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Abstract

This paper examines the room-temperature microstructure and mechanical properties of dispersion-strengthened-cast magne-
sium (DSC-Mg) containing 30 vol.% of 0.33 um yttria dispersoids. The dispersoids are reasonably well distributed in both cast
and extruded materials and the extruded matrix grains size is about 0.88 um, in agreement with existing models on grain pinning.
The Young’s modulus measured ultrasonically agrees well with the prediction of the Eshelby composite model. Premature failure
in tension is observed in extruded DSC-Mg, due to casting porosities. In compression, strain softening after yield is observed in
extruded DSC-Mg, which may be explained by the tension/compression asymmetry in wrought magnesium materials. Both cast
and extruded DSC-Mg are much stronger in compression than most existing magnesium alloys and composites. The strengthening
contributions from the dispersoids, grain boundaries and thermal mismatch dislocations are discussed. © 2000 Published by
Elsevier Science S.A. All rights reserved.
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1. Introduction Oxide-dispersion-strengthened magnesium (ODS-

Magnesium alloys are attractive for applications in
the automobile and aerospace industry because of their
very low density as compared to other structural
metals, and because of their high stiffness, strength and
conductivity as compared to polymers [1,2]. However,
because of their rapid loss of strength at temperatures
above ambient and their poor creep resistance at ele-
vated temperatures, magnesium alloys are rarely used
above 190°C (half the melting point), unlike aluminum
alloys with a similar melting range. While magnesium
matrix composites reinforced with particulates [3—5]
and short fibers [6] show improved creep resistance,
dispersion-strengthening holds the highest potential for
improvement of high-temperature properties of magne-
sium, as shown in many other metal systems [7,8].
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Mg) has been manufactured in the past by powder
metallurgy, which is a very challenging process given
the reactive and pyrophoric nature of magnesium pow-
ders. Thus, only few investigations exist on creep be-
havior of ODS-Mg: Mg-0.5Zr/0.05 vol.% MgO
fabricated by extrusion of cold-compacted powders [9],
Mg/1 vol.% MgO produced by extrusion of sintered
powders [10], and Mg/0.11 vol.% MgO fabricated by
powder metallurgy and extrusion techniques [11,12]. A
recent alternative processing technique for ODS-metals
with high volume fractions (larger than about 20 vol.%)
of relatively coarse oxide dispersoids (larger than about
0.25 pm) is liquid metal pressure infiltration of a ce-
ramic particle preform, first demonstrated for disper-
sion-strengthened-cast aluminum (DSC-Al) containing
25 vol.% of 0.28 pm alumina dispersoids [13—15]. This
process has been recently extended to magnesium con-
taining high volume fractions of submicron oxide dis-
persoids (DSC-Mg) [16]. The purpose of the present
article is to report on the microstructure and room-tem-
perature mechanical properties of DSC-Mg containing
high volume fractions of yttria dispersoids.
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2. Materials and experimental procedures

The DSC-Mg material used in the present investiga-
tion was fabricated by Chesapeake Composites Corp.
(Newcastle, DE) by liquid metal pressure-infiltration of
unalloyed magnesium into a preform consisting of 30
vol.% unsintered submicron Y,O; particles. Yttria was
chosen as reinforcement because of its thermodynamic
stability with molten and solid magnesium and its
availability in chemically pure form as submicron pow-
der. As-cast DSC-Mg billets with 42.9 mm diameter
were further extruded into rods with 9.5 mm diameter
(extrusion ratio of 20) at a ram speed of 50 cm/min and
a temperature of 400°C. Control samples of unalloyed
DSC-ALI containing 32 vol.% of 0.28 pm Al,O; disper-
soids (also from Chesapeake Composites Corp.) were
also extruded with a extrusion ratio of 12.

The solidus temperature of extruded DSC-Mg was
measured with a DuPont 2100 Thermal Analysis unit
with a heating rate of 10°C/min. up to 760°C under
flowing argon. Sample density was measured in de-ion-
ized water according to Archimedes’ principle at room
temperature, using the temperature dependence of wa-
ter density given in Ref. [17]. In order to avoid corro-
sion, DSC-Mg was immersed in water for less than 5
min. As a comparison, DSC-Mg density was also mea-
sured in ethyl phthalate (C,,H,,0,), with a temperature
dependence of density given in Ref. [18], which was
chosen because of its low surface tension, high viscos-
ity, low vapor pressure, and lack of reactivity with
magnesium.

