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Abstract

The plastic behaviour at room temperature of magnesium and magnesium metal matrix composites reinforced with yttria particles of two sizes
is studied. All the materials are produced by powder metallurgy. During extrusion both the unreinforced magnesium and the composites develop a
fibre texture with the {1 0 T 0} planes perpendicular to the extrusion direction. The fibre intensity decreases as the volume fraction of yttria particles
increases. A tension/compression asymmetry is observed. The extrusion texture prevents deformation by the basal slip system in both tension
and compression. Deformation in the {1012}(101 1) twinning system is only possible in compression. As the volume fraction of yttria particles
increases, the texture becomes more random and the tension/compression asymmetry tends to decrease and is eventually reversed. The composites
reinforced with the smallest ceramic particles present the highest yield stress.
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1. Introduction

Magnesium alloys present great potential as structural mate-
rials in the aerospace and automobile industries, mainly because
of their low density and high specific strength. However, due to
their rapid loss of strength at temperatures above room tem-
perature and their poor creep resistance at high temperatures,
magnesium alloys are rarely used above 200 °C. The addition
of stiffer phases such as ceramic or metallic particles [1-9],
ceramic short-fibres [10—15] or carbon fibres [16—18] to mag-
nesium alloys improves their high temperature creep resistance
and leads to an increase in their tensile strength, Young’s mod-
ulus, hardness (particularly at room temperature) and wear
resistance.

An important aspect of magnesium alloys is their anisotropy.
The mechanical properties of these materials are strongly depen-
dent on their texture, especially at low temperature. Wrought
magnesium alloys develop a strong texture with the basal plane
perpendicular to the deformation direction [19-21], and their
mechanical properties thus depend not only on the stress direc-
tion but also on the stress sign (tension or compression) [21].
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The tension/compression asymmetry at room temperature is a
well-known phenomenon in wrought magnesium alloys and is
related to their texture, which determines the slip and twinning
systems controlling plastic flow. The systems most easily acti-
vated at room temperature are (000 1)(1120) basal slip and
{1012}(101 1) twinning [22-27]. However, the basal slip sys-
tem is inhibited when the material is deformed in the extrusion
or rolling direction and the {1012}(101 1) twinning system is
active in compression but not in tension.

The addition of ceramic reinforcement reduces the intensity
of the crystallographic texture created during deformation pro-
cessing because of the complex deformation pattern around the
hard ceramic particles [28-30]. It has recently been observed
that the addition of ceramic particles induces a decrease in the
{1010} fibre texture developed during extrusion and thus a
decrease in the tension/compression asymmetry when the com-
posite is deformed in the extrusion direction [31].

The present study has been carried out to investigate the
deformation behaviour of magnesium metal matrix composites
reinforced with Y,03 ceramic particles of two different sizes.
Tension and compression tests have been performed to correlate
mechanical anistropy with texture, quantifying the contribu-
tions of basal slip and pyramidal {10 12}(1 01 1) twinning. For
comparative purposes, unreinforced magnesium has also been
studied.
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2. Experimental procedure

Commercial magnesium powders of less than 45 pm in size
were blended with 5, 10, 15 and 20% volume of Y,Oj3 particles
of two different sizes: 6 and <1 wm. Blend homogenisation was
conducted in a high speed impeller at 110 rpm for 4 h in an air
atmosphere. After homogenisation the powders were cold com-
pacted by slowly increasing the pressure up to 310 MPa. Com-
pacts of 40 mm in diameter were extruded at 400 °C employing
an extrusion ratio of 18:1.

Microstructural characterisation of the composites was
carried out by X-ray diffraction and optical and electron
microscopy. Metallographic preparation for SEM observation
consisted of mechanical polishing and etching in a solution of 5 g
of picric acid, 5 ml of water and 25 ml of ethanol. X-ray diffrac-
tion was used for texture measurements. Texture analysis was
performed by the Schulz reflection method, using a SIEMENS
TM Kristalloflex D5000 diffractometer equipped with a Eulerian
cradle. The X-radiation used was B-filtered Cu Ka. The orienta-
tion distribution functions (ODFs) were computed from the mea-
surement of (0002), {1011}, {1012}, {1013}and{1120}
pole figures by the series expansion method. The reference
system was selected with the Z-axis parallel to the extrusion
direction.

