) 1.7647 1.7632 £ 0.0048 0.09 31 £ 13 0.47

Mg/Al,O3 (300 nm) 1.7647 1.7646 £+ 0.0009 0.01 11+4 2.85

Mg/Al,O3 (1 pm) 1.7647 1.7645 £+ 0.0013 0.01 11+3 9.49

Table 15 Mechanical properties of Mg and the composites [16]

Material Hardness 0.2 YS (MPa) UTS (MPa) Ductility (%) Work of fracture (J/m3)
Macro (15 HRT) Micro (HV)

Mg 435 +£03 374 £ 04 132 +7 193 £ 2 42 £ 0.1 7.1 £0.3

Mg/Al,O3 (50 nm) 59.7 £ 0.5 69.5 £ 0.5 194 £ 5 250 + 3 69+ 1.0 155 £ 26

Mg/Al,O3 (300 nm) 56.3 £ 0.5 51.8 £ 0.3 182 + 3 237 + 1 121 £ 14 250+ 3.3

Mg/Al,O3 (1 um) 50.3 £ 0.5 512+ 05 172 + 1 227 £ 2 16.8 £ 0.4 347+ 0.8

Table 16 Density, porosity and grain size of Mg and the composites [18]

Material Density (g/cms) Porosity (%) Grain size (um)
Theor. Exp.

Mg 1.7400 1.7397 £+ 0.0009 0.02 49 £ 8

Mg/Al,05 (50 nm) 1.7647 1.7623 £+ 0.0019 0.07 14+£2

Mg/Al,O3 (300 nm) 1.7647 1.7636 £ 0.0013 0.06 6+ 1

Mg/ALLO3 (1 pm) 1.7647 1.7614 £ 0.0068 0.19 5+1

Table 17 Mechanical properties of Mg and the composites [18]

Material Hardness 0.2 YS (MPa) UTS (MPa) Ductility (%) Work of fracture (J/m3)
Macro (15 HRT) Micro (HV)

Mg 37.1 £ 0.7 40.0 £ 0.2 97 + 2 173 £ 1 74 +0.2 11.1 £ 0.3

Mg/Al,03 (50 nm) 64.6 £+ 0.8 65.9 + 0.9 175 £ 3 246 £ 3 140 £ 24 317 £ 6.3

Mg/Al,03 (300 nm) 59.4 £+ 0.6 52.0 £ 0.8 200 £ 1 256 £ 1 8.6 £ 1.1 20.9 + 2.8

Mg/Al,O5 (1 pm) 63.8 £ 0.5 58.8 £ 0.5 209 £ 1 242 £ 3 354+03 7.0+ 09
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Table 18 Density, porosity and grain size of Mg and the composites [19]

Material Alumina content (wt%) Density (g/cm3) Porosity (%) Grain size (um)
Theor. Exp.

Mg - 1.7400 1.7387 £ 0.0022 0.08 60 + 10

Mg0.22A1,03 0.5 1.7449 1.7421 £ 0.0078 0.16 61 + 18

Mg0.66A1,03 1.5 1.7548 1.7501 £ 0.0026 0.27 63 + 16

Mgl.11A1,05 2.5 1.7647 1.7632 £ 0.0048 0.09 31+ 13

Table 19 Mechanical properties of Mg and the composites [19]

Material Hardness E (GPa) 0.2 YS (MPa) UTS (MPa) Ductility (%) Work of fracture (J/m3)
Macro (15 HRT) Micro (HV)

Mg 43 + 0 37+0 41.2 132 +7 193 £ 2 42 £+ 0.1 71 £03

Mg0.22A1,0; 51 £0 44 + 0 42.5 169 + 4 232 £ 4 6.5+ 2.0 13.5 £ 45

Mg0.66A1,0; 56 £ 0 50+ 1 43.4 191 £2 247 £ 2 88+ 1.6 199 + 39

Mgl.11ALL,O; 60 £+ 1 70 £ 0 44.5 194 £ 5 250 £3 6.9 + 1.0 155 £ 2.6

diameter of 50 nm. After cold compaction, the ingots were
hot extruded at 400 °C. Some properties are listed in
Table 20. Damping was measured with ‘Free—Free’ or
‘Suspended’ beam methods in accordance with the ASTM
C1259-98 standard. The experimental damping loss factor
of pure magnesium was found to be 0.0085. Having an
average particle size of 50 nm and being randomly dis-
tributed in the magnesium matrix, an inter-particle spacing
of 0.75 pm can be assumed. The loss factor of pure alu-
mina is 0.0009, but the composite material shows an
experimental loss factor of 0.0115. The higher loss factor is
the reason for the faster settling of the vibration amplitude
with time, compared to the unreinforced magnesium. The
higher value is assumed to be a result of the existence of a

plastic zone, due to the high differences in CTE as well as
due to an increase in dislocation density around the
particles.

