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Structure and properties of rapidly-solidified
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Part II Atomized powder, its extrudate and the effect of
blended-in SiC
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Argon atomized Al-5 Mn-3 Si (wt %) powder has been extruded with and without 15 vol %
added SiC particulate at 425 ◦C and characterized both as extruded and after 100 and 1000 h
at 425 ◦C. As extruded matrix microstructure of discrete αAlMnSi particles of mean
diameter 60 nm in an αAl matrix was similar to that for comparable melt-spun ribbon after
2 to 5 h at 425 ◦C and coarsening of αAlMnSi in 100 and 1000 h at 425 ◦C was also
comparable. Hardness and proof strength of the matrix as extruded and their decrease on
heat treatment matched predictions of a combined Orowan and Hall-Petch model as for the
melt-spun condition. Initial hardness and tensile properties of the matrix were similar to
those of extruded Al-Fe-V-Si with the same (∼15) vol per cent of silicide. Increment in
Young’s modulus of ∼30 GPa when SiC was present was similar to that for Al-Fe-V-Si/SiC
MMC, while increments in strength and decrements in elongation to fracture were smaller
for the Al-Mn-Si/SiC MMC. C© 1999 Kluwer Academic Publishers

1. Introduction
The development of high performance light materials
that retain strength and stability at elevated tempera-
tures is a continuing need for aerospace and automotive
application [1–7]. One solution is to disperse a substan-
tial volume fraction of a suitable hard second phase
on a sufficiently fine scale throughout a light metallic
matrix. This second phase can be a product of con-
ventional age hardening (which is however subject to
the effects of dissolution and coarsening when tem-
perature is raised), can be a direct or indirect result
of rapid solidification from the melt or an equivalent
technique, or can be the result of external injection
of the second phase in the liquid or solid states. This
paper explores the second alternative as exemplified
by the nanophase silicide dispersion in Allied’s 8009
Al-Fe-V-Si alloy [8] which exhibits unusual thermal
stability at temperatures as a high as 0.75 Tm (425◦C),
limited only by transformation to embrittling needles of
equilibrium Al13Fe4 at>0.8 Tm [9]. The corresponding
stable silicide phase in the Al-Mn-Si system is an at-
tractive alternative. Pariset al.[10–15] pioneered work
on the Al-10 Mn-2.5 Si (wt %) composition and some
derivatives [16–19] while Hawket al.[20–23] explored
Al-15 Mn-5 Si and, most recently, B¨uchleret al. [24]
explored a range of stoichiometries centred on Al-10
Mn-2 Si. The present paper explores the potential of
atomized Al-5 Mn-3 Si powder as a thermally stable
matrix for reinforcement with blended-in SiC particu-
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late. Its predecessors [25, 26] explored the evolution of
microstructure in melt-spun Al-6 Mn-3 Si, Al-8 Mn-4
Si and Al-15 Mn-6 Si, while parallel work reported on
the effect of variable Si-content in Al-7.5 Mn-2.7 to 9.8
Si [27].

2. Experimental
Argon atomized powder of composition Al-5.1 Mn-
3.3 Si (wt %) was supplied (sub-45µm fraction) by
Alpoco Ltd. Coulter laser diffraction particle size anal-
ysis (Fig. 1) indicated the most frequent particle size
as 3µm, whereas the largest volume per cent was of
particle size∼30µm. Canning, degassing and extru-
sion was carried out at DERA, Farnborough. One batch
of the powder was pre-mixed in a triaxial shaker with
15 vol % of 2 to 10µm SiC particulate before con-
solidation. The 5 h chamber degassing cycle involved
evacuation, heating to 425◦C for 1 h followed by slow
cooling, all under vacuum. Extrusion was carried out
at 400◦C at a ram speed of 10 mm/min with water
cooling of the extrudate as it emerged from the die.
The extrusion ratio was 20 : 1 giving a final diameter of
11 mm. The product was∼1.1 m long, the first and last
200 mm being discarded to remove the front end of the
can and the pipe intrusion. Some of this material was
heat treated for 100 and 1000 h at 425◦C.