The microstructure of DSC-Mg was examined using
a Hitachi H700 transmission electron microscope
(TEM) operating at 200 kV. TEM samples were cut
along the extruded direction for extruded DSC-Mg and
the solidification direction for cast DSC-Mg and
ground to a thickness of about 50 um. Disks with a
diameter of 3 mm were punched and further dimpled
and polished to a thickness of about 20 pm. Thinning
to perforation was performed on a Precision Ion Pol-
ishing System (Gatan Model 691) with a voltage of
about 4 keV, a current of 20 pA, and a gun angle of 6°.
Fracture surfaces were observed using a Hitachi S-570
scanning electron microscope (SEM) operating at 20
kV.

Samples for dynamic measurements of Young’s mod-
ulus were cut along longitudinal and transverse direc-
tions. Shear and longitudinal waves were produced by
Matec quartz piezoelectric transducers operating at 5
and 50 MHz, respectively. The velocity of ultrasonic
waves propagating through the samples was determined
using a pulse-echo technique with a digital oscilloscope.

Cylindrical compression samples (with a diameter of
6.35 mm and a length of 12.7 mm) and dog-bone
tension samples (with a gage diameter of 6.35 mm and
a gage length of 25.4 mm) were machined along the

extrusion direction for extruded DSC-Mg and the so-
lidification direction for cast DSC-Mg. Compression
tests were performed at a cross-head velocity of 0.02
mm/min in a compression cage to insure uniaxial defor-
mation, which was outfitted with WC-Co platens and
an extensometer measuring the cross-head displace-
ment. The elastic deformation of the cross-head with
the cage was measured without sample and subtracted
from all experimental compression stress—strain curves.
Tensile tests were performed on a MTS Sintech 20/G at
a cross-head velocity of 1 mm/min using an extensome-
ter on the gage section.

3. Experimental results
3.1. Microstructure

The solidus temperature of extruded DSC-Mg was
measured as 644°C, very close to the melting point of
pure Mg of 651°C [19]. The density of extruded DSC-
Mg, measured separately in the two types of liquids,
was the same within error, p =2.7154 4+ 0.0024 g/cm?.
The volume fraction of yttria was then estimated to be
f=0.297 £ 0.001, assuming no porosity and using den-
sities of pure magnesium of 1.74 g/cm® and yttria of
5.03 g/cm?® [20]. The density of extruded DSC-Al was
measured as p = 3.1005 + 0.0005 g/cm?, corresponding
to a volume fraction f=0.316 +0.001.

Polished metallographic cross-sections of the ex-
truded DSC-Mg rod revealed the presence of about 20
small pores (ca. | -2 pm in diameter) near the center of
the extruded rod, which were identified as casting de-
fects that were not fully closed during extrusion. The
surface fraction of these pre-existing porosities was very
small, less than 0.01%. No macroscopic particle-free
areas were observed by TEM in DSC-Mg, and as
shown in Fig. 1(a), yttria dispersoids are well dispersed
at the microscopic level in the matrix of cast DSC-Mg.
After extrusion, the distribution of yttria dispersoids is
even improved (Fig. 1(b)), although some particle clus-
ters and particle-poor areas with a size of about 1 um
are still visible.

The size of the matrix grains and the dispersoids is
shown in Fig. 2(a,b) for DSC-Mg in the cast and
extruded states, respectively. The average diameter of
yttria particles is d = 0.33 + 0.03 um, based on 69 sepa-
rate size measurements in TEM micrographs. The par-
ticle aspect ratio is about 1.2 (based on 40
measurements), so that particles can be considered to
be near equiaxed. The matrix grain size is difficult to
determine by optical microscopy because Y,O;—Mg
interface dissolution does not allow for matrix grain
boundary etching. TEM observation of cast DSC-Mg
(Fig. 2(a)) shows subgrains with a mean linear intercept
of L =0.47 +0.08 pm, based on eight measurements.
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Directional solidification is expected to give very large
grains, as observed for as-cast DSC-Al [13]. On the
other hand, as illustrated in Fig. 2(b), TEM micro-
graphs show high-angle grain boundaries in extruded
DSC-Mg with a mean linear intercept of L =0.50 +
0.26 pm for 15 grains, taken as the average of the
largest and smallest grain dimension on the TEM pro-
jection. Assuming that L is equal to the value of the
mean linear intercept of random lines, an average spa-
tial grain diameter D=1.75x L =0.88 +0.46 pm is
found [21]. As expected from a recrystallized, pinned
microstructure, most yttria particles are found at grain
boundaries.