Different amounts of 50 nm alumina powder were
introduced into pure magnesium powder and subsequently
extruded [21]. 1, 3 and 5 wt% were blended with the
magnesium powder (60-300 pm), cold compacted and
extruded at 200 °C. In addition, the influence of extrusion
temperature and sintering was investigated, when the same
material was sintered for 1 h at 500 °C and hot extruded at
400 °C. Microstructural investigations revealed a uniform
distribution of alumina particles in all the materials. First,
the thermal and mechanical properties of samples extruded
at 200 °C were examined and are given in Table 21.

Table 20 Composition, density, CTE and microhardness of pure Mg and the composite [20]

Material Alumina (vol.%) Density (g/cm®) CTE (10°°K™) Microhardness (HV)
Mg - 1.754 £+ 0.009 29.4 +£ 0.7 39.6 + 2.1
MglAl,04 04 1.795 + 0.010 28.1 £ 09 523 £ 1.1

Table 21 Thermal and mechanical properties of Mg/Al,O3 and pure Mg samples extruded at 200 °C [21]

Material ALO; (wt%)  CTE (10°°K™'")  Hardness (HV) 0.2 YS (MPa) UTS (MPa)  Elongation (%)
Mg (E200 °C) - 30.6 £ 0.9 37.8 £ 09 133 £ 12 172 £ 21 2.68 £ 1.0
MglAl,05 (E200 °C) 1 28.9 + 0.3 437+ 1.5 125 £ 15 158 + 19 1.78 £ 0.5
Mg3Al1,05 (E200 °C) 3 26.9 + 0.1 47.0 £ 34 118 £2 148 £ 8 1.68 + 0.8
Mg5A1,03 (E200 °C) 5 22.0 £ 0.0 484 + 3.8 103 £ 2 136 £ 5 1.63 £ 03

Mg (E400 °C, sint.) - 294 £ 0.7 39.6 £ 2.1 148 + 8 188 £ 7 1.75 £ 0.1
Mgl1Al,O5 (E400 °C, unsint.) 1 n.det. 448 £ 2.5 154 £ 11 200 + 4 3.10 £ 0.7
Mgl1Al,05 (E400 °C, sint.) 1 28.1 £ 0.9 523+ 1.1 181 £ 4 226 + 4 375+ 1.2
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The reduction in CTE due to the lower CTE of alumina and
the increased hardness due to the high hardness of alumina
were expected. The decrease of 0.2 YS, UTS and failure
strain with increasing amounts of alumina nanoparticles is
attributed to imperfect bonding at the interface and reduced
cavitational resistance of the composite. In order to
improve on these issues, a higher extrusion temperature
and sintering steps were included in the production process.
The material properties are shown in the lower part of
Table 21. Sintering and extrusion at 400 °C increases the
mechanical strength of pure magnesium, but also of the
composite with 1 wt% alumina.

Magnesium alloy AZ31B was used as the matrix alloy
for reinforcement with three different amounts of 50 nm
size alumina [22]. 0.66, 1.11 and 1.5 vol.% reinforcement
was introduced by the DMD process, where the super-
heated melt was stirred and subsequently released through
two argon jets normal to the melt stream (see also [12]).
The materials obtained were then hot extruded at 350 °C.
Macrostructural investigations revealed no presence of
macropores and shrinkage cavities or other macrostructural
defects. The results of density measurements and grain size
characterisation are listed in Tables 22 and 23. The small
effect of particulate content on the grain size expresses the
ineffectiveness of alumina nanoparticles in neither nucle-
ating the solidification process nor being an obstacle for
grain growth. The addition of alumina nanoparticles led to
significant reductions in 0.2 YS and UTS. The amount of
Al,Oj3 barely influences the reduction of these properties.
The elongation to fracture is significantly increased by
increasing the amount of alumina nanoparticles. Also
the work of fracture increases, which can directly con-
tribute to the higher elongation. The same materials were

investigated in [23] revealing their compressive response.
Compressive properties are given in Table 24. 0.2 CYS,
UCS and failure strain increases with an increasing amount
of nanoparticles.

In a further study, the materials were investigated to
determine their oxidation behaviour [24] using a DTA-TG
setup. The materials were heated up with a ramping rate of
50 K/min and the kinetics of weight change were detected
and compared with specimens heated up in air. It was
found that with an increasing amount of alumina particles
the oxidation tendency is reduced. At temperatures of
450 °C there is a change from parabolic to linear oxidation
behaviour, which may be attributed to defects in the oxide
layer. Oxidation rates are given in Table 25.

