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Abstract

The Mg micropowders were atomised with argon. Various ceramic and carbon nano-
particles were generated by laser-induced gas phase reaction in a flow reactor. The Mg powders
were mixed or ball milled with nanoscaled particles and hot extruded. The deformation be-
haviour of the nanocomposites was investigated by tensile or compression tests at different
temperatures at a constant initial strain rate. The test temperature significantly influences
the flow stress. The damping was measured as the logarithmic decrement of the free decay of
the vibrating beam of the composite. The volume fraction and the kind of the reinforcement
influence the value of the logarithmic decrement and its strain amplitude dependence. A high

damping is observed.
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1. Introduction

Magnesium alloys have the lowest density of metal-
lic materials, which can be considered for many struc-
tural applications. Owing to their low density they
exhibit a high specific strength (the strength/density
ratio) and a high specific stiffness. However, the yield
stress and tensile strength of magnesium alloys are
very sensitive to temperature [1-5]. The strength of
magnesium alloys can be improved by solid solution
hardening, precipitation and dispersion strengthening
[6]. Grain size refinement methods have been success-
fully used in the attempt to increase the strength
of magnesium alloys [7-10]. An increase of the yield
stress oy with decreasing grain size d may be described
by the Hall-Petch relationship [11, 12]

oy = oo + kyd™ /2, (1)

where 0¢ and k&, are constants. The elongation to frac-
ture in Mg alloys increases with decreasing grain size.
The Hall-Petch relationship in some nanocrystalline
Mg alloys is not valid below a certain grain size [10].
Deformation mechanisms may change with a decrease
in grain size. Thus, grain boundary sliding is the de-

formation mechanism of nanocrystalline magnesium
deformed in compression at room temperature [13].
On the other side, Suryanarayana [14] claimed that
ultrafine-grained materials, with grain sizes between
100 and 1000 nm, have the greatest potential for in-
dustrial applications.

The addition of reinforcement, fibres and/or par-
ticulates, increases the strength of Mg and its alloys.
Mechanical properties of Mg composites are strongly
dependent on the type, size and distribution of rein-
forcements [15, 16]. The microstructure of Mg-based
composites is sensitive to thermo-mechanical treat-
ments, thermal cycling and changes in temperature.
Internal thermal stresses may be generated and they
influence not only the mechanical properties but also
physical properties such as the coefficient of thermal
expansion and damping [17].

It is expected that new promising materials may
be produced when nanosized ceramic particles are ad-
ded and distributed in Mg matrices with fine or ul-
trafine grains. These Mg-based nanocomposites may
be fabricated by mixing and co-milling of microscaled
metal powder with nanoscaled particles followed by
hot consolidations [18, 19] or by friction stir processing
[20]. Very recently we have presented the influence of
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ceramic nanoparticles and graphite on the mechani-
cal properties of microcrystalline and ultrafine-grained
magnesium [21, 22]. The composites have low dens-
ity and a relatively high strength and damping. The
damping behaviour may be determined using reson-
ant experiments when the decay of free vibrations of
the system is measured after excitation [23]. The log-
arithmic decrement §, which expresses the reduction
in amplitude of a freely decaying system during one
cycle, is defined as

d= ln(An/An+l)7 (2)

where A, and A,,;1 are the amplitudes of a free decay
of vibrations after n cycles and (n + 1) cycles, respec-
tively. Measurement of ¢ at low strains (stresses) is
a sensitive method determining the microstructure of
the material and changes in the microstructure.

Based on a literature review, the aim of the present
paper is to explain the effect of the presence of dif-
ferent types of nanoparticles on the deformation and
damping behaviour of magnesium.

