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As a possible means of reducing the costs associated with the production of metal matrix

composites, the use of inexpensive, naturally occurring minerals as a reinforcing agent is

one alternative currently being considered. In such efforts, the occurrence of extensive

chemical reaction between the minerals and matrix alloy has been noted. In an effort to

utilize the reaction products from such reactions, a novel technique known as core/shell

processing was developed. Core/shell and bulk alloy samples were prepared through

powder metallurgy techniques (blending, cold isostatic pressing, and sintering) followed by

hot swaging and finally machining as required. Sintered samples were examined by means

of mercury densitometry, optical/scanning electron microscopy, electron microprobe

analysis, and mechanical testing (tensile and impact). Microprobe analysis of sintered

core/shell samples indicated the occurrence of extensive chemical reactions between the

alloy and mineral particles in the shell region, resulting in a rejection of calcium from the

mineral into the surrounding matrix followed by eventual migration into the intergranular

regions of the core. Mechanical testing revealed core/shell processed samples had

significantly improved impact properties while maintaining tensile properties similar to bulk

alloy samples.
1. Introduction
Historically, the most prominent fields of application
for metal matrix composites (MMCs) were aerospace
and the military, in which cost was generally not
a limiting factor [1—3]. However, as costs lowered,
applications expanded into commercial aviation and
recreational products such as tennis rackets, bicycle
frames and golf clubs [3]. Metal-matrix composites
have been produced using industrial minerals [4, 5] as
reinforcing agents, and similarly, by reaction sintering,
ceramic-matrix composites utilizing industrial min-
erals as reinforcing agents have been fabricated [6, 7].
The industrial mineral used in these cases (wollaston-
ite-CaSiO

3
) contained calcia as one of the major com-

ponents.
In most applications for MMCs, the chief concern is

weight and because of this, lighter alloys are usually
used for the matrix. The primary alloys used for
MMCs are aluminium-based. Less frequently, alloys
based on titanium, magnesium, copper, iron and
nickel are used. Although the name suggests that the
matrix is a pure metal, this is in fact rarely the case.
Typically, alloying elements are added to aluminium
in the order of 1 wt% to achieve the required property
alterations. There are, however, several elements that
can be added in much lower quantities (0.01—0.1 wt%)
and still achieve the required effect. One such element
is calcium [8, 9].

Small additions of Ca are known to impart several

beneficial effects to aluminium alloys, primarily
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through intermetallic formation. Since calcium readily
combines with Cu and Si to form insoluble intermetal-
lic constituents, a measurable effect on physical prop-
erties and behaviour results. By forming insoluble
intermetallics with the aforementioned elements, the
electrical resistance of aluminium is reduced and
mechanical properties improved [8, 9]. Other benefits
include improvements in the hot workability of
Al—Cu—Mg alloys [10], a reduction in molten alloy
surface tension when processing at temperatures
above the solidus, and the ability to modify the mor-
phology of secondary phases existing within the bulk
alloy. Typically, the amount of calcium added to alu-
minium alloys is kept low (0.01—2.0 wt%), due to the
low solubility of calcium in aluminium ((0.05 at%
at 25 °C) and the detrimental effects on mechanical
properties when the calcium content exceeds 2 wt%
[8, 9].

In earlier experiments devoted to the sintering be-
haviour of 2014/wollastonite (CaSiO

3
) mixtures [11],

the occurrence of a chemical reaction between alloy
and mineral particles was noted. As a result, calcium
was rejected from the mineral into the surrounding
alloy, giving rise to the formation of a hard intermetal-
lic, of a composition very similar to that of CaSi

2
Al

2
[12]. Although such an intermetallic would be ex-
pected to improve mechanical properties, the highly
porous nature of the sintered product rendered mech-
anical testing impossible. Thus, in an effort to intro-

duce a calcium-based intermetallic into alloy 2014
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using reaction sintering of 2014/wollastonite mixtures,
a novel technique was developed. This technique,
core/shell processing, utilizes standard powder metal-
lurgy techniques (blending, cold isostatic pressing, sin-
tering, and swaging) to produce a central core of alloy
2014, surrounded by a shell of 2014/ 5v/o wollastonite.
Thus, the present study is concerned with the evalu-
ation of the microstructure and mechanical properties
of conventionally and core/shell processed alloy sam-
ples, with particular attention to the influence of heat
treatment.