Table 24 Compressive properties of AZ31B and AZ31B based
composites [23]

Material 0.2 CYS (MPa) UCS (MPa) Failure strain (%)
AZ31B 133 £ 4 444 + 10 126 £ 1.0
AZ31B0.66A1,0; 172 £+ 17 468 £ 10 134 + 1.8
AZ31B1.11A1,03 174 +2 478 + 11 135+ 0.8
AZ31B1.5A1,0; 176 +7 486 + 5 143 +1.2

Table 25 Oxidation rates of AZ31B and the composites [24]

Material Oxidation rate (mpy) at temperature

300 °C 350 °C 400 °C 450°C 470 °C
AZ31B 51.9 74.6 89.2 165.5 394.9
AZ31B0.66A1,0; 25.7 43.3 67.5 138.2 375.7
AZ31B1.11A1,05; 13.6 27.7 50.3 117.2 307.7
AZ31B1.5A1,04 10.4 18.2 39.6 109.0 298.5

Table 22 Density, porosity and grain size of AZ31B and AZ31B based composites [22]

Material Alumina content (vol.%) Density (g/cm3) Porosity (%) Grain size (um)
Theor. Exp.

AZ31B - 1.77 1.77 0 58+ 04

AZ31B0.66Al1,05 0.66 1.7845 1.7841 £+ 0.0037 0.06 45+ 03

AZ31B1.11A1,05 1.11 1.7943 1.7933 +£ 0.0026 0.06 39 +0.1

AZ31B1.5A1,04 1.5 1.8098 1.8086 + 0.0028 0.07 3.1 £0.03

Table 23 CTE, hardness and room temperature tensile properties of AZ31B and AZ31B based composites [22]

Material CTE (10°°K™") Micro-hardness (HV) 0.2 YS (MPa) UTS (MPa) Failure strain (%) Work of fracture (J/m>)
AZ31B 26.23 63 + 1 201 £ 7 270 £ 6 56+ 14 15+3
AZ31B0.66A1,0; 25.96 79+ 4 149 £ 7 215 £ 15 14.6 £ 1.1 31+4
AZ31BI1.11A1,0;3 25.12 82+ 2 148 + 11 214 £ 16 255 +£22 5242
AZ31B1.5A1,0; 24.73 86 £ 3 144 + 9 214 + 16 295+ 19 60 £+ 3
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The material produced using the DMD process descri-
bed in [12] was investigated to determine its high-tem-
perature strength [25]. An experimentally evaluated 0.2
Yield Strength was compared with a mathematical model
for nanocomposites proposed by Zhang and Chen [26]. At
RT and 150 °C the measured values are in good agreement
with the model. At 200 °C the measured values decrease
significantly compared to the model as can be seen in
Fig. 2. The ductility increases significantly with increasing
temperature.

AZ31 magnesium alloy was reinforced with 1.5 vol.%
50 nm alumina particles [27]. Two different arrangements
of alloy pieces and particles during melting were per-
formed, in order to vary the contact time between melt and
reinforcement. The first material had a stirring time of
2.5 min and the second one of 5 min. After casting, the
billets were machined and an extrusion of these billets at
350 °C was done. An investigation of microstructure and
mechanical properties showed a dense material, without
macropores and shrinkage cavities. The differences in
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Fig. 2 Experimental mechanical properties and modelled 0.2 YS
of the nanocomposite (after [25])

tensile strength are attributed to different textures in the
longitudinal direction, in comparison with the second
nanocomposite (Tables 26, 27).

Pure magnesium and AZ31 were reinforced with 0.5, 1
and 2 wt% alumina nanoparticles of 100 nm size [28]. An
Mg 8 wt% master alloy was added to the alloys to obtain
the composite materials. Small parts of the castings were
hot rolled and subsequently annealed for recrystallization.
Figure 3 shows the microstructures of the pure magnesium
and the composites.

Measurement of the grain sizes of the castings and
wrought materials show that there is a decrease in grain
size with an increasing content of alumina nanoparticles
(Fig. 4). This is due to heterogeneous nucleation sides
during solidification in the case of castings and due to a
pinning effect during recrystallization in the wrought case.
CTE is slightly reduced with an increasing amount of
alumina particles. Pure magnesium has a CTE of
27.9 x 107° K~! and with 2 wt% alumina particles it is
reduced to 25.9 x 107® K™'. AZ31 has a thermal expan-
sion coefficient of 26.4 x 107° K" and with 2 wt% alu-
mina particles it decreased to 25.2 x 107® K™'. This
reduction is attributed to the low CTE of alumina
(7.4 x 107 K~1). Hardness increases with an increasing
alumina content (Fig.5). This is attributed to grain
refinement and particle strengthening. The same behaviour
can be seen in the tensile strength: 0.2 yield strength and
the ultimate tensile strength increases while ductility
decreases with increasing alumina content (Figs. 6, 7).

