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High Strength Magnesium-based Glass Matrix Composites
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Magnesium-based glass matrix composites containing oxide particles were produced by mechanical alloyi@afoMg elemental
powder mixtures with the addition of MgO, CeQCr,O3 or Y203 oxide particles. The formation of the glassy phase was characterized by
X-ray-diffraction and transmission electron microscopy methods and was found to proceed almost unaffected by the presence of the oxides.
Differential-scanning-calorimetry-analysis revealed, that the amorphous matrix features a wide supercooled liquid region with an extension of
about 40-50 K. Differences in the thermal stability of the composites depending on the oxide addition are discussed. Viscosity measurements
proved the existence of a characteristic minimum of viscosity in this temperature range which was used to consolidate the powders into bulk
samples by uniaxial hot pressing. The deformation behaviour under compression at room temperature as well as at elevated temperature of
423 K yielded excellent properties compared to conventionally produced magnesium-based alloys.
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1. Introduction trinsic stability and, hence, a low dissolution tendency they
do least affect the formation process and the thermal sta-

The need for high strength and damage tolerant low debility of the glassy matriX? However, upon slow cooling
sity materials for the aerospace and automotive industry h&tsem the melt those additives can act as prefered sites for het-
raised comprehensive research activities devoted to the perogeneous nucleation, thus, deteriorating the castability and
cessing of light-weight aluminium and magnesium based ahence, the thermal stability of the glass. Alternatively, me-
loys during the past thirty yeat.More or less as a fringe chanical alloying allows to prepare glass composites due to
subject of the research on solid solution and precipitatiothe completely different reaction temperatures and timescales
hardened Al-alloys, investigations on non-equilibrium apefor phase formation through solid state reactidnThe ex-
riodic phases such as amorphous phases have been initidtdnce of the characteristic viscosity minimum in the tem-
in the 70’s? Today, one of the most intensely explored feaperature range of the supercooled liquid offers furthermore a
tures of amorphous phases are their mechanical propertiaarrow but effective processing window for the consolidation
Metallic glasses exhibit high hardness, very high resistancé# the powders into bulk specimens.
against abrasive wear and high strength, 2—3 times higher In the present paper, we report on the formation and the
for Mg-based glasses compared to commercial Mg-aftbys properties of mechanically alloyed MgCuY-based metallic
However, at room temperature they break in a brittle fashioglass composites with oxide particle additions, showing that
with almost no plastic deformation, whereas at elevated terthe thermal stability of the supercooled liquid can be main-
peratures around the glass transition they show ductility of upined in the presence of nanosized particles. The effectivenes
to 20%%* ) A further interesting feature of metallic glasses iof the particle addition on the improvement of the mechanical
the rather low elastic modulus in combination with the higlproperties has been investigated.
proof strength compared to steels, which allows high elastic
amplitudes under high loads. 2. Experimental Procedure

Recent developments of glass-forming Mg-alloys with very
good glass-forming ability and high thermal stability of the The mechanical alloying started from elemental Mg, Cu
supercooled liquid against crystallization allowed the prepand Y powders with nominal purities of 99.9 at% for Cu,
ration of Mg-based bulk glassésSuch alloys were produced Mg and Y (nominal particles sizes150um). All powder
in dimensions of millimeter-sized rods or sheets by slow coohandling was done in a glove box under argon atmosphere
ing from the melt using a copper mould casting technitjde. (0., H,O < 1ppm). For the composite samples the ele-
The mechanical properties of these metallic glasses can bents were mixed to give a composition of MGusoY 15
furthermore improved by nanoscale precipitates or by homand blended with different volume percents of MgO, GeO
geneously distributed insoluble fibers or particié3? The Cr,0; or Y,O; oxide particles with a nominal purity of
idea behind this is to hinder shear band propagation and, th@8.5 at% (nominal particles sizes2.5um). The powders
to impede the begin of deformatidf. Furthermore, due to were milled in a RETSCH planetary ball mill at rotational
the initiation of multiple shearing events a more homogevelocities of 180 rpm for different times using hardened steel
neous deformation mode can be expected. The strengthenindling tools and a ball-to-powder weight ratio of 13:1. lon-
effectivity of the particles which are either initially added elecoupled plasma (ICP) and atomic-absorbtion spectroscopy
mental particles, crystallization-induced intermetallic crystalf(AAS) analysis of the as-milled powders revealed iron impu-
lites or oxide particles depends only little on their nature butty of less than 0.5 at% due to wear debris from the milling
more on their size and distributidf.> Nevertheless, oxide tools. The oxygen content of dispersoid-free powders, which
particles were found most suitadfe’® since their high in- mainly stem from the starting materials, was determined by
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hot extraction (C436 LECO analyser) to b€).3 mass%. X