3.2. Mechanical properties
The Young’s modulus E, Poisson’s ratio v and shear

modulus G were calculated according to the following
relations [22,23]:

(b)

Fig. 1. TEM micrographs of (a) as-cast and (b) extruded DSC-Mg
showing the distribution of submicron yttria dispersoids (black) in the
magnesium matrix (white).

(b)

Fig. 2. TEM micrographs showing (a) matrix subgrains (mottled
regions) and yttria dispersoids (black) for as-cast DSC-Mg and (b)
matrix grains and dispersoids for extruded DSC-Mg.
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where p, is the specimen density measured by
Archimedes’ method, and v, and v, are the longitudinal
wave velocity and the shear wave velocity, respectively.
Experimental elastic constants of extruded DSC-Mg are
listed in Table 1.

In tension, extruded DSC-Mg failed in the elastic
regime at a stress of about 230 MPa, preventing the
determination of the yield and ultimate tensile stresses.
The fracture surface of the tensile sample is shown in
Fig. 3 and is neither fully brittle (cleavage) nor fully
ductile (dimples); rather, small cavities are observed
with a size of 1-2 pm, which could correspond to
particle pull-out with local plastic deformation. The
preexisting casting porosities are probably the reason
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Table 1

Elastic constants of extruded DSC-Mg as measured by ultrasonic techniques and as predicted by theoretical models

G (GPa) v (=) E (GPa) E (shear-lag model) (GPa) E (Eshelby model) (GPa)
Longitudinal 23.0 0.30 59.8 49.8 64.4
Transverse 25.0 0.27 63.6 49.8 64.4

for premature failure in tension, as the high applied
stresses produced large stress concentrations which
could not be relieved due to the limited slip capability
of HCP magnesium.

The compressive stress—strain curves of cast and
extruded DSC-Mg are plotted in Fig. 4(a). For com-
parison, the compressive stress—strain curves of ex-
truded DSC-ALI containing about 32 vol.% alumina and
of pure magnesium [24] are also given in Fig. 4(a). The
grain size of extruded DSC-Al containing about 32
vol.% alumina is expected to be less than 1.3 pm, the
measured grain size of extruded DSC-Al containing
about 25 vol.% alumina [13].

4. Discussion

4.1. Grain size

In the development of the Zener-pinning relation on
the inhibition of grain growth by second-phase parti-
cles, an estimation of the grain size D is given by
Hellman and Hillert [25,26] for high volume fractions
(i.e. f>0.1) of particles with diameter d:

d
D= l.éi-ff/3 (€))]
Another estimation of the grain size is given by
Humphreys et al. [27,28] for the case of recrystallization
by particle-stimulated nucleation, for the case where
each particle (larger than 1 pum) nucleates one grain:

1_f>1/3
=d|—
ol

Finally, if particles block all grain growth and the
inter-particle distance dictates the grain size obtained
through recrystallization of the matrix during extru-
sion, a simple geometric argument can be used to
estimate the grain size. We assume spherical particles
arranged in an hexagonal lattice with an equal inter-
particle distance and grains occupying the voids be-
tween the particles. Then, there are six larger grains (in
octahedral voids) and 12 smaller grains (in tetrahedral
voids) in the hexagonal unit cell which contains six
particles [29], corresponding to three grains per particle.
The larger octahedral void size and the smaller tetra-
hedral void size among particles is dovzﬁ-/i—d

and dw=(2/\ﬁ)~}t—d, respectively, where A is the
center-to-center distance of particles, given by A=
d~[n/(3ﬁf)]1/3. If all particles are positioned at the
triple points of the recrystallized grains, the grain size
can be taken as a weighted average of (d,, + d) and
d, +d):