2. Experimental procedure
2.1. Materials
The two materials used in this work were an alumi-
nium-based alloy, 2014, and an industrial mineral,
wollastonite (CaSiO

3
). The alloy was utilized in

a powder form, produced by inert gas atomization,
and supplied by Valimet, located in Stockton, CA
USA. The powder particles were spherical in nature,
having an average particle size of 45 lm. Wrought
2014 is known to have a tensile strength of 205 MPa,
and a hardness of 87—98 HRH [13] in the annealed
state. The wollastonite (48.3 wt% CaO; 51.7 wt%
SiO

2
) was mined and beneficiated in Marmora On-

tario, Canada [14]. Following beneficiation, the min-
eral was in a finely divided powdery form, having both
fibrous and particulate morphologies, and an average
particle size of 15 lm.

2.2. Sample fabrication
The production of the required samples was accomp-
lished using a powder metallurgy (P/M) approach.
Initially, the required amounts of mineral and alloy
powders were weighed and dry-blended in a ceramic
ball mill to ensure a homogenous distribution of the
mineral within the mixture. In core/shell sample pro-
duction, cylindrical green bodies of alloy 2014 were
first produced through wet bag pressing in
a LoomisTM cold isostatic press (CIP), using a max-
imum operating pressure of 186 MPa. The resulting
green body was then concentrically placed in a larger
cylindrical mold, the remaining space filled with the
milled alloy/mineral mixture, and re-pressed. To in-
crease the density and improve the mechanical prop-
erties of the composite green body, each was sub-
sequently sintered under argon in a quartz tube. Prior
to heating, the tube was flushed with industrial grade
argon for 5 min, evacuated for 60 min, and then back-
filled with argon. While maintaining a continuous
flow of argon, the sample was heated to the required
temperature (typically 600 °C) and held for a period of
time which varied from 30—960 min. Once the re-
quired sintering time had elapsed, the sintered product
was furnace cooled under argon. This process was
repeated for all samples fabricated (approximately 40).

In almost all P/M products, residual porosity exists
within sintered bodies. To remove this porosity post
sintering operations such as rolling and extrusion are
often required [1—3, 15, 16]. Post sintering operations

can result in fully dense products and promote metal
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to metal contact between individual alloy particles [2]
resulting in an improved metallurgical bond, and im-
proved mechanical properties. Due to the near net
shape processing ability of powder metallurgy, the
amount of deformation induced in these operations is
often minimal. In attempts to fully densify sintered
samples, a hot swaging operation was carried out. For
core/shell samples, the porous outer shell was chipped
off after sintering and only the remaining core was
subjected to the swaging procedure. Prior to swaging
each sample was pre-heated at 430 °C for 120 min.
Overall, a 60% reduction in area resulted from swag-
ing. After final swaging all samples were water-quen-
ched. The density was measured at each processing
stage using mercury densitometry techniques. Finally,
alloy samples having either no shell layer or a shell of
pressed alloy powder alone, were also prepared
through the techniques previously described to pro-
vide a means of comparison for the core/shell samples.

2.3. Microstructure examination
To assess sintering behaviour, enhance process optim-
ization, and determine the possible occurrence of in-
teractions between alloy and mineral particles, the
sintered microstructures were examined optically us-
ing an Olympus BH-2 optical microscope. The pres-
ence and/or absence of alloy/mineral interactions was
determined by electron probe microanalysis (EPMA)
using a Jeol Superprobe.