Young’s modulus and Poisson ratio measurements were car-
ried out by ultrasonic phase spectroscopy. The frequency range
used in the experiments was between 10 kHz and 10 GHz.

Hardness and tensile and compressive tests were carried out
to evaluate the mechanical properties of the unreinforced magne-
sium and the composites. Vickers hardness measurements were
performed by applying 49.05N for 155 in the extrusion and
normal directions. Cylindrical samples (head diameter 6 mm,
curvature radius 3 mm, gauge diameter 3 mm and gauge length
10mm) for tensile tests and cylinders (diameter 7.5 mm and
length 15 mm) for compressive tests were machined from the
extruded bar with the longer dimension parallel to the extru-
sion direction. Tensile and compressive tests were performed in
a universal tensile machine with constant cross-head speed at
an initial strain rate of 10~%s~! at room temperature. BN was
used as lubricant in the compressive tests in order to prevent
barrelling.

Table 1

Grain size of unreinforced magnesium and composites

Y,03 (%) D<1pm D=6 pm

5 299 £ 0.1 249 £ 0.1
10 1.67 £ 0.07 1.93 £ 0.07
15 1.23 £ 0.03 1.24 £ 0.03
20 1.17 £ 0.04 1.16 £ 0.03
Mg 7.14+1.03

3. Results

3.1. Microstructural characterisation

The microstructure of the original magnesium powders
(Fig. 1(a)) experiences substantial grain growth during the sub-
sequent extrusion process (Fig. 1(b)). Grains are elongated in
the extrusion direction and the grain size is heterogeneous. Dur-
ing extrusion the oxide layer covering the original powder is
broken and small oxide particles appear decorating the particle
boundaries.

Fig. 2(a-h) shows the microstructure of the composites. The
white and grey phases correspond to the yttria particles and
magnesium matrix, respectively. The yttria particle distribution
depends on the particle size and volume fraction. Progressive
agglomeration of the yttria particles occurs as the reinforce-
ment volume fraction increases. This phenomenon is especially
noticed with particles smaller than 1 pm.

Table 1 presents the grain size values recorded for unrein-
forced magnesium and the composites by image analysis. As is
common in composite materials, the grain size decreases as the
ceramic particle volume fraction rises. Since yttria and magnesia
particles act as nucleation sites for recrystallised grains during
extrusion, the volume fraction of recrystallised grains also rises
when the reinforcement volume fraction is increased. It is inter-
esting to note the negligible influence of the yttria particle size
on the composite grain size.

Texture is evaluated to determine the effect of the yttria
particle size and volume fraction on the grain orientation.
For comparative purposes the extruded pure magnesium was

Fig. 1. Micrographs showing the grain structure distribution of: (a) magnesium powder and (b) unreinforced magnesium after extrusion at 400 °C.
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Fig. 2. Composite microstructure in the extrusion direction: (a) Mg—5% Y,03 (<1 pm); (b) Mg—5% Y>03 (6 pum); (c) Mg-10% Y203 (<1 wm); (d) Mg-10% Y,03
(6 pm); () Mg—15% Y203 (<1 pm); (f) Mg—15% Y203 (6 pm); (g) Mg—20% Y203 (<1 pwm); (h) Mg—20% Y,03 (6 pum). The white and dark phases correspond to

the reinforcement and matrix, respectively.

also studied. All the materials show the typical extrusion tex-
ture of magnesium alloys with the basal plane parallel to the
extrusion direction. Fig. 3(a and b) shows the intensity of the
(0002) and (1010) pole figures as a function of the polar
angle. Although the texture is similar in all the materials, the
fibre intensity decreases as the reinforcement volume fraction
increases.

3.2. Mechanical characterisation

Fig. 4 shows the Young modulus values measured in the extru-
sion direction. The Young modulus increases with the ceramic
particle volume fraction. The Poisson ratio was also measured
and is seen to remain constant (around 0.31) irrespective of the
yttria addition.
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Fig. 3. Pole figure intensity of: (a) {10 10} and (b) {0002} planes as a function
of the polar angle (©).

Fig. 5 plots the evolution of hardness, which increases linearly
with the yttria particle volume fraction. Hardness values are
similar for both reinforcement particle sizes; except in the case
of magnesium reinforced with 20% of yttria particles, where the
hardness is lower with <1 wm particles than with 6 wm particles.