1/3
D=\/8+4~d-< i >/ ~112-L ©6)
33 3.2 fe

For DSC-Mg with 30 vol.% yttria particles, Egs.
(4)—(6) give respectively D = 0.89, 0.44 and 0.55 pm, in
reasonable agreement with the experimental grain size
of D=0.88 +£0.46 um. A slight experimental overesti-
mate of the grain size is expected, because grains in
particle-poor areas in the microstructure are easier to
observe and thus bias measurements toward higher
values. This bias may also explain why the measured
grain size of extruded DSC-AI containing 25% alumina
(D =1.3 um [13]) is significantly larger than the values
calculated from Egs. (4)—(6) (D =0.40—-0.80 pm): an
extrusion ratio of 12 was used for DSC-AI, smaller than
the value of 20 for DSC-Mg, so that more particle-poor
areas exist in DSC-AI, leading to a stronger experimen-
tal bias towards large grains.

4.2. Elastic properties

As shown in Table 1, the longitudinal Young’s mod-
ulus of DSC-Mg is about E = 60 GPa, 34% higher than

Fig. 3. SEM picture of the tensile fracture surface of extruded
DSC-Mg.



B.Q. Han, D.C. Dunand / Materials Science and Engineering A277 (2000) 297304 301

500 F ext. DSC-Mg (0.88 um)+

400

I ext. DSC-Al
3001 7

[MPa]

r cast DSC-Mg |
200]] 1

100 .
pure Mg (76.2 pm) ]

? pure Mg (1016 pm)

o L 1 L 1 1 1 L L L L | L 1 : L
0 0.05 0.1 0.15 0.2
(a) €

0.5

0.4}

0.3 L ext. DSC-Mg ]

h o.2F
[ cast DSC-Mg

0.1}

0.0 — £ — =TT ]

_0.1-A..|...|...1‘..1A..1.,.1.,.
0 0.04 0.08 0.12
(b) €
Fig. 4. (a) Stress—strain curve of pure Mg [24], DSC-Al and DSC-Mg
(b) strain-hardening exponent-strain curve of DSC-Al and DSC-Mg.

that of pure magnesium (E, =44.7 GPa [24]). This
experimental value is in reasonable agreement with the
Young’s modulus determined from the elastic slope of
the tensile stress—strain curve (Table 2), £ =65 GPa.
For comparison, the elastic modulus of DSC-Mg is
calculated according to the modified shear-lag model
[30] and the Eshelby model [31], using a Poisson’s ratio
of v, =0.35 for magnesium [24] and assuming a parti-
cle aspect ratio of unity. With the elastic modulus of
yttria given as E,=174.3 and 179.8 GPa [32], we use
an average value of E, =177 GPa and assume v, = 0.30
for the Poisson’s ratio of yttria. Table 1 shows that the
shear-lag model underestimates the elastic modulus, as
expected given the small particle aspect ratio, whereas
the Eshelby model agrees well with experimental data
of extruded DSC-Mg, as also observed in DSC-AI [13]
and in metal matrix composites with larger particle size
[33].

The mechanical compressive properties of DSC-Mg
are compared in Table 2 to those of DSC-AIL, pure
magnesium, various magnesium alloys (cast, extruded
or rapidly solidified), and magnesium matrix composites
reinforced with SiC particles (cast or mechanically al-
loyed). The Young’s modulus of extruded DSC-Mg is
larger than those of magnesium alloys and composites
with 10 vol.% SiC, similar to that of pure Mg reinforced
with 20 vol.% SiC particles, and smaller than those of
Mg/30 vol.% SiC and Mg6Zn/20 vol.% SiC, because of
the much higher elastic modulus of SiC (E =420 GPa)
[20] as compared to Y,O; (E =177 GPa).

4.3. Plastic properties

As indicated in Table 2, the 0.2% proof compressive
stress of both cast and extruded DSC-Mg materials is
much higher than that of pure magnesium and magne-
sium alloys, but similar to that of magnesium matrix
composites with 20 and 30% SiC measured in tension.
Rapidly-solidified AZ91 with a grain size of 2—-3 pum
and large numbers of very fine precipitates has the
highest proof and ultimate strengths of all magnesium
materials in Table 2. However, unlike DSC-Mg, this
material is not in thermodynamic equilibrium and is
expected to quickly loose strength after exposure at
elevated temperature.