For evaluation of the hot-working behaviour of pure
magnesium reinforced with 1 vol.% nano-alumina powder
compared with unreinforced magnesium prepared the same
way, a PM route was chosen to prepare the materials [29].
Magnesium powder with a size of 60-300 pm was mixed
with alumina powder of 50 nm in a mechanical alloying
machine for 1 h. The blend was subsequently cold com-
pacted to billets and then sintered in a microwave sintering

Table 26 Grain characteristic, hardness and mechanical properties of AZ31 and the nanocomposite [27]

Material Grain size (um) Microhardness (HV) 0.2 YS (MPa) UTS (MPa) Elongation (%) WOF (MJ/m®)
AZ31 40+09 64 + 4 172 + 15 263 + 12 104 £ 39 26 £ 9
AZ31/1.5A1,05-2.5 23 +0.7 83+ 5 204 + 8 317 £ 5 222 +24 68 + 7
AZ31/1.5A1,03-5 3.1 +0.0 86 + 3 144 +9 214 £ 16 195+ 1.9 60 £+ 3

Table 27 Mechanical properties of compressive testing of AZ31 and the nanocomposite [27]

Material 0.2 CYS (MPa) UCS (MPa) Ductility (%) WOF (MJ/m?)
AZ31 9349 486 + 4 19.7 £ 72 76 + 14
AZ31/1.5A1,05-2.5 98 + 2 509 + 12 19.0 £ 2.7 84 + 15
AZ31/1.5A1,05-5 113 + 8 531+ 14 242 £ 1.0 112 £ 11
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Fig. 3 Macro-etched cross-sections of the as-cast samples: a Mg, b Mg-0.5A1,03, ¢ Mg-1A1,0; and d Mg-2A1,0; [28] (with friendly

permission of R. Mahmudi)
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Fig. 4 Grain size of Mg and AZ31 as a function of alumina content
[28] (with friendly permission of R. Mahmudi)

process. After soaking at 400 °C for 1 h, the materials were
hot extruded at 350 °C. For configuration of deformation
maps, uniaxial compression tests with deformation rates
between 0.0003 and 10 s~' and temperatures between 300
and 500 °C were performed. Optical investigations have
shown that alumina nanoparticles are not present within the
magnesium particles, but decorate the former boundaries.
As can be seen in Fig. 8, the composite material always
exhibits higher flow stress compared to the pure magne-
sium at 300 and 450 °C, respectively. The difference
increases with decreasing strain rate. The nanoparticle
reinforcement seems to enhance the high temperature
strength, especially at low strain rates.
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Fig. 5 Hardness of Mg and AZ31 and its composites dependant on
alumina content [28] (with friendly permission of R. Mahmudi)

The processing map made from the compression tests
shows different areas of hot deformation properties
(Fig. 9). In the temperature range between 300 and 500 °C
and at strain rates between 0.1 and 10 s~ there is a domain
with optimum workability. This domain shows its maxi-
mum at 420 °C and 10 s™' strain rate. An instable regime
can be found in the temperature range between 400 and
500 °C at low strain rates below 0.01 s~'. In this regime,
hot working is not expected to be favourable. In the pro-
cessing map of pure magnesium at the same conditions,
three deformed domains have been identified. The first
regime between 400 and 500 °C with strain rates between
0.001 and 1 s™" represents dynamic recrystallization, in the
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Fig. 6 Stress—strain curves of wrought magnesium-based materials
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Fig. 7 Stress—strain curves of wrought AZ31-based materials [28]
(with friendly permission of R. Mahmudi)

same way as the second domain in the area between 320
and 440 °C with strain rates between 1 and 10 s™'. The
third domain between 470 and 500 °C with strain rates
between 1 and 10 s~ is expected to represent inter-crys-
talline cracking.

To describe the kinetics of hot deformation depending
on the strain rate and temperature, the variation of log flow
stress with log strain rate in the first case and the variation
of log flow stress with T~! has to be plotted. The pure
magnesium shows constant linear stress exponents of 5.0 at
450 °C and 6.06 at 350 °C. The composite material at both
temperatures shows a non-linear behaviour with a devia-
tion in the region of 0.1 s~'. Below 0.1 s™', the stress
exponent is approximately 15.4 and at higher strain rates it
is 6.25. The Arrhenius plots at strain rates of 0.1 and
10 s™', respectively, give apparent activation energies of
approximately 123 kJ/mol for the composite and the matrix
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as well. At lower strain rates the composite exhibits high
apparent activation energy of 305 kJ/mol and the unrein-
forced magnesium approximately 136 kJ/mol, which is
close to the activation energy for self-diffusion (135 kJ/
mol). A significant reduction of self-diffusion in the com-
posite is suggested, which may be responsible for the
increased strength at low stresses. Optical metallography of
the microstructure after deformation reveals that the former
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boundaries of the magnesium particles, which are deco-
rated with the nanoparticles are stable during hot defor-
mation. They do not rotate or slide against each other.

SiO,

Magnesium alloy AZ61 was reinforced with SiO, particles
with a size of 20 nm using a friction stir process (FSP)
[30]. A groove was cut into a magnesium alloy bar and the
nano-powder was filled into the groove. In order to close
the cut, a flat FSP tool was used, followed by a normal pin
and shoulder tool for mixing the reinforcement into the
alloy. Two material samples were produced; containing 5
and 10 vol.% SiO,, respectively. The size of SiO,
decreases with tool passes stirring the same area. The silica
cluster size and average grain size are given in Table 28.
The grain size in an unreinforced AZ61 billet was 75 um
and after 4P FSP 7-8 pum.