2. Materials and experimental procedure

Materials used in this study were ultrafine-grained
Mg (hereafter UFG-Mg), UFG-Mg reinforced with
3 vol.% of graphite, microcrystalline Mg (hereafter
w-Mg), pu-Mg with 1 and 3 vol.% of Al,Os nano-
particles, u-Mg reinforced with 3 vol.% of ZrO5 and
of SiC nanoparticles. The microscaled Mg powders
(with a median particle size of about 20 pm) were
prepared by gas atomisation of a high purity Mg melt
with argon atmosphere containing 1 % oxygen for
powder passivation. AloOs, ZrO5 and SiC powders
with a mean particle size of 14 nm were prepared by
evaporation with the pulsed radiation of a 1000 W
Nd: YAG laser and subsequent condensation of
the laser-induced vapour in a controlled aggrega-
tion gas. The preparation method of nanoparticles
is described elsewhere [18, 19]. Mg powders were
mixed with ceramic nanoparticles in an asymmet-
rically moved mixer for 8 h. The powder mix-
ture was then milled together for 1 h in a plan-
etary ball mill. The mixture was subsequently pre-
compacted, degassed and hot extruded at a tem-
perature of 350°C under a pressure of 150 MPa.
The grain size after extrusion was in the cross-
-section about 3 pm and in the extrusion direction
10 pm.

Ultrafine-grained Mg specimens were prepared by
ball milling procedure in an inert atmosphere and
subsequently consolidated and hot extruded. The Mg
powder was mixed with 3 vol.% of 99.9 % pure graph-
ite powder in an asymmetrically moving mixer for 8
h. The mixtures were then milled for 8 h at 200 rpm

in a planetary ball mill in a sealed argon atmosphere.
The preparation method of UFG-Mg reinforced with
graphite nanoparticles is described elsewhere [22, 24].
The mean grain size of specimens estimated using
transmission electron microscopy and X-ray line pro-
file analysis was about 200 nm.

Tensile tests were performed in an Instron testing
machine at temperatures between 20 and 300°C at a
constant crosshead speed giving an initial strain rate
of 6.2 x 107° s~!. Uniaxial compression tests were
carried out at a constant crosshead speed giving an
initial strain rate of 1.4 x 10=% s~!. The testing tem-
perature in a furnace was controlled to + 1 °C. Test-
ing specimens were machined from the extruded bars
with their symmetry axis parallel to the extrusion dir-
ection. The yield stress g2 was determined as the flow
stress at 0.2% strain and the maximum stress o, as
the maximum value of the flow stress. The elongation
to fracture was determined in the tensile tests.

Damping measurements were carried out on bend-
ing beams (81 mm long, 10 mm wide with thickness
of 4 mm) fixed at one end in a vacuum at room tem-
perature. Damping was measured as the logarithmic
decrement § of the vibrating beam. Measurements of
the strain amplitude dependences of the logarithmic
decrement are described elsewhere [25]. The specimens
were annealed step by step at increasing temperatures
for 0.5 h and after each annealing cycle quenched into
water at room temperature. The damping measure-
ments were performed immediately.

3. Experimental results and discussion

3.1. Mechanical properties and
deformation behaviour

Figure 1 shows the true stress-true strain curves
of ultrafine-grained magnesium deformed in compres-
sion [26]. Specimens were deformed either to fracture
or at higher temperatures to predetermined strains
(about 0.25), to which deformation can be considered
as homogeneous. A pronounced upper yield point fol-
lowed by softening and then by the hardening stage
was observed at the beginning of deformation at tem-
peratures between room temperature and 100°C. The
true stress-true strain curves measured at tempera-
tures higher than 100°C have a steady state character
— without hardening. Flow stress decreases very rap-
idly with increasing temperature. A high dislocation
density accumulated during preparation of specimens
by milling is partly recovered during consolidation and
hot extrusion. An upper yield point at the beginning
of deformation at lower temperatures is very prob-
ably caused by the avalanche release of dislocations
pinned at grain boundaries. At temperatures above
100°C, there is a dynamic balance between harden-
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Fig. 1. True stress-true strain curves obtained for ultrafine-
grained Mg.
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Fig. 2. True stress-true strain curves for ultrafine-grained
Mg reinforced with 3 vol.% of graphite nanoparticles.

ing and softening. Dislocations generated reach very
rapidly grain boundaries where their annihilation oc-
curs. The average grain size of about 100 nm means
that the volume fraction of the grain boundaries is
high. The grain boundaries serve as diffusion paths. A
temperature of 150°C (about 0.45 Ty, Ty, is the melt-
ing point) is relatively high. Therefore grain boundary
sliding can be expected.