. . * oMg +Cu ¢Y
The compaction of the glassy powders was done by uniax- .
ial pressing under a vacuum of 20~* mbar at pressures up
to 500 MPa at a temperature of 40 K below the onset of crys-
tallization (Ty).

The microstructure was characterized by X-ray diffraction
(XRD) using a Philips PW1050 diffractometer with CoeK
radiation { = 0.178896 nm) and transmission electron mi-
croscopy (TEM) using a Philips CM20 FEG analytical mi-
croscope with 200kV acceleration voltage. The thermal
stability of the samples was analyzed by differential scan-
ning calorimetry (Perkin-Elmer DSC7) at a heating rate of
40 K/min under flowing argon. The viscosity of the pow-
ders was analyzed by parallel-plate rheometry using a Perkin-
Elmer TMA7e analyser with quartz penetration probe at a
static load of 2.6 N under argon atmosphere at a heating rate
of 10K/min. Before, the glassy samples were pre-annealed \ . Without dispersoids
above the glass transition temperatufg) to obtain relaxed
isoconfigurational states. A T T T T

Intensity /arb.units

" 1 "
Mechanical properties were tested by microhardnessmea- 30 40 50 60 70 80 90 100 110
surements in a Vickers microhardness tester with a static load
of 0.4905 N. Ten indentations were used to determine aver-
age hardness values. Square-shaped specimens with sizeSmfl XRD patterns of mechanically alloyed Mg usoY 15 powders with-

3 x 3 x 5.5 mm were prepared from the bulks and deformed out dispersoids and with addition of 5vol% MgO, Ge@r,03 or Y,03
oxide powders after 60 h of milling. The oxide peaks are superimposed on

the broad halo of the glassy matrix.

20 /degree

under a constant compression rate:of 10-4s~! using an
Instron 8562 dynamic testing system. In order to avoid effects
of friction between the sample and the punches, the contac
area was bridged with teflon stripes.

3. Resultsand Discussion

3.1 Microstructureformation

With respect to previous investigatiof8,which revealed .
that for MgCuY powder mixtures the amorphization during [* =
mechanical alloying proceeds in a similar way as for binary |**
system&” or other multicomponent glass-forming alldys .
via interdiffusion in a mechanically formed arrangement of
thin elemental layers, the influence of an initial addition of
oxide particles on the amorphization process was studied.

The XRD patterns in Fig. 1 illustrate the phase formation
after 60h of milling starting from elemental powder mix-
tures for a plain MgsCugoY 15 alloy and for powder blends Fig. 2 Bright-field TEM image of an MgCusoY 15 powder sample with a

; ; 0 dispersion of 5vol% ¥O3 with an approximate particle size of 5-10 nm.
of a MgssCleoY 15 mixture with 5vol% MgO, Ce@, Cr,0; The electron-diffraction pattern shows diffuse halos stemming from the

or Y20s, respectively. It clearly shows the format'on of @n amorphous matrix and an angular distribution of crystalline reflexes com-
amorphous phase for all samples. For the oxide-free refer-ing from the oxides.