The mechanical properties of AZ61 and the composites
produced using FSP are given in Table 29. An increase in

Table 28 SiO, cluster size and grain size in composites with 5 vol.%
(1D) and 10 vol.% (2D) silica after 1, 2, 3 and 4 tool passes (1P, 2P,
3P and 4P) [30]

1D1P 1D2P 1D3pP 1D4pP
SiO, cluster size (nm) 600 210 210 190
Average grain size (1m) 3.1 2.8 2.0 1.8

2D1P 2D2pP 2D3P 2D4p
SiO, cluster size (nm) 300 200 170 150
Average grain size (um) 1.5 1.5 1.0 0.8

hardness and strength of the unreinforced AZ61 after FSP
can be attributed to grain refinement during processing. An
improvement of strength with a reduction of ductility is
achieved by the reinforcement of silica. Tensile tests at
350 °C yielded elongation of 350% at 107> s~ " and 420%
at 107" s™', which clearly exhibits a high strain-rate
superplasticity.

Y,0;

The liquid metal infiltration of a ceramic perform, con-
sisting of 30 vol.% of 280 nm yttria particles, was carried
out for processing magnesium composites reinforced with
nano-yttria. As-cast billets were hot extruded with an
extrusion ratio of 20 at a temperature of 400 °C. Micro-
structural characterisation and mechanical properties [31]
as well as creep behaviour [32] was investigated. The
density of extruded Mg/30Y,05; was 2.7154 £ 0.0024 g/
cm® and, assuming no porosity and the densities of mag-
nesium and yttria to be 1.74 and 5.03 g/cm? respectively, a
volume fraction of 29.7 + 0.001% was estimated. Elastic
properties were measured by ultrasonic techniques and the
results are given in Table 30. The measured values are in
good agreement with prediction by the Eshelby model. The
compressive strength is quite high and Orowan strength-
ening as well as Hall-Petch strengthening is assumed to be
responsible.

In [32], the creep behaviour was determined at tem-
peratures between 200 and 450 °C and stresses between 7
and 125 MPa. A compressive creep with constant load was
performed and the true stress was calculated at the defor-
mation where the minimum creep rate was achieved.
Double logarithmic plots of minimum creep rate and true

Table 29 Mechanical properties of AZ61 and the composites at room temperature [30]

Material Hardness (HV) Yield strength (MPa) UTS (MPa) Elongation (%)
AZ61 billet 60 140 190 13

AZ61 after 4P FSP 72 147 242 11

1D2P (5 vol.%, 2 passes) 91 185 219 10

1D4P (5 vol.%, 4 passes) 97 214 233

2D2P (10 vol.%, 2 passes) 94 200 246

2D4P (10 vol.%, 4 passes) 105 225 251 4

Table 30 Elastic properties of extruded Mg/30Y,05 and predictions by models and compression yield strength, ultimate strength and defor-

mation [31]

Mg/30Y,05 G (GPa) v E (GPa) E(Shear-1ag) (GPa) EEshelvy) (GPa) 0o, (MPa) UCS (MPa) A (%)
Longit. 23.0 0.30 59.8 49.8 64.4 344 455 >20
Transv. 25.0 0.27 63.6 49.8 64.4
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Fig. 10 Double logarithmic plot of minimum creep rate and stress for
yttria reinforced magnesium [32] (with friendly permission of D.C.
Dunand)

stress (Fig. 10) give the apparent stress exponent 71, in
accordance with the power law constitutive creep
equation 4:

& = Ko™ exp (—%;p> (4)

where & is the minimum creep rate, K a material dependent
constant, Q,p, the apparent activation energy for creep,
T the absolute temperature and R the gas constant. Two
distinct areas exist above and below approximately
35 MPa: constant values for n,,, = 2 below 35 MPa and
between 9 and 15 for above 35 MPa can be estimated. For
diffusion or dislocation controlled creep, expected n-values
are 1 and 5, respectively.

The apparent activation energy for creep, Qypp, can be
estimated by plots of Iné over 1/7 and shows the calculated
values for different stresses. At low stresses Q,pp is about
half the value of activation energy for grain boundary
diffusion in pure magnesium (Qg, = 92 klJ/mol). In the
high stress regime, the apparent activation energy increases
to a maximum value of 325 kJ/mol, which is much more
than the activation energy for lattice diffusion in pure
magnesium (@) = 135 kJ/mol). Figure 11 shows this
increasing trend in apparent activation energy. In calcu-
lating a threshold stress, it was found that the values are
close to predictions by a general climb model at low
temperatures. At higher temperatures it reaches only about
60% of the predicted values.