Figure 2 shows the true stress-true strain curves
of UFG-Mg reinforced with 3 vol.% graphite nano-
particles deformed in compression [22]. It can be seen
that the flow stress decreases with an increase in the
testing temperature. At and above 100°C, the work
hardening rate decreases slowly with strain indicating
a softening process. The temperature dependences of
the yield stress (0g2) and maximum stress (omax) Ob-
tained for UFG-Mg and UFG-Mg + 3 vol.% Gr are
presented in Figs. 3 and 4, respectively.

Specimens of microcrystalline magnesium rein-
forced with ZrO5 and AlyO3 were deformed in ten-
sion [21]. The true stress-true strain curves have a
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Fig. 3. Temperature dependences of the yield stress for
ultrafine-grained Mg and ultrafine-grained Mg reinforced
with 3 vol.% of graphite nanoparticles.
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Fig. 4. Temperature dependences of the maximum stress
for ultrafine-grained Mg and ultrafine-grained Mg rein-
forced with 3 vol.% graphite nanoparticles.

similar shape as those for UFG-Mg reinforced with
graphite. At temperatures above 100°C, the work
hardening rate is close to zero; a dynamic balance
between hardening and softening. The flow stresses for
1-Mg+3n-Al;03 are higher than those for u-Mg+3n-
-ZrO5 at the same testing temperature. Figure 5 shows
the temperature variation of the yield stress for mi-
crocrystalline Mg reinforced with zirconia and alu-
mina nanoparticles. The difference in the yield stress
between both materials deformed at room tempera-
ture is about 100 MPa, whereas the differences in the
yield stress values at and above 200°C are small. On
the other hand, the elongation to failure of u-Mg+3n-
-ZrQOg is higher than that of u-Mg+3n-AlyOs. Similar
dependences of the yield stress on the testing tempe-
rature were observed for u-Mg and in u-Mg+1n-Al; O3
[27].

Recently, Ferkel and Mordike [28] have reported
the deformation behaviour of microcrystalline Mg re-



246 P. Lukdé, Z. Trojanovd / Kovove Mater. 44 2006 243-249

Table 1. Mechanical properties of Mg reinforced with nanoparticles (in vol.%)

Material d (pm) YS (MPa) UTS (MPa) er (%) References
Mg 60 £+ 10 132 193 4.2 29
Mg/0.22A1,03 61 £+ 18 169 232 6.5 29
Mg/0.66A1203 63 + 16 191 247 8.8 29
Mg/1.11A1,03 31 £ 13 194 250 6.9 29
Mg/1.1A1,03 (1.0 im) 1143 172 227 16.8 30
Mg/1.1A1,05 (0.3 1im) 114+4 182 237 12.1 30
Mg/1.1 Al,Os (50 nm) 31 +13 194 250 6.9 30, 31
Mg/1.1Y20s3 (29 nm) 1243 153 195 9.1 31
Mg/1.1.Zr05 (29-68 nm) 11+ 3 146 199 10.8 31
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£ 20 = 20,
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Fig. 5. Temperature dependence of the yield stress of mi-
crocrystalline Mg reinforced with 3 vol.% of ZrOs and
Al>O3 nanoparticles.