Fig. 6(a) shows tensile and compressive curves for unrein-
forced magnesium and the composites reinforced with 10 and
20% (vol.%) of 6 m yttria particles. Fig. 6(b) also summarises
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Fig. 4. Young modulus of unreinforced magnesium and composites. The data
are compared with the Reuss and Eshelby models.
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Fig. 5. Composite hardness evolution as a function of yttria volume fraction.

the yield stress values obtained in tensile and compressive tests
as a function of the yttria particle size and volume fraction.
Table 2 shows the elongation to failure (in tension) of the unre-
inforced magnesium and the composites. In tensile behaviour,
yield stress and elongation to failure decrease continuously as
the volume fraction of yttria particles rises. Furthermore, the
Mg—-20% Y,03 with submicron yttria particles failed in the elas-
tic regime, preventing the determination of yield and ultimate
tensile stresses. The yield stress of the composite reinforced
with <1 pwm particles is always higher than that of the composite
reinforced with coarser yttria particles.

In compression, plastic behaviour is completely different and
yield stress increases with the yttria volume fraction. Similarly
to the case of tension, the yield stress is higher with submi-
crometric yttria particles, except for the composite reinforced
with a 20% volume fraction of submicron yttria particles. With
unreinforced magnesium, the stress reaches a maximum close
to the yield stress and then decreases to a minimum at a strain
of around 2.5%. After this minimum, strain hardening increases
again constantly up to fracture. As the ceramic particle volume
fraction increases, work hardening decreases as compared to the
unreinforced magnesium, as can be seen in Fig. 6(a).

Finally, a tension/compression asymmetry is clearly observed
with both unreinforced and reinforced materials (Fig. 6). This
effect is common in magnesium alloys where tension is always
stronger than compression. However, the asymmetry ratio for the
composites, defined as o(y 5 /0§ %", decreases as the yttria volume
fraction drops (Fig. 7). For yttria volume fractions of more than
15%, the yield stress is higher in compression than in tension.

Table 2

Elongation to failure of unreinforced magnesium and composites

Y203 (%) D<1pm (%) D=6 pm (%)
5 4 35

10 2 1.8

15 1 1.1

20 0 0.2

Mg 3
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Fig. 6. (a) Tensile and compressive stress—strain curves for extruded magnesium and composites with a particle volume fraction of: (a) 5% and (b) 10% (particle
size 6 um). (b) Yield stress and maximum strength of extruded magnesium and composites for tension and compression.

In the entire reinforcement volume fraction range, except for
the Mg-20% Y,O3 composite, the fracture surface of tensile
tested samples at room temperature shows ductile transgranular
failure through the magnesium matrix (Fig. 8(a)) and a large
amount of microvoids in the magnesium matrix is observed. In
contrast, with the Mg-20% Y,0O3 composite the fracture occurs
in the elastic regime and is caused by the presence of yttria
agglomerates (Fig. 8(b)).
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Fig.7. Asymmetry ratio, o3 /o¢%", for unreinforced magnesium and composite
materials.

4. Discussion

Although the unreinforced and composite materials develop
qualitatively similar deformation textures in the matrix, the
intensity of the fibre texture intensity varies with yttria volume
fraction. This phenomenon has also been reported for aluminium
matrix composites [28-30]. It is suggested that particle stim-
ulated nucleation for recrystallisation (PSN) at the Y,03-Mg
interfaces may be responsible for a certain randomisation of
texture in the composite matrix grains. The occurrence of this
phenomenon agrees with the more equiaxed grain structure and
the smaller grain size of these composites compared to the unre-
inforced alloy. In fact, the progressive increase in the volume
fraction of yttria particles may inhibit the development of the
strong {1010} fibre texture.

The Young modulus increases with the ceramic particle vol-
ume fraction. Fig. 4 shows the evolution of Young modulus
with yttria volume fraction. For comparison, the elastic mod-
ulus of the composite materials is calculated according to the
Reuss and Eshelby models [32], with the elastic modulus and
Poisson ratio of magnesium and yttria given as Ene =44.7 GPa,
Mg =0.35 and Eyyia = 177 GPa, vyyia =0.30, respectively [1].
The Reuss model underestimates the measured Young modulus
values while the Eshelby model agrees fairly well with the exper-
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Fig. 8. Fracture surface of: (a) unreinforced magnesium and (b) Mg—20% Y, 03
(<1 wm). The white arrow points to an yttria agglomeration that causes brittle
fracture.

imental data obtained for the extruded Mg—Y»>O3 composites in
this work.