ence powder, the broad amorphous halo is superimposed with

peaks reflecting unreacted Mg, Cu and Y which remained

present even after very long milling times. Most likely, thinthe reflections are covered by the dominant oxide peaks. In-
oxide layers covering the grain boundaries and the particiermetallic phases were not detected in any of the samples.
surfaces of the highly reactive powders are present, simildEM investigations confirmed the formation of an amorphous
as in the case of mechanically attrited nanocrystalline aliphase coextisting with nanoscale crystals with an average
minium® This prevents complete alloying even after exgrain size of about 10 nm. This is shown exemplarly in Fig. 2
tended milling. Hence, the high reactivity of the element§or MgssClsoY 15 powder containing 5vol% XOs as a fine
prevents the formation of a homogeneous amorphous allé§spersion of particles in the amorphous matrix.

and even the dispersoid-free sample has rather to be consid!n the XRD patterns no displacements of the maximum
ered as a composite of amorphous matrix and nanoscale @f-the amorphous halo were observed within the range of
emental particles and oxides. Similar results were found féhe experimental accuracy, as it was previously reported for
a variety of alloys with different compositiod?. Although ~ MgssCusoY 15 powders milled with initial elemental addi-
these remains are also existent in the oxide-containing po#iens:®?? This suggests that there is no significant dissolu-
ders, they appear less pronounced in the XRD patterns sirié@n of the oxide particles and, hence, no shift of the matrix
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Similar results were found for the MgO containing compos-
ite. This indicates, that these oxides remain stable and do
not degrade the thermal stability of the matrix. In contrast,
blends with 5 vol% of Ce@or Cr,O3 however show a slightly
lower Ty and, more important, a reducdd, resulting in a
decrease ofAT, to about 40 K. This suggests that the GeO
and CpO; particles dissolve upon milling, thus changing the
overall stoichiometry of the glassy matrix and, consequently,
its thermal stability. The change in the onset temperature
and the reaction enthalpy of the secondary crystallization for
the CpO3 composite and its complete suppression for the
CeO,-containing powder corroborate this conclusion. Since
also in these powders M@u precipitates during the primary
reaction, the composition of the remaining matrix has been
changed for all the samples in about the same way. There-
fore, the appearent differencies of the final crystallization of
the remaining matrix in the second step gives evidence for a

< Exothermic Heat Flow dH/dT/ a.u.

40 K/min change in the matrix stoichiometry due to the dissolution of
A S T R R Ce(, and CgO3 particles. Nevertheless, all samples maintain
400 450 500 550 600 650 a rather wide supercooled liquid region.

T TIK Similar investigation¥) on the influence of the particle
emperature volume fraction on the formation of an amorphous phase
Fig. 3 DSC traces of mechanically alloyed MGusoY 15 powders with-  Showed for %Os addnpns, that _the appearance of an ex-
out dispersoids and with the addition of 5vol% MgO, Ge@r03 or  tended supercooled liquid region in the presence of oxide par-
Y203 oxide powders after 60 h of milling. The characteristic temperatureficles is not restricted to small oxide volume fractions only.
of the glass transition, the onset of crystallization and the correspondi . . 0 .
transformation enthalpies are given in Table 1. "Bven at high concentrations of up 30 vol% the formation of
the amorphous phase proceeds unaffected. Moreover, the
glass transition temperature as well as the onset of crystal-
stoichiometry. lization and the enthalpy do not change significantly. Com-