inforced with 3 vol.% SiC nanoparticles (with a me-
dian diameter of 30 nm). The values of the maximum
stress at room temperature and 100°C lie between the
values of the maximum stress obtained for y-Mg+3n-
-ZrO4 and p-Mg+3n-Al;O3. The values of the max-
imum stress of Mg+3n-SiC nanoparticles determined
at 200 and 300 °C are very close to those obtained for
1-Mg+3n-ZrOy and p-Mg+3n-Al;03. Very recently,
Hassan and Gupta [29] have reported the room tem-
perature mechanical properties of Mg reinforced with
0.22, 0.66 and 1.11 vol.% of Al;O3 nanoparticles (an
average size of 50 nm). The addition of 0.22, 0.66
and 1.11 Al,O3 nanoparticles to Mg leads to the yield
stress of 169, 191 and 194 MPa. Hassan and Gupta [30]
investigated effect of length scale of AlyO3 particles
on tensile properties of magnesium deformed at room
temperature. The yield stress increases with decreas-
ing particle size. Hassan and Gupta [31] have also
shown that the presence of 1.1 vol.% of different types
of nanoparticles (ZrOgz, Y203, Al;O3 — average size
of 29-68, 29, 50 nm, respectively) leads to a signi-
ficant increase in the yield stress and the maximum
stress. They found that Al,O3 particles were most ef-
fective in increasing strength while ZrO4 nanoparticles
were most effective in increasing ductility, which is in

agreement with our observation. For the sake of clar-
ity, their results concerning the mechanical properties
are given in the Table 1. The 0.2% yield strength (YS),
ultimate tensile stress (UTS), ductility (e¢) and grain
size (d) are presented. The results revealed that the
yield stress and UTS values of Mg with 0.66 and 1.11
vol.% of AlsO3 nanoparticles are higher than those for
magnesium without nanoparticles. It is obvious that a
decrease in size of AloO3 particles causes an increase
in the yield stress and UTS.

The particles in a composite may cause an increase
in the dislocation density as a result of thermal strain
mismatch between the ceramic particles and the mat-
rix during preparation and/or thermal treatment. The
difference between the coefficients of thermal expan-
sion (CTE) of the particles and the matrix may cre-
ate the thermal residual stresses after cooling from
the processing temperature to room temperature. The
CTE of the Mg matrix is much higher than that of the
ceramic particles and graphite particles. The thermal
stresses may relax around the matrix-particle inter-
face by emitting dislocations. An increase in the dislo-
cation density near reinforcement has been calculated
as [32, 33]

BfAaAT 1
Ap==t2028 2

b(1—f) t

where A is the difference of CTE between matrix
and reinforcement, AT is a temperature change, ¢ is
the minimum size of reinforcement, f is the volume
fraction of reinforcement, b is the magnitude of the
Burgers vector of dislocations and B is a geometrical
constant (depending on the aspect ratio). The newly
formed dislocations are obstacles for the motion of dis-
locations in the matrix. Therefore a higher stress for
the moving dislocations is necessary in comparison to
magnesium without nanoparticles.

An increase in the yield stress (compared to un-
reinforced magnesium) can be attributed to the dislo-
cation density increase due to the difference in coeffi-
cient of thermal expansion between the particles and
Mg matrix. The density of the newly created disloca-
tions increases with an increase in the volume fraction

3)
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(using Eq. (3)), which is observed in experiment [29)].
An increase in the yield stress with decreasing size
of Al,O3 particles [30] may be also explained using
Eq. (3). The density of the dislocations newly formed
during cool-down of the composite from processing
temperatures increases with decreasing particle size.
Therefore the number of obstacles for the dislocation
motion increases and the stress necessary for the mo-
tion of dislocations increases, too. The difference in
CTE between the matrix and the particle is decreas-
ing from Mg/Al,O35 through Mg/Y203 to Mg/ZrOs.
It should be mentioned that the effect of different
types of nanoparticles on the yield stress is attrib-
uted not only to the CTE difference but also to the
properties of the matrix/particle interface. The bond-
ing between the particles and Mg matrix influences
also the deformation behaviour. The contribution to
the yield stress owing to Orowan mechanisms can be
ignored since it is about one order of magnitude lower.
Since grain size differences between materials presen-
ted in this work are small, the Hall-Petch relation is
not considered. However, the Hall-Petch mechanism
should be taken into account when the nanocompos-
ites are compared with coarse grained magnesium.