Pure magnesium powder in combination with yttria
particles of two different sizes were used for a study of the
tension/compression anisotropy behaviour of the resulting
composites [33]. In a PM route, magnesium powder
(45 pum) and two different sizes of yttria powder (6 pm and
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Fig. 11 Apparent activation energy for creep as a function of stress
in yttria reinforced magnesium [32] (with friendly permission of D.C.
Dunand)

<1 um) were mixed. 5, 10, 15 and 20 vol.% particles were
added, blended and subsequently cold compacted, followed
by hot extrusion at 400 °C with an extrusion ratio of 18.
The texture of the extruded composites was studied and
compared with the texture of extruded pure magnesium.
The texture is similar in all materials, but the intensity
decreases with an increasing amount of yttria. Particle
stimulated nucleation (PSN) is suggested to be responsible.
Hardness and Young’s modulus increase with an increasing
amount of ceramic particles. A strong asymmetry of yield
strength in tension and compression is seen in the case of
unreinforced magnesium. Yield stress is higher in tension.
With an increasing amount of yttria particles, the differ-
ence between tension and compression Yyield stress
decreases and equals approximately 15 vol.%. With higher
amounts of yttria it is even higher in compression.

A DMD technique was used to produce yttria-reinforced
(average size: 29 nm) pure magnesium, with three different
concentrations of reinforcement [34] (Table 31). Hot
extrusion was performed as a second processing step.
Hardness, tensile strength and yield stress increases with an
increasing amount of yttria particles up to a content of
0.66 vol.%. The composite with a higher content
(1.11 vol.%) shows a decreasing hardness, strength and
ductility (Table 32). A change to inter-granular fracture as
the predominant mode seems to be responsible for this
effect.

Magnesium powder of 98.5% purity and yttria nano-
powder with a particle size between 30 and 50 nm were
used to produce two composites with yttria concentrations
of 0.5 and 2.0 wt%, respectively [35]. The powders were
blended for 1 h and compacted to billets with a pressure of
97 bar. After a microwave sintering process, the billets
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Table 31 Density, porosity and grain size of yttria reinforced magnesium [34]

Material Yttria content (wt%) Density (g/cm3) Porosity (%) Grain size (um)
Theor. Exp.

Mg/0.00Y,03 - 1.74 1.7397 £ 0.0009 0.02 49 £ 8

Mg/0.22Y,0;3 0.6 1.7472 1.7472 £ 0.0029 0.00 10£1

Mg/0.66Y,03 1.9 1.7616 1.7598 £ 0.0015 0.10 6+ 1

Mg/1.11Y,05 3.1 1.7763 1.7730 £+ 0.0036 0.19 6+2

Table 32 Mechanical properties of yttria reinforced magnesium [34]

Material Hardness 0.2 YS (MPa) UTS (MPa) Ductility (%) Work of fracture (J/m®)
Macro (15 HRT) Micro (HV)

Mg/0.00Y,03 37+1 40 £ 0 97 £2 173 £ 1 74 £0.2 11.1 £ 0.3

Mg/0.22Y,0;3 56 £ 1 51+0 218 £ 2 277 £ 5 127+ 13 29.6 £ 3.5

Mg/0.66Y,05 58 +£0 56 £ 0 312+ 4 318 £ 2 69+ 1.6 18.2 £ 4.7

Mg/1.11Y,05 49 +£0 5241 - 205+ 3 1.7 £ 0.5 1.9 +£0.7

were hot extruded at a temperature of 350 °C. For the
purposes of comparison, pure magnesium was also pro-
cessed. A microstructural characterisation was performed
and the results are given in Table 33. Mechanical tests and
thermal expansion measurements were performed and the
results are given in Table 34.

The reduction of CTE can be attributed to the low CTE
of yttria (7.6 x 107® K™") and a good bonding between
particles and the matrix. With an increasing amount of
yttria 0.2 YS, UTS and ductility also increases. The duc-
tility increase is attributed to activation of non-basal slip
systems and the tendency of yttria nanoparticles to enhance
cross-slip of dislocations. The same materials were inves-
tigated to determine the extrusion ratio and its influence on

Table 33 Density, porosity and grain size of yttria reinforced Mg [35]

the mechanical properties [36]. Pure magnesium and
2 wt% nano-yttria reinforced magnesium was extruded
with ratios of 12:1, 19:1 and 25:1, respectively. With
increasing ratios the density increases, due to a decrease in
porosity. The microhardness tests revealed an increase in
hardness with increasing ratio. This is attributed to an
improvement in yttria distribution, decreasing grain size
and reduction of porosity. Both materials show an increase
in yield strength and ultimate strength with increasing
extrusion ratio. Both effects are also attributed to the grain
size reduction and the decrease of porosity.