Fig. 4(a) shows that cast DSC-Mg and extruded
DSC-Al have similar proof and ultimate compressive
stresses, while extruded DSC-Mg exhibits significantly
higher values. Aluminum has five independent slip sys-
tems, so that recovery of secondary dislocations by
annihilations during plastic deformation can easily hap-
pen at room temperature. The higher yield point of
DSC-Mg may be due to the availability of only three
basal slip systems of (0001){1120) and the higher criti-
cal stress for nonbasal slip at room temperature in
magnesium [24].

The strain hardening exponent (h=0Ing/0In¢) is
shown as a function of strain for DSC-Mg and DSC-Al
in Fig. 4(b). For extruded DSC-AI, the strain hardening
exponent decreases gradually with increasing strain and
reaches a stable value at a strain of about 0.06. In
contrast, the strain hardening exponent decreases to a
minimum value at a strain of about 0.036 for cast
DSC-Mg and of about 0.027 for ext. DSC-Mg and then
increases gradually with strain. For extruded DSC-Mg,
h takes negative values for strains between 0.02 and
0.04, corresponding to strain softening which is also
observed in pure Mg with small grains (Fig. 4(a)).

Strain softening can be explained by the tension/com-
pression asymmetry which is a well-known phe-
nomenon in wrought magnesium [24] due to slip on
basal planes in textured microstructure at room temper-
ature. While the compressive and tensile yield strengths
are equal for cast magnesium without texture, extruded
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Processing route, grain size D, particle size d and mechanical properties of DSC-Mg, DSC-Al and several other magnesium materials®

Magnesium Processing® D (um) d(um) E MPa) o,, (GPa) UTS (MPa) Elong. (%)  Reference
systems
Pure metal
Pure Mg Cast+extruded - - 45 71¢ 192 9 [41]
Pure Mg (<99.8%) - 76.2 - 45 43 (34) >123 (>65) - () [24]
- 1016 - 45 20 (13) 69 (>48) - [24]
Alloys
AZ91D Cast - - 45 97 (97) 165 2.5 [46]
AZI10A Extruded - - 45 145 (69) 240 (-) 10 () [46]
AZ91 RS+ extruded 2-3 - - 416 486 6.2 [35]
Composites
AZ91; 10% SiC Cast 42 7 447 135 152 0.8 [3]
Pure Mg; 10% SiC Cast +extruded - 24 45 120 160 2 [47]
Pure Mg; 20% SiC MA +extruded - 6 66 304 350 1.0 [47]
Pure Mg; 30% SiC MA +extruded - 6 74 303 >303 0.2 [47]
Mg6Zn; 20% SiC Cast+extruded + T4 10-25 33 73 284 396 34 [4]
Mg6Zn; 20% SiC Cast+extruded +T6 10-25 3.3 73 383 427 1.2 [4]
Dispersion strengthened metals
DSC-Mg; 30% Y,O0;  Cast - 0.33 - (268) (363) (15) Present work
DSC-Mg; 30% Y,O;  Cast+extruded 0.88 0.33 65 >230¢ >230¢ (455) 09 (>20) Present work
(344)
DSC-Al; 32% Al,O4 Cast +extruded <13 0.28 - (264) (>389) (>20) Present work

2 Values in parentheses are for compressive tests.
b RS, rapidly solidified; MA: mechanically alloyed.
€0.1% proof stress.

d Samples failed prematurely in the elastic range.

magnesium alloys exhibit a yield strength which is
about 47% smaller in compression than in tension
(asymmetry ratio of 0.53, defined as the ratio of com-
pressive yield stress to tensile yield stress), due to a very
strong preferred grain orientation with basal planes
parallel to the extrusion direction which favors {1012}
twinning in compression but not in tension. For artifi-
cially aged extruded magnesium alloys, the texture is a
little bit weaker such that the compressive yield stress is
18% smaller than the tension yield stress (asymmetry
ratio of 0.82) [24]. For extruded high-purity magnesium
[34], the compressive yield stress is about 40% lower
than the tensile yield stress and an apparent steady-
state stress stage with several small stress-drop stages is
observed in compressive curves.