As mentioned in Section 3, the addition of a hard ceramic
phase to the magnesium matrix produces an increase in hardness.
Magnesium is a very anisotropic material and its mechanical
properties depend strongly on its texture. This anisotropy is
also reflected in the hardness values of the unreinforced mag-
nesium, which is stronger in the extrusion direction than in the
transversal direction (Fig. 5). These differences between the two
directions tend to disappear as the ceramic particle volume frac-
tion increases. This asymmetry is also clearly observed in the
tensile/compressive tests.

In tension the composite yield stress decreases with the
ceramic particle volume fraction irrespective of the ceramic
particle size. At room temperature, basal slip is the only slip sys-
tem in the magnesium. For the unreinforced magnesium, which
develops a strong {1 010} fibre texture, the basal slip system is
inhibited in most of the grains when the material is deformed
in the extrusion direction. Thus, the more intense the {1 01_0}
fibre texture, the higher the yield stress. This explains the higher
yield stress observed in unreinforced magnesium than in the
composite materials. As the volume fraction increases, the tex-
ture continuously decreases and there are more grains favourably
oriented for basal slip.

On the other hand, in contrast to this tensile behaviour,
the composite yield stress in compression increases with
the ceramic particle volume fraction. In compression, twin-
ning in the {1012}(1011) system takes place and the
unreinforced magnesium and composites with a low yttria
volume fraction yield at a lower stress than in tension
[22-24].

The increase in work hardening in unreinforced magne-
sium during compression arises as a consequence of twin-
ning. There are some explanations which can rationalize this
effects: (i) twinning introduces additional barriers to dislocation
movements [33] which are equivalent to a grain size reduc-
tion, (ii) {1012}(1011) twinning in magnesium induces a
lattice reorientation which is also not good oriented for basal
slip [19,26] and (iii) the transformation of dislocations as they
pass trough the twinning front can lead to the establishment
of high hardening rates within the twin interior [34]. Recent
results [27] have shown that reasons (ii) and (iii) are proba-
bly the main reasons for the high degree of hardening due to
twinning.

As the yttria volume fraction increases, work hardening dur-
ing compression decreases. Barnett et al. have observed in mag-
nesium alloys that for fine grains twinning is inhibited [27].
Furthermore, as the composite texture becomes random for a
higher reinforcement volume fraction, plastic deformation pro-
ceeds progressively by dislocation slip. Therefore, the decrease
in the dislocation—twinning interaction leads to a decrease in
work hardening.

The contribution of the presence of yttria particles to yield
stress is due to a number of different mechanisms:

- Orowan mechanism: The interaction between dislocations and
fine particles results in an increase in yield stress. However,
this mechanism is only effective in the case of ODS materials
when the second phase particles are mainly located within
grains. In the studied composites, the ceramic particles are
mainly located at the grain boundaries and the reinforcement
effect due to the Orowan mechanism will therefore be minor.
It is also interesting to note that the particles are too coarse to
contribute to the Orowan mechanism, even if the particles are
not at the grain boundaries.

- CTE mismatch: Dislocations are created from the relaxation
of the thermal expansion mismatch between the matrix and
the reinforcement particles and may cause an increase in the
yield stress which is expressed as:

o°TE = AMGb./p, 1)

where M =6.5 [35] is the mean matrix orientation factor for
magnesium and the constant A=0.2 characterises the trans-
parency of the dislocation forest for basal-basal dislocations
in magnesium at room temperature [36]. The Burgers vector
and the shear modulus are taken as b=3.21 x 107'm and
G =16.6 Gpa[37], respectively. The dislocation density can be
estimated by assuming that dislocation loops of radius d/~/2
are punched by spherical particles with a volume fraction fto



G. Garcés et al. / Materials Science and Engineering A 419 (2006) 357-364 363

250
200 +
. =" (<1 um)
nc? 150 1 GCTE (6 um)
=3 —a— " (<1 um)
@« 4
2 100 —v—0'" (6 um)
[
50 1 ///"'
O T T T ¥ T

T T
0.00 0.05 0.10 0.15 0.20 0.25
Volume fraction (%)

Fig. 9. Evolution of stress due to grain refinement (oyp) and increases in dis-
location density because of differences in CTE between the matrix and ceramic
particles (ocTE) as a function of the yttria volume fraction and particle size.