Turnings of pure magnesium and yttria particles with a
size between 32 and 36 nm were used to produce a com-
posite material using the DMD technique and with the

Material Yttria content (vol.%) Density (g/cm3) Porosity (%) Grain size (pm)
Mg - 1.74 £ 0.01 0.13 20 +£ 3
Mg/0.5Y,04 0.17 1.73 £ 0.01 0.87 19+£3
Mg/2.0Y,04 0.7 1.76 £+ 0.01 0.35 18+3

Table 34 Mechanical properties and CTE of yttria reinforced Mg [35]

Material 0.2 YS (MPa) UTS (MPa) Ductility (%) Work of fracture (MJ/m3) CTE (1076K71) Microhardness (HV)
Mg 134 £ 7 193 +£1 75+£25 129 £ 4.8 28.2 £ 0.0 37 £20
Mg/0.5Y,0; 144 £ 2 214 + 4 8.0 +2.8 16.6 £ 4.2 21.3 £ 0.1 38 +£04
Mg/2.0Y,0; 157 £ 10 244 £+ 1 8.6+ 1.2 21.8 £ 3.1 20.8 £ 0.6 45 +2.0
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Table 35 Morphology, density, mechanical properties and CTE of magnesium and yttria containing composites [37]

Material (4vol.%) Grain size (um) Density (g/cm?®) 0.2 YS (MPa) UTS (MPa) Ductility (%) CTE (107° K™
Mg 159 4+ 3.8 1.738 £ 0.010 126 + 7 192 £ 5 8.0 + 1.6 28.73 + 0.59
Mg/0.5Y,05 16.2 & 3.6 1.742 + 0.008 141 + 1 223 +5 85+ 1.6 27.81 + 0.36
Mg/1.0Y,0; 122 4+ 4.0 1.743 + 0.002 151+ 5 222 + 4 6.8 £0.5 27.02 + 0.75
Mg/2.0Y,0; 115 £32 1,749 + 0.003 162 + 10 227 + 11 7.0 £ 0.5 26.82 + 0.46

unreinforced material as well [37]. The ingots obtained
were turned and then hot extruded at 350 °C. The smaller
grain size with increasing yttria concentration is attributed
to grain boundary pinning, which prevents grain growth
during extrusion (Table 35).

Orowan strengthening and dislocation generation due to
the large CTE mismatch between yttria particles and the
magnesium matrix are attributed to be the main contrib-
uting factors for the increase in yield strength. In another
study the same materials were fatigue tested [38]. It was
found that with an increasing amount of yttria nanoparti-
cles the fatigue life of a specimen increases and hardening
during fatigue is attributed to the interaction between the
particles and dislocations.

For the evaluation of high-temperature strength and
hardness, pure magnesium powder with a size of
60-300 pm was blended for 1 h with 2 wt% yttria powder
with a size of 30-50 nm [39]. The mixture was subse-
quently cold compacted under a pressure of 97 bar and the
resulting cylindrical billets were sintered at 640 °C. The
sintered billets were hot extruded at 350 °C with an
extrusion ratio of 25. Pure magnesium rods were prepared
the same way for comparison. Both materials were tested
in terms of tensile strength and hardness at temperatures of
25, 100, 150, 200 and 250 °C. Metallographic investigation
of the composite material shows a relatively good distri-
bution of the nanoparticles and only a few clusters and
nano-pores. The grain sizes of the pure magnesium and the
composite are 20 & 3 and 18 £ 3 pm, respectively, which
is only an insignificant variation. XRD studies were per-
formed with both materials in the ‘as produced’ state and
after hot deformation at 250 °C. The absence of MgO
peaks shows that there is no decomposition of Y,03 during
the processing or the high-temperature tensile testing. The
significant reduction of the intensity of the (0002) peak in
the composite, compared to the monolithic magnesium, is
assumed to be due to the rotation of basal planes, prefer-
entially in the [10-11] direction. The composite material
would exhibit a stronger basal texture compared to the
magnesium, which could be the reason for its higher yield
strength (see Fig. 12). Basal slip is limited.

At all temperatures, the hardness measurements
revealed a higher hardness in the composite material

@ Springer

compared to pure magnesium (see Fig. 13). With increas-
ing test temperature, the hardness decreases in both cases.
This is attributed to the softening effect of higher temper-
atures, due to thermal expansion.
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Fig. 12 Temperature dependence of UTS and YS of magnesium and
the magnesium/yttria composite (after [39])
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Carbon nanotubes (CNT)

In recent years, CNT or multi-walled carbon nanotubes
(MWCNT) have become popular for reinforcing metals
and even polymers. These nanotubes show extremely high
mechanical properties and flexibility as well as a high
Young’s modulus. Their small size reduces the possibility
of thermal mismatch-induced dislocation generation at the
matrix/tube interface, which is seen as a further advantage.
MWCNTs were introduced into the surface of an AZ31
alloy by friction stir processing (FSP) to modify the surface
[40]. The tubes have a length of 250 nm and an outer
diameter of 20-50 nm and were combined with an AZ31
plate of 6 mm thickness. A groove was cut into the sheet
and filled with nanotubes before the FSP was performed. It
could be shown that the MWCNTs are dispersed randomly
into the matrix. The best distribution was achieved at a
speed of 25 mm/min and a rotation speed of 1500 r/min.
Grain refinement was promoted in the reinforced areas. The
hardness of maximum 78 HV is attributed to the nanotubes
and to the grain refinement. Hardness of unreinforced
AZ31 in the as-received state and after FSP state was
41 HV and 55 HV, respectively.