2.4. Mechanical testing
Further sample characterization involved assessing
selected mechanical properties of swaged alloy and
core/shell samples using impact and tensile tests. For
each test, appropriate sample shapes were machined
from swaged rods. As alloy 2014 is heat treatable,
mechanical testing was conducted on both annealed
and solutionized samples. When annealing, virtually
all alloying elements are removed from solution as
large precipitates, leaving the alloy in its softest and
weakest condition. Solutionizing, however, has the
opposite effect, in that the alloying elements (most
notably Cu and Mg) are driven into solid solution,
thereby dissolving precipitates. In this work, annealed
samples were held at 430 °C for 24 h and water quen-
ched, whereas solutionized samples were held at
502 °C for 24 h prior to quenching. Following heat
treatment, samples were immediately tested. As
a simple means of determining the relative impact
properties at 25 °C, a Houndsfield' impact tester was
used, whereas relative tensile properties were meas-
ured using a Houndsfield' tensometer. Immediately
after mechanical testing, the hardness of several sam-
ples was measured using a Leco' R600 motorized
digital Rockwell hardness tester.

3. Results
3.1. Density measurements
Samples of alloy 2014 were sintered at various temper-

atures for 30 min and the sintered density measured in



Figure 2 Microstructure of alloy 2014 after sintering for 960 min at

Figure 1 Sintered density versus sintering temperature for alumi-
nium alloy 2014.

all cases. As shown in Fig. 1, alloy 2014 proved to be
responsive to sintering, reaching a maximum sintered
density of 97.1 % of theoretical at 600 °C. In an effort
to assess the influence of sintering time on final den-
sity, alloy samples were sintered at 600 °C for times
ranging between 120 and 960 min. Results of these
experiments revealed only marginal increases in sin-
tered density, thus deeming a sintering time of 30 min
to be adequate. Despite this realization, however, an
extended sintering time of 960 min was employed for
all alloy and core/shell samples to ensure the occur-
rence of an appreciable chemical reaction between the
mineral and alloy and to promote the migration of
reaction products from the shell to core.

3.2. Microstructure examination
Fig. 2 and Table I present the microstructure and
EPMA results for alloy 2014 sintered at 600 °C for
960 min. Within the microstructure, intergranular
regions (A) were found to consist primarily of Cu and
Al together with small amounts of Si, Mn and Mg.
Conversely, the alloy grains (B) were found to be of
a composition similar to that of the bulk alloy. As well,
an Al—Mn—Si—Fe—Cu intermetallic (C), angular and
grey in colour, was found evenly scattered throughout
600 °C (intergranular region (A), alloy grains (B), and grey inter-
metallic (C)).
TABLE I EPMA (wt %) of regions labelled in Fig. 2

Element Intergranular Alloy Grey
region (A) grains (B) intermetallic

(C)

Si 1.0 0.6 10.0
Al 45.4 96.5 58.5
Fe — — 4.6
Mn 1.0 0.3 25.1
Mg 2.2 0.3 0.1
Cu 50.4 2.3 1.7

Figure 3 Resulting shell microstructure after sintering for 960 min
at 600°C showing the presence of a grey phase (A), light grey phase
(B), and alloy grains (C).

TABLE II EPMA results (wt%) for grey (A) and light grey (B)
phases, and alloy grains (C) found in shell (Fig. 3) of core/shell
sample sintered for 960 min at 600 °C

Element Grey Light Alloy
phase (A) grey phase (B) grains (C)

Si 9.5 36.3 0.6
Al 59.0 36.0 96.0
Fe 4.4 — —
Mn 25.1 0.3 0.2
Mg — 0.2 0.2
Ca — 27.2 —

the sample. Although it is believed that the intergranu-
lar regions (A) are comprised of several phases [17],
this identification was beyond the 5 lm resolution of
the microprobe available. Hence, a general, overall
composition is reported.

For core/shell samples sintered for 960 min at
600 °C, the typical appearance of the microstructure
found in the shell is shown in Fig. 3. EPMA results for
regions labelled in the figure are presented in Table II.
For example, EPMA results indicate that the grey
phase (A) is again an Al—Si—Fe—Mn—Cu intermetallic,
of essentially identical composition to that previously
found in alloy samples. The light grey phase (B) was
also found to be an intermetallic, consisting of silicon,
Cu 2.0 — 3.0
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Figure 4 Resulting core microstructure after sintering for 960 min
at 600 °C showing the presence of an angular grey phase (A) and

aluminium and calcium with trace amounts of other
elements, the overall composition in close accordance
with that of CaSi

2
Al

2
. Alloy grains (C) were found to

have reduced concentrations of alloying elements.
EPMA of wollastonite particles exhibiting an outer
ring revealed that the mineral was almost completely
depleted of lime. Whereas the outer granular ring
consisted essentially of alumina and magnesia, the
centre was found to be almost pure silica.