Samples of as-received powder, consolidated and
heat treated material were characterized by optical
metallurgy, x-ray diffraction (XRD), scanning electron
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Figure 1 (a) Frequency and (b) volume particle size distribution of Al-5
Mn-3 Si atomized powder size fraction supplied by Alpoco Ltd.

microscopy (SEM) and transmission electron mi-
croscopy (TEM). XRD used CoKα radiation and SEM
employed a Joel JSM 6400 microscope. TEM of atom-
ized powder was carried out in a Phillips 400T on sam-
ples mixed with epoxy resin and forced into a copper
tube of external diameter 3 mm. Slices 2 mm in thick-
ness were ground to 200µm and dimpled to 70µm
using a size 4 dimpling wheel with 6µm and 1µm di-
amond paste followed by Silco. Thinning to electron
transparency was then achieved by ion beam milling.

Figure 2 Optical micrograph of etched section of Al-5 Mn-3 Si atomized powder showing range of etching response from fine featureless (zone A)
arrowed in smallest particles to dendritic (zone B) in larger particles.

TEM was limited to 80 kV and a low emission setting to
avoid burning off resin or heating the powder particles.
TEM of extrusions was carried out on 1 mm discs sliced
from the gauge length of tensile specimens. These were
ground to a thickness of∼100µm and electrothinned
in 25% nitric acid in methanol at below−30◦C using
a current of∼0.18 A and an applied voltage between
12 and 20 V depending on the solution temperature.
Second phase particle sizes were measured directly
from TEM negatives using a magnifying eyepiece with
graticule. At least 3 foils and up to 5 different areas per
foil were sampled, giving a total of at least 300 par-
ticles per condition. Vickers or Knoop microhardness
measurements were made on sectioned powder parti-
cles and extrusions. Tensile tests were in accordance
with BS EN 10002-1 : 1990 using a gauge length of
25 mm and a gauge diameter of 4 mm. Extension rate
was initially 0.06 mm/min to determine modulus and
proof stress, followed by extension at 5 mm/min until
fracture occurred.

3. Results
3.1. As-atomized powder
Optical microscopy of mounted, polished and etched
sections (Fig. 2) showed dendritic (zone B) structure
in larger particles which became finer with decreasing
particle size, with the finest particles (size<5µm) be-
ing optically featureless (zone A) [28]. SEM of unsec-
tioned powder (Fig. 3a, b) shows increasingly smooth
surfaces and more spherical shape at decreasing parti-
cle size, with satellite smaller particles adhering to the
larger particles. Backscattered electron images of sec-
tioned powder particles (Fig. 4) indicate interdendritic
segregation of Mn with increasingly fine structure down
to particle sizes of 5 to 7µm, below which nothing is
resolved. TEM of the smallest particles (diameter 3 to
5µm) showed fine cellular structure with continuous
intercellular second phase (Fig. 5a) with evidence for
transitions from featureless single phaseαAl to two
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Figure 3 SEM micrographs of as-received Al-5 Mn-3 Si powder showing (a) increased sphericity and smoothness of surface with decrease in particle
size and (b) smooth satellite particles adhering to rough surface of a larger particle.

Figure 4 SEM back scattered electron micrograph from sectioned Al-5 Mn-3 Si powder particles showing segregation of Mn and reduction of scale
of dendrite structure with decreasing particle size, not resolved for smallest particles.
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Figure 5 TEM micrographs of ion beam thinned Al-5 Mn-3 Si powder particles showing (a) cellular structure in a 3 to 5µm particle (b) second phase
precipitation in a 10 to 15µm diameter particle (c) diffraction pattern from 20 nm particles indexed asαAlMnSi.

phase cellular structure within single particles, as re-
ported for other systems [29, 30]. The 20 nm precipi-
tates to the right of the perforation in the 10 to 15µm
diameter particle shown in Fig. 5b gave diffraction rings
consistent withαAlMnSi (Fig. 5c). XRD data (Fig. 6)
indicateαAl plus broad low intensity peaks at 48.8 and
51.8◦2θ consistent with presence ofαAlMnSi as sec-
ond phase at least in the larger particles which dominate
the size distribution (Fig. 1b). Knoop microhardness of
the larger particles was 120± 11 kg/mm2.