However, the investigation of the thermal stability of theParing the dispersoid-free sample and the composite samples,
powders by DSC analysis reveals that the addition of oxsothermal DSC measurements (not shown here) revealed fur-
ides can indeed have an effect on the stability of the glaséfermore similar incubation times for the onset of crystalliza-
matrix. Figure 3 compares characteristic DSC scans for aon but significantly shorter times for the reaction itséIf?)
milled powders with and without oxide addition. All samplesThis supports the conclusion that although the enhanced num-
exhibit a glass transition before crystallization, revealing thdter of potential nucleation sites affects the transformation ki-
the addition of oxides does not suppress the transition froRftics once the reaction started, it does not promote the be-
the amorphous solid to the supercooled liquid state. Thus, tB& of the crystallization reaction by interface-controlled nu-
amorphous matrix in these composites can be described agl@ation at the ¥Oz-matrix phase boundary. Obviously, the
glassy phase. The samples crystallize in two steps, where theOs particles do neither deteriorate the conditions for an ef-
primary crystallization leads to the precipitation of @y  fective alloying process nor do they act effectively as hetero-
nanocrystals. This results in a change of the composition 8neous nucleation sites, triggering massive crystallization.
the remaining matrix which crystallizes subsequently into an
intermetallic phase mixtur®) The glass transition tempera- 3.2 Viscosity measurements, powder consolidation
turesTy, the crystallization temperaturds, the extension of ~ The characteristic softening of a glassy phase in the tem-
the supercooled liquid regioaT, = T, — Ty and the en- perature range of the supercooled liquid can be exploited for
thalpy values for the primary crystallizationH, are given the consolidation of metallic glass powders. Figure 4 shows
in Table 1 [y and Ty are defined as the onset temperature¢iscosity measurements for dispersoid-freesB@s0Y 15 and
of the respective reaction in the DSC scan). The results fé®r the different composites as obtained from parallel plate
the dispersoid-free powder are consistent with data for rapidifieometry measurements. The viscositin these measure-
quenched MgCuy ribbons or cast alld}/8.22 ments is not an intrinsic property of the glassy phase but must

Although the main features are equal for all the powder®€e considered as an average value including the contribution
there are differencies ifly, Ty, ATk and AHy between the of the oxides and the fractions of unreacted material. The
plain powder and the composite powders. For the composcans show the typical decrease in viscosity with temperature
ite containing 5vol% YOs, the glass transition of 439 K upon heating through the glass transition. At elevated temper-
and the onset of crystallization of 494K are almost identiatures the viscosity increases significantly due to the start of
cal with values for the dispersoid-free powd@j & 441K, crystallization. The measured viscosities are consistent with
T, = 497 K) within the accuracy of the measurement. Alsdhe data for cast MgCuY bulk glas$ésand for Zr-based
the enthalpies of crystallization are with 2.33kJmiohnd ~ glass matrix composites: 2425 Compared to the results of

2.29kJmot? about the same for both samples, respectivelyhe DSC scans, there are similar differences in the thermal
behaviour between the different powders mainly concerning
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Table 1 Summary of characteristic thermophysical data measured by DSC on powders and mechanical data obtained from constant
rate compression tests of bulk specimens of amorphoug®igoY 15 samples with 5vol% particle addition of different oxides at
room temperature Tg-glass transition temperaturg,.-crystallization temperaturey Ty-temperature range of the supercooled liquid,
AHy-crystallization enthalpyHy -Vicker's hardnessgs-fracture strengthgs-fracture strainE-Young’s modulus).

Dispersoids Tg/K T/K AT/K AHy/kImolt Hy/GPa ot/GPa ££/% E/GPa
Without 441 497 56 -233 3.45 553 1.8 32
MgO 443 494 51 -2.38 3.75 390 1.4 40
CeQ 428 468 40 -151 3.88 595 1.9 36
Cr,03 434 475 41 -1.92 3.68 609 1.1 70
Y203 439 494 55 —2.29 3.85 709 1.6 60
[ 10 K/min m  without 5 T
101t O MgO g U bulk sample
r ¢ z| 11
v Ce02 o g
E Y A T
al'e, Y205 8 |AH =-2.42 kd/mol
o L v Cr,O T T .
x =0 273 : xd as-milled
© 10 L %] =]
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~ % m g .
= S \ |aH=-2.38kJmol 20 K/min
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Fig. 4 Viscosity of mechanically alloyed MgCuzoY 15 powders without

dispersoids and with the addition of 5vol% MgO, Ge@r,0s or Y,03 20 /degree
oxide powders after 60 h of milling. (heating rate 10 K/min).
Fig. 5 Comparison of the XRD patterns of as-milled4¥@uzoY 15 powder
with 5 vol% MgO and of the same powder after compaction by uniaxial hot

the temperatures of glass transition and crystallization, whichP'®SSind at 454 K. The inset shows the corresponding DSC scans.
are related to the compositional changes of the matrix due to
oxide dissolution. Although the presence of nanoscale oxidoq