The appearance of the core of a core/shell sample is
shown in Fig. 4. As labelled in the figure, several
dominant features were observed and subjected to
EPMA (Table III). These included the presence of
a small amount of closed porosity, a grey angular
phase (A), intergranular regions (B,C), and alloy grains
(D). The grey phase was again found to be an
Al—Si—Fe—Mn—Cu intermetallic. The intergranular
region, however, was found to consist of at least two
(!)a minimum of two samples were tested in each condition

intergranular regions (B and C) all surrounded by alloy grains (D).
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different resolvable species grouped together. Of these,
one was found to consist primarily of aluminium with
small amounts of alloying elements, while the other
consisted of essentially aluminium and copper to-
gether with a modest amount of magnesium and cal-
cium. Alloy grains were found to have a chemical
composition similar to that of the bulk alloy.

3.3. Post sintering operations
Sintered samples of alloy 2014 were hot swaged to
maximize density. The alloy was found to be highly
responsive to swaging, reaching, on average, a density
of 98.9% of theoretical after 60% reduction in cross-
sectional area. In order to compare the behaviour of
core/shell samples, the outer shell was removed prior
to hot swaging. Core samples were also responsive to
this process and reached, on average, a final post-
swaged density of 98.7% of theoretical.

3.4. Mechanical testing
Impact tests were conducted on the cores of core/shell
composites and on unmodified alloy samples under
a variety of conditions. Such conditions included : (1)
sintered, annealed, and quenched, (2) sintered, swaged,
annealed and quenched, and (3) sintered, swaged, solu-
tionized and quenched. Results of all samples tested
are shown in Table IV. As shown in the table, core
samples absorbed a significantly greater amount of
energy during the tests than alloy samples, despite
similar levels of hardness in all samples. This result
was found to be consistent, regardless of the treat-
ments applied prior to testing.

Tensile tests were also performed on both alloy and
core/shell samples. All samples were subsequently hot
swaged, machined, and heat treated prior to testing.
Results of samples tested in the annealed and solu-

tionized state are shown in Table V and in Figs 5 and
TABLE IV Measured energy absorbed during impact tests and hardness values for alloy and core samples sintered for 960 min at 600 °C

Sample(!) Heat treatment Energy absorbed on Hardness (HRE)
impact (J)

Alloy 2014 as-sintered Annealed 1.6$1.3 44.4$5.0
Alloy 2014 sintered/swaged Annealed 4.2$0.4 64.6$1.2 (HRH)
Alloy 2014 sintered/swaged Solutionized 4.5$0.3 106.4$0.6
Core as-sintered Annealed 4.9$0.3 48.1$5.7
Core sintered/swaged Annealed 8.5$0.1 62.0$1.9 (HRH)
Core sintered/swaged Solutionized 9.4$0.5 103.9$0.2

TABLE III EPMA results of selected features labelled in Fig. 4 (wt%)

Element Grey phase (A) Intergranular region (B) Intergranular region (C) Alloy grains (D)

Si 9.9 1.6 1.8 0.8
Al 59.2 90.5 55.2 95.8
Fe 4.1 0.3 — —
Mn 25.1 2.4 1.6 0.4
Mg — 2.1 3.4 0.4
Ca — — 0.3 —
Cu 1.7 3.1 37.7 2.6



TABLE V Ductility measurements resulting from tensile tests

Ductility measurement Alloy sintered for 960 min and swaged Core sintered for 960 min and swaged
Annealed Solutionized Annealed Solutionized

Per cent elongation 12.5$3.5 18.0$7.1 13.2$2.1 21.5$0.7

Per cent reduction in area 11.5$2.1 20.3$7.1 15.2$1.1 30$1.6
Figure 5 Results of tensile tests conducted on samples annealed
prior to testing. key (e) 2014 standard and (j) core.