3.2. Structure of as-extruded material
Optical microscopy of longitudinal sections (Fig. 7a, b)
suggested that the microstructural variability of the as-
atomized powder was retained to some extent on ex-
trusion, with some small zone A powder particles re-
sisting deformation quite effectively (Fig. 7b). X-ray

diffraction (Fig. 6) showed all of the expectedαAlMnSi
peaks between 42 and 58◦ 2θ , and the peaks are sharper
and more intense than for the as-received powder. TEM
showed wide variations in size and distribution of sec-
ond phase particles, ranging in size from a few nm, in
regions derived from small prior powder particles, to
a maximum of 0.5µm within the bulk of the material
(Fig. 8a–e). Fig. 8b and d show, respectively, a 3µm
prior powder particle still retaining its spherical shape
containing fine precipitates, and the coarser particles
more characteristic of the bulk of the material. Fig. 8c
and e show that these second phases are bothαAlMnSi.
In regions where volume fraction ofαAlMnSi was
lower, αAl subgrains were evident with size between
300 and 500 nm, usually with theαAlMnSi particles
on subgrain boundaries or associated with dislocations.
The size distribution ofαAlMnSi shown in Fig. 9a and b
is consistent with a mean particle diameter of 63±5 nm
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Figure 6 X-ray diffraction traces from as-atomized and as-extruded Al-5 Mn-3 Si powder, showing presence of Al (=A) andαAlMnSi (=M) and
the effect of heat treatment of the extruded material at 425◦C.

Peak No Al A2 M7 M9 M10 M11 M12 M13 M14 M15
hkl Al 111 Al 200 α510 α520 α440 α433 α600 α611 α620 α541
∗I/I 1 100 40 50 50 10 90 60 100 40 10
†2θ , degrees 45.1 52.5 42.1 45.5 47.0 48.6 58.1 51.6 53.0 54.5

∗Powder Diffraction File cards 4-0787 and 6-0669.
†CoKα radiation.

for the as-extruded condition, and is evidently multi-
modal, peaked at∼50, 100, 230 and 330 nm. Knoop
microhardness decreased from 120± 11 kg/mm2 to
89± 9 kg/mm2 as a result of the consolidation condi-
tions employed. Optical microscopy of the extrusion
containing 15 vol % SiC (Fig. 10a) showed banding of

the SiC particles along the direction of extrusion. SEM
(Fig. 10b) showed fine porosity associated with clus-
ters of SiC particles but there was no evidence of a
significant reaction zone between SiC and the matrix,
which appeared to have been well bonded by the ex-
trusion process. TEM (Fig. 11) confirmed absence of
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Figure 7 Optical micrographs of longitudinal sections of as-extruded Al-5 Mn-3 Si showing lighter regions and darker regions associated with
different microstructural scales within the powder particles. The arrowed Zone A particles in (b) have resisted deformation more effectively than
surrounding material.

a reaction zone adjacent to SiC particles with no sig-
nificant difference in matrix microstructure compared
with the SiC-free extrusion.

3.3. Structure of heat treated material
SiC-free extrudate that had been held for 1000 h at
425◦C showed evidence of microstructural coarsening
even under the optical microscope. TEM indicated that
substantial coarsening had indeed occurred even after
100 h at 425◦C (Fig. 12a) to give an averageαAlMnSi
particle diameter of 104± 8 nm increasing further to
180± 14µm after 1000 h at 425◦C (Fig. 12b) with par-
ticles up to 1µm in size (Fig. 12c). Subgrain size of the
matrix had increased to between 500 and 700 nm after
100 h and to between 600 and 1000 nm after 1000 h at
425◦C. XRD showed some increase in intensity of the
αAlMnSi peaks but with no significant change in their
relative intensities (Fig. 6c, d). Fig. 9a and b show that

multimodality in theαAlMnSi size distribution persists
on heat treatment with the constituent peaks moving
to larger particle sizes with increasing time at 425◦C.
Knoop microhardness decreased from 89± 9 kg/mm2

as-extruded to 76± 8 and 71± 3 kg/mm2 after 100 and
1000 h at 425◦C.