It is obvious that the test temperature has a sig-
nificant influence on the shape of the true stress-true
strain curves that indicate a balance between harden-
ing and softening at higher temperatures. The yield
stress and maximum stress decrease rapidly with tem-
perature. This indicates the occurrence of thermally
activated processes. It should be mentioned that five
independent slip systems are necessary for deforma-
tion of polycrystals. The dominant slip mode in mag-
nesium single crystals is basal slip. But there are only
two independent slip systems. The activity of non-
basal slip systems is therefore required. In magnesium
the glide of dislocations in second-order pyramidal slip
systems should be considered [34, 35]. The activity of
pyramidal slip systems increases with increasing tem-
perature. Interactions between the basal dislocations
(a dislocations) and the pyramidal (¢ + a) disloca-
tions may result in creation of new basal dislocations
[34, 36]. An interaction among the pyramidal (¢ +
a) dislocations can result in softening because anni-
hilation of dislocations may occur. The observed mac-
roscopic work hardening rate is a sum of hardening
and softening mechanisms. We assume that cross slip
of screw dislocation segments of both (¢ + a) and
a dislocations is softening mechanism. The stress ne-
cessary for cross slip of dislocations decreases rapidly
with temperature. A relative large elongation to fail-
ure observed in experiment also indicates the activity
of (c + a) dislocations and the interactions between
a and (¢ + a) dislocations. The different deforma-
tion behaviours of materials are very probably also in-
fluenced by the bonding between matrix and ceramic
particles, as will be discussed below.

—&— asrec.

u-Mg+3nZrO,

—0— 100°C

10 100 1000
amplitude x 10°

Fig. 6. Strain amplitude dependence of the logarithmic
decrement for microcrystalline Mg reinforced with 3 vol.%
of ZrO2 nanoparticles annealed at various temperatures.

3.2. Damping in microcrystalline and
nanocrystalline Mg

Figure 6 shows the logarithmic decrement, ¢, plot-
ted against the logarithm of the maximum strain amp-
litude, e, for p-Mg+3n-ZrOs [21, 25]. The ¢ values
were measured before (as-received) and after step by
step annealing at increasing upper temperature of the
cycle. The measured §-¢ dependence exhibits two re-
gions and can be expressed as

5() = 6o + o (), (4)

where d¢ is the amplitude independent component
found at lower strain amplitudes. For higher strain
amplitudes, the component dg(e) increases with in-
creasing strain amplitude. Similar dependences were
observed for Mg-based composites [37, 38]. In the case
of the p-Mg+3n-ZrOs composite, the thermal treat-
ment influences mainly d9 component of the decre-
ment. It is important to note that very high values of
damping in the amplitude independent component —
in order of 10~2 — were obtained.

The strain amplitude dependences of ¢§ for
u-Mg+3n-Al,O3 are given in Fig. 7 [21]. In the
contrast to pu-Mg+3n-ZrOs, the thermal cycling of
1-Mg+3n-Al;03 influences mainly the g component
that increases with increasing upper temperature of
the cycle. Trojanova et al. [39] could show that the
values of 0 for u-Mg+1n-Al,O3 (12 nm) composite are
significantly higher than those for unreinforced micro-
crystalline Mg. While changes in the § values for Mg
without nanoparticles are very small in the tempe-
rature range from 100 to 450°C, the dy component
of the composite increases with increasing tempera-
ture, which may be explained by thermal stresses in
the composite material. It is generally accepted that
the g9 component is connected with the material mi-
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Fig. 7. Strain amplitude dependence of the logarithmic
decrement for microcrystalline Mg reinforced with 3 vol.%
of AlO3 nanoparticles; annealed at various temperatures.

crostructure and the amplitude dependent compon-
ent dg is due to an interaction of dislocations with
point defects (e.g. solute atoms or their clusters, small
particles). The newly formed dislocations due to the
CTE difference (Eq. (3)) may be sources of a higher
damping owing to the motion of vibrating dislocations
under cyclic loading.