{ohartmles geniargllly Ie_gds tf?(’),lrizft;rd?'f?n of wspo;;s ﬂ(.)W 'Bation. The finding of almost equal crystallization enthalpies

€ SUupercooied fiquid regioty, € dilterence In e VIS- 5 3 measure for the reacted volume fraction and similar tem-
cosity minimum and the temperature characteristics is rath Lrature features in the DSC analysis, as it can be seen in the
small as it can be concluded from Fig. 4. Previous studi Rset in Fig. 5 for MgsCusoY 15-MgO cyomposites give fur-

of theothermal S'i%)b'“ty Of Mg:CloY 15 SAMPles With Up 10 o1 o idence that the phase composition remained unchanged
30vol% of ¥,05° showed, that significant changes of theupon compaction. The density of the compacted bulks was

overall flow behavioure.g. the minimum viscosity in the su- determined by Archimedes method to be more than 99.5%.
percooled liquid region, only occur for particle volume frac-
tions of 10 vol% and higher. More important, the distinct vis—3_3 M echanical properties
cosity decreas_e o_ffers a quite comfortable process_ing WinOIOWThe mechanical properties were investigated by Vickers
for the consolidation of the powders by hot pressing. Morerhicrohardnessmv) tests and constant rate compression tests.
e Hy values vary between 3.45 GPa and 3.88 GPa for the

Shgzigt;notr??hfssep?:;zlﬁstirg eg?/f/tljfr;wgree. consolidated ig0e-ree material and the oxide-containing powder, respec-
bulk samoles of up to 20r1nm irﬁ)diameter and 6 mm in hei tively (see also Table 1). No cracks were observed radiating
P P g"from the edges or sides of the indentations, indicating a rather

by uniaxial hot pressing. In order to make use of the decreaﬁ?gh fracture toughness of the material. Compared with the

in viscosity, but also to avoid isothermal crystallization, the . )
compaction was performed at a temperaturelot- 40K, Values of 2.0 to 3.2 GPa for rapidly quenched MgCuY amor

The comparison of the microstructure of as-milled powdel?hous alloys the hardness of the present consolidated powders

) . larger and about in the range of the hardness of partially or
and hot pressed bulk samples by XRD analysis (see Fig. @IIy crystallized ribbons (3.9 to 4.3 GPa) of the same or com-

d not give any hint for crystallization upon powder consoli-
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parable compositiof. This must be explained as a strength-attributed to consolidation artefacts in this sample.
ening effect of the nanometer-sized oxide particles and unre-The strength increase due to particle addition is even more
acted constituents in the mechanically alloyed samples.  pronounced at elevated tempertures slightly belgwMost