3.4. Tensile properties of the extruded
materials

Table I compares 0.2% proof strength, ultimate tensile
strength, Young’s modulus and elongation to fracture
for as-extruded Al-5 Mn-3 Si with and without rein-
forcement with 15 vol % SiC and also shows the effects
of heat treatment for 100 and 100 h at 425◦C. Results
[8, 31] for Allied 8022, 8009 and FVS 1212 (16, 27
and 36 vol % Al13(Fe, V)3Si) are included for com-
parison. As expected the SiC-reinforced Al-5 Mn-3 Si
was stronger and stiffer than the unreinforced material
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TABLE I Room temperature tensile mechanical properties of rapidly solidified powder extrusions of Al-5 Mn-3 Si and Al-5 Mn-3 Si/15 vol % SiC
as-extruded and after 100 h and 1000 h at 425◦C compared with results [8, 41] for Allied 8022 (Al-6.5 Fe-0.6 V-1.3 Si), 8009 (Al-8.5 Fe-1.3 V-1.7
Si) and FVS1212 (Al-11.7 Fe-1.2 V-2.4 Si) rapidly solidified and extruded. Errors indicated are 95% confidence limits

0.2% proof Ultimate tensile Young’s modulus Elongation to
Material Treatment strength, MPa strength, MPa E, GPa fracture, per cent

Al-5 Mn-3 Si (wt %) As-extruded 241± 5 319± 6 84± 6 18.3± 2.3
100h/425◦C 182± 4 262± 4 94± 2 18.1± 1.6
1000 h/425◦C 148± 9 220± 11 96± 10 15.9± 3.4

Al-5 Mn-3 Si (wt %) As-extruded 275± 0 349± 9 112± 13 5.9± 0.9
plus 15 vol % SiCp 1000 h/425◦C 229± 2 299± 2 104± 8 4.6± 1.0

1000 h/425◦C 203± 2 203± 2 125± 1 4.1± 0.3
8022 As-extruded 260 310 84± 1 [41] 22
8009 As-extruded 430 470 88 17
FVS1212 As-extruded 550 590 96 10

but with reduced elongation to fracture. Unreinforced
Al-5 Mn-3 Si showed an increase in modulus and a pro-
gressive decrease in strength with increase in time of
heat treatment. This reduction in strength was propor-
tionately less for the reinforced material. Tensile prop-
erties as extruded are very similar to Allied’s 8022 al-
loy which has a similar volume fraction of silicide to
Al-5 Mn-3 Si.

Figure 8 TEM micrographs of extruded Al-5 Mn-3 Si: (a) general microstructure (b) prior powder particle with fine precipitates (c) SAD of precipitates
near [11̄ 1̄] αAlMnSi (d) more typical second phase scale and distribution (e) SAD of second phase near [0 1 1]αAlMnSi. (Continued).

4. Discussion
4.1. Microstructure as-atomized and after

extrusion
The range of microstructure from segregation-free
single phaseαAl to two-phase microcellularαAl +
αAlMnSi with increase in atomized powder particle
size from below a fewµm to ∼50µm is typical of
Al-transition metal based alloy atomized powders e.g.
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Figure 8 (Continued).

[32–39]. The presence ofαAlMnSi as the second phase
is fully consistent with our observations [25] for melt-
spun ribbon of similar composition, which also showed
mainly microcellularαAl with intercellularαAlMnSi.
The effect of an extended degassing treatment at 425◦C
followed by extrusion at 400◦C was to spheroidize the
intercellular network to give a multimodal size distri-
bution ofαAlMnSi with mean diameter∼60 nm, very
comparable with the mean diameter ofαAlMnSi parti-
cles in melt-spun ribbon of similar composition after 2
to 5 h at 425◦C [26]. The lack of an extensive reaction
zone between SiC particles and the matrix in the rein-
forced sample is also in accord with previous experi-
ence for Al-Fe based SiC-reinforced powders extruded
under similar conditions [38–40].