relax the thermal expansion coefficients A [1]:

ot 12V2AaATS
~ bd(1 - f)

The average thermal expansion coefficients of pure magne-
sium and yttria are 2.7 x 107> and 7.5 x 107 K~!, respec-
tively. Taking AT=250K (corresponding to the stress-free
homologous temperature of 0.6), Fig. 9 shows the increment
of the yield stress due to the presence of dislocations produced
by the difference between the thermal expansion coefficients
of the matrix and the yttria particles. oCTE increases with the
ceramic particle volume fraction and with the decrease in parti-
cle size. This would explain the higher yield stresses observed
in the composites reinforced with submicrometric yttria par-
ticles.

- Grain size refinement: As the ceramic volume fraction
rises, the composite grain size diminishes (Table 1), causing
strengthening by the Hall-Petch mechanism. The particles
control the grain size in the metal matrix composites since
they prevent grain growth. This fact has clearly been observed
in the microstructure of the composites, where the ceramic
particles are located at the grain boundaries. The Hall-Petch
relation is described by [38]:

@

K
o = oy + —, 3)

75
where o is the friction stress, D the grain size and K is a
constant. For pure magnesium, the K value depends on the
stress direction, i.e. tension or compression [39,40]. We have
used K=0.22MPam~!2 obtained for hot extruded Mg by
Hauser et al. [39]. Fig. 9 shows the grain size contribution to
the composite strength obtained from Eq. (3) using experi-
mental composite grain size values (Table 1). Since no grain
size differences were observed between the two yttria particle
sizes, similar o"¥ values have been predicted by Eq. (3).

- Residual stresses: In composite materials, the presence of
residual stress due to differences between the thermal expan-
sion coefficients of the ceramic particles and the metallic
matrix has been reported. The matrix remains in tension and
the reinforced phase in compression. In aluminium matrix

composites, the yield stress is higher in tension than in com-
pression (strength differential effect) [41]. This fact may
explain the tension/compression asymmetry evolution for
higher ceramic particle volume fractions (Fig. 6(b)). When
the texture is random, its contribution to the composite yield
stress disappears and the residual stresses seem to induce a
higher yield stress in compression than in tension.

It is possible to conclude from the tension and compression
results that the yield stress in the extruded magnesium compos-
ites has three main contributions: the strong extrusion texture,
grain refinement and the increases in dislocation density due to
CTE mismatch between the matrix and the ceramic particles.

In tension and compression, the texture contribution
decreases progressively with the yttria volume fraction due to the
decrease in the {1010} fibre intensity. However, the negative
slope is steeper in tension than in compression, because in com-
pression at least twinning is possible. On the other hand, the
reinforcement effect due to grain refinement and the increase
in dislocation density may be assumed to be similar in both
tension and compression and to increase with the ceramic vol-
ume fraction (Fig. 9). Taking into account the three effects, the
yield stress general tendency is the reverse in tension to in com-
pression, i.e. decreases in tension and increases in compression,
and for higher ceramic particle volume fractions the composites
become stronger in compression than in tension.

5. Conclusions

The effect of the addition of hard ceramic particles on the
microstructure and mechanical properties of pure magnesium
has been investigated. The following conclusions may be drawn:

1. The ceramic particles are more homogeneously distributed
at lower volume fractions. In the case of higher volume frac-
tions, the occurrence of particle agglomeration results in
catastrophic mechanical failure.

2. The materials develop a fibre texture, with the {1 0 1 0} planes
perpendicular to the extrusion direction, whose intensity
decreases as the volume fraction of yttria particles rises. The
texture intensity determines the mechanical behaviour of the
materials.

3. The yield stress of the extruded magnesium composites is
comprised of three contributions: a strong extrusion tex-
ture; grain refinement; and an increase in the dislocation
density due to CTE mismatch between the matrix and the
ceramic particles. The predominant contribution of texture
to the strength results in tensile yielding at higher stresses
for the non-reinforced material. As the ceramic volume frac-
tion increases, the texture becomes random and this effect
tends to disappear.

4. As the reinforcement volume fraction increases, the refine-
ment of grain size and increases in the dislocation density due
to CTE mismatch come to control the composite strength. In
fact, for higher yttria volume fraction increases, the asym-
metry between tension and compression is reversed.
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