The DMD technique was used to produce composite
material of pure magnesium reinforced with 0.3, 1.3, 1.6

and 2 wt% of carbon nanotubes [41]. The process has
already been described. For the purposes of comparison,
pure magnesium was processed in the same way. Follow-
ing DMD, the ingots were hot extruded at 350 °C with an
extrusion ratio of 20.25. A slight increase in hardness is
measurable with low amounts of CNT (Table 36). The
hardness drops from amounts of 1.3% and above. Yield,
tensile strength and ductility show the highest values at
1.3 wt% CNT. The activation of further slip planes is
attributed as responsible for this higher ductility.

A comparative study of CNT-reinforced magnesium
produced using a PM and a liquid metallurgical (LM)
technique is performed in [42]. For the liquid process,
magnesium turnings of 99.9% purity and CNT with an
average diameter of 20 nm were cast using the DMD
technique and subsequently hot extruded at 350 °C. For the
powder technique, magnesium powder was mixed with
0.3 wt% nanotubes for 10 h and compacted to billets. After
sintering for 2 h, the billets were also hot extruded at a
temperature of 350 °C. For comparison, both materials
were processed without nanotubes, too. It can be seen in
Table 37 that the reduction of CTE in the PM composite is
more significant compared to the liquid processed. Yield
and tensile strength of the PM processed composite is
higher compared to the LM material. The authors attribute

Table 36 Density, macrohardness and mechanical properties of CNT reinforced magnesium [41]

Material CNT (wt%) Density (g/cm3 ) Macrohardness (HR15T) 0.2 YS (MPa) UTS (MPa) Elongation (%)
Mg (99.9%) - 1.738 £ 0.010 45 £ 1 126 £ 7 192 £ 5 8.0+ 1.6
Mg-0.3 wt% CNT 0.3 1.731 £ 0.005 48 £1 128 £ 6 194 £ 9 127 £ 2.0
Mg—1.3 wt% CNT 1.3 1.730 £ 0.009 46 £ 1 140 £ 2 210 £ 4 13.5 £ 2.7
Mg-1.6 wt% CNT 1.6 1.731 £ 0.003 42 +1 121 £5 200 £ 3 122 + 1.7
Mg-2.0 wt% CNT 2.0 1.728 + 0.001 39+ 1 122 £ 7 198 + 8 77+ 1.0

Table 37 Density, CTE and mechanical properties of liquid (LM) and powder metallurgical (PM) processed nanocomposites [42]

Material Density (g/cm’®) CTE (1079 K™Y 0.2 YS (MPa) UTS (MPa) Elongation (%)
Mg (99.5%) LM 1.738 £ 0.010 28.73 4 0.59 126 + 7 19245 8.0+ 1.6
Mg-0.25 wt% CNT LM 1.731 £ 0.005 27.82 4+ 0.22 128 + 6 194 + 9 127 £ 2.0
Mg (98.5%) PM 1.738 £ 0.001 28.56 + 0.28 12745 205 + 4 9.0+ 2.0
Mg—0.3 wt% CNT PM 1.736 + 0.001 25.90 + 0.93 146 £ 5 210+ 6 8.0+ 1.0

Table 38 Density, Young’s modulus and mechanical properties of MWCNT-reinforced magnesium alloy AZ91 [43]

Material Density (g/cm3) E (GPa) 0.2 YS (MPa) UTS (MPa) Elongation (%)
AZ91D 1.80 £ 0.007 40 + 2 232 + 6 315+ 5 14+3
AZ91D-0.5CNT 1.82 £ 0.008 43+ 3 281 £ 6 383 £ 7 6+2
AZ91D-1CNT 1.83 £ 0.006 49+ 3 295 £ 5 388 £ 11 5+2
AZ91D-3CNT 1.84 + 0.005 51+3 284 £ 6 361 £9 342
AZ91D-5CNT 1.86 + 0.003 51 +4 277 £ 4 307 £ 10 1+05
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this result to the higher amount of MgO in the original
material for the powder route, which was found in XRD
analysis. Additional MgO is assumed to give a further
strengthening effect to that of the CNT. In the case of the
liquid processed composite, ductility was improved when
compared to the unreinforced magnesium, whereas it is
reduced slightly in the powder version.

Again a PM method was chosen to produce an AZ91-
based CNT composite [43]. AZ91 powder with a diameter
of 100 pm and MWCNT with a length of approx. 5 pm
were physically blended and subsequently hot pressed. The
amount of MWCNT in the composites is 0.5, 1, 3 and
5 wt%, respectively. The resulting material was hot
extruded at 450 °C with an extrusion ratio of 9:1. Young’s
modulus and density increase with increasing amounts of
nanotubes in the same way as the ductility reduces
(Table 38). Yield and ultimate tensile strength show a
maximum at an amount of approximately 1 wt% MWCNT
addition.
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