4.2. Evolution of microstructure on
prolonged heat treatment at 425 ◦C

The increase in meanαAlMnSi particle diameter from
63± 5 nm as-extruded to 104± 8 and 180± 8 nm after
100 and 1000 h at 425◦C compares with 94± 2 and
170± 6 nm for melt-spun Al-6 Mn-3 Si after the same
heat treatments [26]. Fig. 13 compares the cube of mean
particle radius versus time at 425◦C for the two condi-
tions and materials and gives indistinguishable values
of slope K 1.7± 0.4 and 1.4± 0.6×10−28 m2/s and in-
tercept r3o = 1.3± 0.2 and 1.1± 0.4×10−22 m3, for the
extruded and melt-spun samples respectively. The pre-
vious paper [26] showed that this K= 1.7×10−28 m3/s
is a factor of 5 larger than predictions based on the
assumption that volume diffusion of Mn in theαAl
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Figure 9 Size distribution ofαAlMnSi in as-extruded and heat treated Al-5 Mn-3 Si against (a) particle radius (b) reduced radius (r/¯r).

matrix governs the rate of coarsening ofαAlMnSi. The
increased observed value was attributed to faster coars-
ening ofαAlMnSi situated on grain boundaries, which
was very evident for melt-spun Al-6 Mn-3 Si. A similar
enhancement in K could be expected for the extruded
Al-5 Mn-3 Si, not least because of subgrains and dislo-
cations derived from the extrusion process. Reasons for
the significantly lower coarsening rate of Al13(Fe, V)3Si
in Al-Fe-V-Si alloys of comparable initial particle size
are discussed in [25].

4.3. Effects of SiC and particle coarsening
on mechanical properties

Extrusion of the Al-5 Mn-3 Si powder at 400◦C gave a
material with hardness 90 kg/mm2, 0.2% proof strength
240 MPa, ultimate tensile strength (UTS) 320 MPa,
Young’s modulus 84 GPa and elongation to fracture
18%, very similar to Allied’s 8022 alloy consolidated
from melt-spun ribbon with a similar volume fraction of
silicide dispersoid. The earlier paper [26] showed that
the hardness of melt-spun Al-6 Mn-3 Si after 1000 h
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Figure 10 Optical (a) and SEM (b) micrographs showing distribution of SiC particles in Al-5 Mn-3 Si/15 vol % SiC extrusion. P indicates porosity
associated with SiC clusters.

at 425◦C could be accounted for by a combination of
Orowan hardening from theαAlMnSi dispersoid and
a Hall-Petch contribution from the sub-grain size of
the αAl matrix. Using the same approach predicts a
contribution of 70 kg/mm2 from Orowan hardening and
30 kg/mm2 from Hall-Petch, totaling 100 kg/mm2, sim-
ilar to the measured value of 90 kg/mm2. The equivalent
predicted yield stress HK/3 is 330 MPa, similar to the
measured UTS but overestimating the measured proof
strength by some 40 per cent. It is notable, however,
that the Orowan contribution drops by some 40% if al-
lowance is made for the fact that theαAlMnSi exhibits
a particle size distribution rather than being uniformly
sized spheres of radius r. The combined Orowan/Hall-
Petch model then also accounts reasonably well for
the reduction in hardness and strength on heat treat-
ment. The Orowan contribution is basically inversely
proportional to r, and r doubles in 100 h and trebles in
1000 h. The Orowan contribution of 140 MPa to the

measured proof strength of 240 MPa thus reduces to 70
and 50 MPa in 100 and 1000 h at 425◦C. Correspond-
ingly the Hall-Petch matrix subgrain size (3) contribu-
tion is inversely proportional to3−1/2, and3 increases
by factors 1.5 and 2 in 100 and 1000 h at 425◦C. The
Hall-Petch contribution of 100 MPa to measured proof
strength thus decreases to 80 and 70 MPa in 100 and
1000 h at 425◦C. The combined contributions thus give
150 and 120 MPa after 100 and 1000 h at 425◦C, com-
parable with the measured values 180 and 150 MPa.
The Young’s Modulus of 84 GPa as-extruded is virtu-
ally identical with the value for Allied’s Al-Fe-V-Si
with the same volume fraction of silicide [41], con-
sistent with a value of E for the silicide of 150 GPa.
The apparent small (∼10%) increase in E after 100 or
1000 h at 425◦C is not readily explained, and may not
be significant.