According to the Granato-Luecke theory [40], weak
and strong pinning points restrict motion of disloca-
tions in their glide plane. Ly and ¢ are the mean
distances between strong pinning points and that
between weak points, respectively. At higher strain
amplitudes, the force exerted on dislocation at the
weak pinning points becomes higher than the binding
force. The dislocation segments break away from some
weak pinning points within Ly. This leads to a drastic
instantaneous increase in the dislocation strain and
thus giving rise to a high level of the logarithmic decre-
ment. We assume that the mean distance between
weak pinning points ¢ < Ly, and the mean total dens-
ity of dislocations is p. The breakaway stress decreases
with increasing temperature. The breakaway process
is thermally activated. The stress dependence of the
component dy can be expressed as

s _PLA v (kaT)l/Q (g%g)l/?
H — X

6 w 2Uo U()G
4 1/2

__@ UoG 1 7 (5)
3 kT (3 (o)

where Uj is the activation energy, G is the shear mod-
ulus, v is the attempt dislocation frequency, oq is
the amplitude of the applied stress and w is its fre-
quency, k is the Boltzmann constant and T is tem-
perature. The maximum strain amplitude ¢g is pro-
portional to og. Equation (5) may be rewritten in

X exp

the form oy = Cieexp(—Cs/e) that can be used to
analyse the experimental data. It is obvious that the
value of the C; parameter decreases with increasing
temperature and the value of the ()} parameter in-
creases with increasing temperature of thermal cycling
(heating). But the exponential term increases with in-
creasing temperature. This leads to the observed in-
crease in the amplitude dependent decrement com-
ponent. The C) parameter is proportional to £3/2 and
the C is proportional to £~3/2 and thus, the exper-
imental data indicate that the length of the disloca-
tion segments between weak pinning points could in-
crease with increasing upper temperature. This may
be explained assuming that during thermal cycling,
new dislocations are created due to the CTE difference
(Eq. (3)). While the number of weak pinning points
remains constant, the mean length of dislocation seg-
ments between weak pinning points increases effect-
ively and hence the dy component should increase,
which is observed. The higher temperature of the cyc-
ling, the higher dislocation density and the higher in-
crease in the effective length of the ¢ segments.

The contribution of interfaces to internal friction
depends on the character of interfacial bonding. The
internal friction of a composite with the perfectly bon-
ded interface depends on the shape of particles, their
volume fraction and the magnitude of local stress at
the particle-matrix interface [41, 42]. In the case of
weak bonding at the interface, interfacial slip (slid-
ing at the interface) may occur. Then, the frictional
energy loss caused by the sliding at interfaces may
become a primary source of damping [41, 42].

Very high values of Jg for microcrystalline and
nanocrystalline magnesium reinforced by zirconia
nanoparticles and carbon particles are very probably
caused by interfacial slip (sliding) due to weak bonding
between particles and matrix. High values of d¢ ob-
tained for microcrystalline and ultrafine-grained Mg
are very probably caused by grain boundary sliding
supported by diffusion processes.

4. Conclusions

The deformation behaviour and damping of mag-
nesium-based nanocomposites depend on the kind of
nanoparticles and on the grain size. Ceramic and
graphite nanoparticles in magnesium matrix signific-
antly increase the yield stress and the maximum stress
at room temperature. The yield stress and the max-
imum stress decrease rapidly with increasing tempera-
ture. Al,O3 particles are most effective in increasing
the strength properties whereas ZrQO; nanoparticles
are most effective in increasing ductility. An increase
in the dislocation density due to the difference in CTE
between magnesium and nanoparticles is responsible
for an increase in the yield stress at room temperature.
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The dependence of the yield stress on the particle size
may be explained by an increase of the newly formed
dislocations, the density of which increases with a de-
crease in the particle size. The shape of the true stress-
-true strain curves at higher temperatures indicates
a dynamic balance between hardening and softening.
The motion of dislocations in non-basal slip systems,
including cross slip, is the main thermally activated
process causing softening.

The nanoparticles influence the amplitude inde-
pendent component of the logarithmic decrement.
The ZrOs nanoparticles influence the decrement more
than the AlO3 nanoparticles. The thermal treatment
(thermal cycling) influences the value of the logar-
ithmic decrement.
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