Figure 6 Results of tensile tests on samples solutionized prior to
testing. Key; (e) 2014 standard and (j) core.

6 respectively. As revealed in the figures, core and
alloy samples have similar tensile properties in the
annealed state, whereas in the solutionized state the
ductility of core samples was equivalent or superior to
the alloy specimens.

4. Discussion
As previously noted, poor densification of the shell
layer occurred during the sintering of core/shell sam-
ples. This is the result of a chemical reaction occurring
between the alloy and mineral. During such a reac-
tion, oxygen ions are expelled from the wollastonite to
the reacting elements (Mg and Al) of the alloy. If the
reaction kinetics are not fast enough, some oxygen
ions may oxidize the surface of surrounding alloy
particles, thereby restricting densification. The fact
that the alloy core contains calcium is an indication
that the lime component of the wollastonite, despite

being a more thermodynamically stable oxide than
silica, has evidently been reduced to liberate the oxy-
gen atoms required for the formation of magnesia and
alumina. Assuming that these reaction products (mag-
nesia and alumina) have the highest thermodynamic
stability of all possible species in the alloy/mineral
system, the occurrence of a chemical reaction between
the alloy and wollastonite is inevitable. Thus, both the
silica and lime in wollastonite would have a tendency
to react with the alloy, and the final species may then
simply be the result of the competition for the avail-
able oxygen. Although no reference to the ionic diffu-
sion of Ca2` and Si4` ions in wollastonite has been
reported, in a similar system of calcia, silica and
alumina (40/40/20), Ca2` ions are known to have
a diffusion rate almost seven times faster than Si4`
ions [18]. Assuming a similar situation exists in wol-
lastonite, Ca2` ions would be more readily available
for reaction.

Core regions exhibited a structure very similar to
alloy samples. The microstructure again contained
alloy grains, an intergranular region and an Al—Mn—
Si—Fe—Cu intermetallic. However, the intergranular
component of the core samples was comprised of two
distinguishable species-one rich, and one low in cop-
per. Such behaviour is believed to result from the
presence of calcium which has migrated from the shell,
into the intergranular regions of the core because of
the compositional gradient existing between these two
regions. Due to the refining ability of calcium in alu-
minium alloys, its presence resulted in separation of
the intergranular region into two distinct species. The
presence of calcium in the intergranular region is not
surprising, considering its high affinity for copper and
silicon, both of which were concentrated in this region.
A final point of interest is the presence of a grey
Al—Mn—Si—Fe—Cu intermetallic in both the core and
shell regions of core/shell samples. The composition of
this phase is similar to that found in alloy 2014 sam-
ples sintered for 960 min. Thus, its formation is pre-
sumably the result of prolonged alloy sintering, and is
seemingly not influenced by the presence of mineral
particles.

Given that alloy and core samples were of similar
hardness in each of the three test conditions examined
(as-sintered, swaged/annealed and swaged/solution-
ized), one would expect their mechanical properties
to also be similar. As this was not the case, micro-
structural and/or chemical changes are most likely
responsible for the observed mechanical behaviour.
The primary microstructural difference noted between
alloy and core samples was the refinement of the
intergranular region in core samples. The most obvi-
ous chemical difference was the presence/absence of

calcium in core/alloy samples respectively.
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In refining the intergranular region, the portion low
in alloying element concentration should have su-
perior ductility to that which contains concentrated
levels of alloying elements. Thus, conversion of the
intergranular region into two species should reduce its
brittle nature, and improve ductility. This refinement
is also believed to be responsible for the improved
impact properties noted in core samples.

5. Conclusions
1. Mixtures of Al 2014/wollastonite were prepared
using a novel powder metallurgy technique (core/shell
processing) as an attempt to improve selected mechan-
ical properties of the alloy.
2. Using core/shell processing (960 min; 600 °C) cal-
cium is transferred from the shell into aluminium alloy
2014, resulting in microstructural modification. Re-
sulting samples had improved impact properties rela-
tive to the unmodified alloy.
3. It is postulated that this improvement was due to
the refinement of intergranular regions into two dis-
tinct species.
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