The increment of∼30 MPa in proof and ultimate
strengths for the as-extruded MMC in Table I is smaller
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Figure 11 TEM micrograph of extruded Al-5 Mn-3 Si/15 vol % SiC
showing absence of a reaction zone adjacent to an SiC particle and matrix
microstructure similar to that in the absence of SiC.

than the∼150 MPa increase reported [42] as-extruded
8009+ 15 vol % SiC but the reduction in elongation
to fracture from∼18 to∼6 per cent is less than for
8009/SiC (17 to 3 per cent). The reductions in strengths
of Al-Mn-Si/SiC in Table I on treatment for 100 and
1000 h at 425◦C are proportionately less, however, than
for the unreinforced Al-Mn-Si. The increment in E of
∼30 GPa arising from the 15 vol % SiC in the MMC

Figure 12 TEM micrograph of extruded Al-5 Mn-3 Si after (a) 100 h
and (b, c) 1000 h at 425◦C.

Figure 12 (Continued).

is comparable with that obtained for 8009 containing
15 vol % SiC, and is consistent with Reuss averaging of
the matrix and SiC moduli with an E for SiC of 97 GPa
[43]. The apparent increase in E for the unreinforced
material after treatment at 425◦C is less evident for the
MMC in Table I.

Finally, Fig. 14 shows measured proof strength ver-
sus time of prior treatment at 425◦C for unreinforced
material compared with predictions from Orowan and
Hall-Petch strengthening and from HV/3. The trend
of the measurements aligns with the predictions, and
quantitative agreement between them is good for the
combined Orowan/Hall-Petch modeling.
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Figure 13 Cube of meanαAlMnSi particle radius versus time at 425◦C for extruded Al-5 Mn-3 Si (present work) compared with melt-spun Al-6
Mn-3 Si [24].

Figure 14 Proof strength versus time of prior treatment at 425◦C for extruded Al-5 Mn-3 Si compared with predictions. Key:hmeasurements,
1 predicted from HV/3,♦ predicted from combined Orowan and Hall-Petch modelling,¤ predicted from Orowan modelling.

5. Conclusions
1. Atomized Al-5 Mn-3 Si powder showed mainlyαAl
cellular microstructures similar to melt-spun ribbon
with intercellularαAlMnSi as the second phase where
identification was possible.

2. Consolidation by extrusion at 400◦C with prior
vacuum degassing at 425◦C spheroidized the intercel-
lular αAlMnSi to give a microstructure very compara-
ble with that of melt-spun ribbon of similar composition
heat treated for 2 to 5 h at 425◦C.

3. The as-extruded microstructure exhibited banding
and undeformed ‘zone A’ particles reflecting the range
of microstructures in the as-received powder.

4. Blended-in SiC particulate also exhibited banding
but appeared to be well-bonded to the alloy matrix with
no signs of a significant interaction zone.

5. Heat treatment at 425◦C produced coarsening of
the size distribution ofαAlMnSi from an initial mean
diameter of 60 nm to 180 nm in 1000 h, very simi-
lar to the results for melt-spun ribbon given the same
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treatment, while subgrain size of the matrix increased
from∼400 to∼800 nm.

6. Levels of hardness and proof strength in extruded
Al-5Mn-3Si and their reductions on treatment for 100
and 1000 h at 425◦C can be accounted for by a combi-
nation of Orowan and Hall-Petch strengthening as was
the case for the hardness of melt-spun material.

7. The increment of∼30 GPa in Young’s modulus
resulting when 15 vol % SiC was present is similar
to that obtained for comparable Al-Fe-V-Si containing
15 vol % SiC, but the associated increments in strength
and reductions in elongation to fracture were smaller
for the Al-Mn-Si MMC.
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