The tension/compression asymmetry is also affected
by grain size: for example, the asymmetry ratio in-
creases from 0.68 to 0.79 as the grain size decreases
from 1016 to 76 um in polycrystalline magnesium [24].
Furthermore, texture and twinning were not detected in
some fined-grained magnesium materials, for example
in rapidly-solidified (RS) AZ 91 Mg alloys with grain
sizes of 2—3 pum [35] and 1.2 pm [36].

For our extruded fine-grained DSC-Mg, the tension/
compression asymmetry, if it exists, should be much

smaller than for conventional extruded magnesium due
to fine grains and extensive recrystallization around
particles [27]. However, as also shown in DSC-AI [13],
recrystallization probably did not totally eliminate the
extrusion texture so that basal planes could be oriented
parallel to the extrusion direction in extruded DSC-Mg.
In that case, compressive deformation of extruded
DSC-Mg should consist of both micro-twinning and
basal slip at the early stage of plastic deformation. As
micro-twinning takes place, textured basal slip systems
gradually adjust their orientations to deviate from the
extrusion direction and start to slip such that disloca-
tions annihilate and strain softening occurs. When all
textured basal planes become randomly distributed due
to micro-twinning, the load drops to its minimum and
as basal slip becomes gradually dominant, strain hard-
ening increases.

Because of directional solidification, as-cast DSC-Mg
should also exhibit some texture, which is, however,
expected to be much weaker than in extruded DSC-Mg.
As expected, the drop in strain hardening exponent is
much less in cast DSC-Mg than in extruded DSC-Mg
(Fig. 4a,b). Finally, extruded DSC-AI has enough slip
systems for plastic deformation, so that dislocation slip
is always dominant and twinning does not take place.
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As shown in Fig. 4(b), the strain hardening in DSC-AI
reaches a stable level without the intermediate drop
shown by DSC-Mg.

4.4. Yield strength in DSC-Mg

We now discuss the yield stress of DSC-Mg in the light
of traditional strengthening mechanisms for metals
[28,37], as done for DSC-Al with 25% Al,O; in a previous
publication [13]. Without solid-solution or precipitate
strengthening in the unalloyed matrix, the three main
strengthening mechanisms are: (1) forest hardening from
dislocations produced by the difference in thermal expan-
sion between matrix and reinforcement; (2) fine-grain
strengthening, due to grain-boundaries blocking disloca-
tions; and (3) Orowan strengthening due to the interac-
tion of dislocations with fine particles. These three
contributions are estimated for DSC-Mg in the follow-
ing.

Dislocations with density p,, which are created from
the relaxation of thermal expansion mismatch between
the matrix and the reinforcing particles, may cause an
increase in yield stress which is expressed as:

JCTE:A'M‘G'b‘Ptlﬁz (7

where M = 6.5 [38] is the mean matrix orientation factor
for magnesium and the constant 4 = 0.2 characterizes
the transparency of the dislocation forest for basal—basal
dislocation interaction in magnesium at 300 K [39]. The
Burgers vector and the shear modulus are taken as
b=3.21 x10""m and G = 16.6 GPa [19], respectively.
In Equation (7), the dislocation density p, can be
estimated by assuming that dislocation loops of radius
d/ﬁ are punched by spherical particles with volume
fraction f to relax the thermal mismatch due to the
difference in thermal expansion coefficients Ax for a
temperature excursion AT [40]:

12/2-Aa-ATf )
P = b-d-(1—/) (®)

The average thermal expansion coefficients of pure
magnesium and yttria are 2.7 x 1073 K~ ! from 293 to
573 K [41] and 7.5 x 10~ ¢ K~ ! from 298 to 600 K [42],
respectively. Taking a temperature excursion A7 =250 K
(corresponding to a stress-free homologous temperature
of 0.6), Eq. (7) predicts g = 126 MPa.