In Table 1, data of the Young’s modulls, the fracture relevant, however, is the dramatically different deformation
strengtho; and the fracture straigy for a plain MgsCusoY 15  behaviour of the samples at 423 K, showing plasticity of up to
glassy bulk sample and different bulk composites at roo24%. This is owed to a change of the deformation mode in the
temperature are summarized. As a characteristic feature, alaterial. At room temperature the deformation is governed
samples show very high strength values with a maximum ddy the formation and movement of localized shear b&fd$.
709 MPa for the ¥O3; composite. However, they fracture in Since the deformation is restricted to the volume of the shear
a brittle fashion without evidence for plasticity at room temband with a size of about 10 to several tens of nanometers,
perature. Furthermore, the elastic modultigncreases as a it appears to be very heterogeneous. At elevated tempera-
result of oxide particle addition. Due to this high materiatures around the glass transition the deformation is more ho-
brittleness the specimens are very sensitive against any prepageneous since each volume element contributes to defor-
ration artefacts like larger oxide inclusions or pores. This imation?”) It can be described as a viscous flow of atoms in
why the correlation of the overall strength values with théhe entire volume and is then mainly temperature controlled.
composite composition is not straight forward. Obviously, th&his, however, holds true only at low strain rates. At higher
degradation of the microstructure for the Ge@nd CpO3z-  strain ratesi.e. higher than 10*s71, the stress-controlled de-
containing samples resulting from the discussed dissolutidarmation by shear band mechanism dominates, leading again
of oxide particles in the matrix has no pronounced influenc® a more heterogeneous deformation. A further characteristic
on the mechanical properties. A possible strength contribéeature which is consistent with observations in Zr-based bulk
tion due to the change of the composition of the glassy matrixetallic glasse® is the existence of a stress maximum, fol-
can therefore be neglected, at least at room temperature. N®wed by a continuous stress reduction with increasing com-
ertheless, the room temperature strengths obtained for thgsession. The drop of the stress after reaching its maximum
samples are 1.5 to 2.5 times higher than the strength perfdras its origin in the formation of additional free volume in the
mance of state-of-the-art Mg-based cast alfdys. course of the deformation, leading to the softening of the ma-

The influence of the dispersoid volume fraction on the meaerial. The amount of free volume formed depends essentially
chanical properties has been studied forsMR1spY 15 bulk  on the applied load and on the deformation ate.
composite samples with 0, 5 and 20 vol% ofQ4 addition. The yield strengths at 423 K are almost equal to the room
Figure 6 shows plots of the true stresss. the true compres- temperature strength for the oxide-free and the 5vol% sam-
sione¢ for these samples resulting from compression tests apée or even exceeds it for the 20vol% specimen. This re-
constant compression rate ot %04 s~* at room temperature markable finding corroborates the conclusion that the room
aswell as at 423 K. The strengthening effect owed to the oxidemperature strength values should be considered as the min-
dispersoids is obvious from the increase in fracture strengimum achievable strength due to the high sensitivity of the
by about 100-150 MPa compared to the dispersoid-free spebrittle material against preparation artefacts at low tempera-
men as well as from the considerably larger Young’s modulusire which causes failure below the true intrinsic strength of
of 60 GPa compared to 32 GPa, respectively. The fact that tifee composite material. The yield strength at 423 K does not
specimen with 20 vol% ¥O3 addition fails unexpectedly at a show a simple proportional dependence on the oxide volume
lower stress than the sample with only 5vol%04 must be fraction of the composite. This corresponds to the expecta-
tion that the contribution of the oxide particles to the over-
all strength is rather little due to their intrinsic strength, but

900 | e 0vol%, RT O Ovol%, 423K more since they effectively influence the deformation mech-
: m 5vol.%, RT Q 5vol.%, 423 K anism of the matrix. For this, the size and a homogeneous

800 L +20vol.%, RT  <20vol.%, 423 K dispersion of the particles in the matrix is of much greater

& 700 —I importance than their volume fraction. Further investiga-
2 el tions are under way to explore the microscopic mechanism
© so0f of the particle-matrix-interaction. This is, because under the

] - assumption, that at temperatures arodgdhe deformation

g A0r by viscous flow of all atoms dominates, a proposed pinning
g 300 - of shear bands can not longer taken into consideration for a
2 200f reasonable explanation of the high temperature deformation.
= ool Mg,Cu, Y  +Y,0, o In contrast, the suppression of shear slip in the glassy ma-
trix due to the particle interaction as well as multiple shear-

0 005 010 015 020 o025 030 ing events are considered as the origin of the strength in-

crease at room temperature, similar as for the strengthening
of crystallization-induced nanoscale metallic precipitates in

Fig. 6 Plots of the true stress vs. true compression obtained from consta amorphous matri: 14
rate compression tests & 5.5 4 s1) at room temperature and at 423K
for MgssCugoY 15 composite powders with different additions ob®3
prepared by mechanical alloying and hot pressing. The symbols indicate
the point of fracture.

True compression, &
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