The second strengthening mechanism is described by
the Hall-Petch relation [37]:

oup = K/D'? )

where D is the grain size and K is given by Ref. [35] as
210 MPa-pum'” for seven extruded RS AZ91 alloys with

grain sizes from 0.3 to 3.7 um and two conventionally
cast AZ91 alloys with large grain sizes of 30 pm and 5
mm. However, reanalyzing their data shows one best-fit
value of K =166 MPa-um'/? for the full range of grain
sizes (nine data points from 0.3 pm to 5 mm) and another
best-fit value of K= 133 MPa-um'? for extruded RS
AZ91 (seven data points from 0.3 to 3.7 pm). Using the
latter value, Eq. (9) predicts oyp =115-205 MPa for
extruded DSC-Mg with a grain size of D =0.88 +0.46
um.

Third, the interactions between dislocations and fine
particles result in an increase of yield stress given by the
Orowan stress [43]:

_ 04Gb Indlb)
Oor = 77,"]? /71 .

where d=/2/3d, and 7 is the mean inter-particle dis-
tance given by 1 = d(/n/4f — 1). Eq. (10) gives o, = 218
MPa for DSC-Mg.

An upper-bound for the tensile yield stress is given by
the sum of the individual strengthening mechanisms and
a Peierls stress (assumed to be about 5 MPa, see
Appendix A). For compression yield stress, this upper-
bound should be multiplied by the asymmetry ratio,
which is unknown for DSC-Mg. We assume a value of
0.75 for extruded DSC-Mg, the average value of extruded
magnesium alloys from Ref. [24]. For cast DSC-Mg,
directional solidification induced some texture, as seen in
the strain softening in Fig. 4(a), so we assume a value of
0.85 for the asymmetry ratio, between the value for
extruded DSC-Mg and the value of unity for texture-free
magnesium. In as-cast DSC-Mg, grain-boundary
strengthening is ignored because of the very coarse grains
expected for directional solidification, and so is any
strengthening due to subgrains. The predicted compres-
sive yield stress upper bounds are then o, =348-416
MPa for extruded DSC-Mg and g, = 297 MPa for cast
DSC-Mg. These values are reasonably close to the
experimental proof stresses of o, =344 MPa for ex-
truded DSC-Mg and ¢, = 268 MPa for cast DSC-Mg,
given uncertainties in material parameters, grain size and
dispersoid size as well as simplifying assumptions such
as dispersoid spatial distribution, shape and average size.

(10)

5. Conclusions

The microstructure and mechanical properties of
DSC-Mg with about 30 vol.% of 0.33 pm yttria disper-
soids were investigated at room temperature. The yttria
dispersoid distribution is reasonably good in cast DSC-
Mg and further improved by extrusion. The matrix grains
in extruded DSC-Mg are equiaxed with a size of about
0.88 um, which is close to the value predicted by
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Zener-pinning relations. The Young’s modulus measured
ultrasonically agrees well with the prediction by the
Eshelby model, while the prediction by the shear-lag
model underestimates the Young’s modulus. In tension,
failure occurs in the elastic region, most probably be-
cause of pre-existing processing porosities in extruded
DSC-Mg. In compression, DSC-Mg is stronger than
conventionally-processed magnesium alloys and most
magnesium matrix composites. Extruded DSC-Mg ex-
hibits strain softening, which may be explained by the
tension/compression asymmetry in wrought magnesium
materials. The contribution of three strengthening mech-
anisms to the yield strength in DSC-Mg are estimated:
Orowan strengthening is the main contributor to the
strength of cast DSC-Mg, while Hall-Petch strengthen-
ing is also substantial in fine-grained, extruded DSC-Mg.

Acknowledgements

This work was supported by National Science Foun-
dation, under Grant No. DMR 9417636, monitored by
Dr B. McDonald. The authors gratefully acknowledge
Dr W.A. Chiou for assistance in TEM operation.

Appendix A. Calculation of Peierls stress in magnesium

The theoretical value of 7, may be estimated from the
expression of Hull and Bacon [44]:

2G 2w
= (I_V)'exp< — b> (Al)

where w=a/(1 —v) for an edge dislocation (with the
inter-planar spacing of a), v=0.35, »=0.321 nm and
G=16.6 GPa at 298 K for magnesium [19]. For the
{1010} prismatic planes in magnesium, @ = 0.37 nm [45].
Eq. (A1) then gives a shear stress value of 7, = 0.74 MPa,
corresponding to a tensile Peierls stress of polycrystalline
magnesium o, = M x 7,=4.8 MPa.
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