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particles from the metallic matrix were determined by
thermogra vimetry.

ABSTRACT

Discontinuously reinforced metal matrix
composites (MMCs) have been gaining wide acceptance
as an imporlant engineering material in automotive,
aerospace, and elect.ronic industries. Since tl1e ceramic
reinforcemenls are still quite expensive and contrihute
significantly to the MMC final cost, the feasibility of
their recovery from the composite material scrap and
further reeycling is a factor of inereasing interest.

INTRODUCTION

Metal matrix composites (MMCs) have
emerged as a nove! class of materiais for structural,
aerospace, automotive, electronic, tl1cnnal management,
and wear applications (M. Koczak et a!., 1993).
Compared to unreinforced metais, MMCs present
advantageous physical. thermal and mechanical
properties, such as enhaneed specific strengtl1 and
stiffness, improved wear and creep resistances, and
higher temperature capahilities.

Chlorination process is an attractive method for
the metal recovery from complex materiais. The process
which is performed at high temperatures, allows to turn
ali the metais contained in the material into their
respective chlorides. In tl1is particular case, the
constituents of composite metallic alloy matrix can he
transformed in gaseous chlorides and tl1ey can he
dragged hy the gaseous stream, while the ceramic
reinforcement does not react and remain as a solid
residue in the reaction hed.

Discontinuously reinforced MMCs containing
particles, short fibers or whiskers offer nearly isotropic
properties and relative case in fabrication by costeffective methods, including both solid- and liquid-state
processing routes. Due to U1e lightweight and good
compatibility between matrix and reinforcement,
aluminum alloys reinforced with Al 20 3 short fibers and
particles form a large group of these MMCs that are now
commcrcially used in the automotive industry, for
instance in diesel engine pistons and cylinder liners (V.
Kevorkijan, 1999).

I n U1e present work, a theoretical and
experimental study is given for the recovery of Al 2 0 3
particles from a commercial aluminum-matrix composite
produced hy mollen metal mtxmg route. A
thermodynamic analysis considering ali tl1e possible
reactions with chlorine was rirstly carried out, and then,
the conditions for the optimum separation of the Al 2 0 3

Since the ceramic reinforcements are still quite
expensive and contribute significantly to the MMC final
cost (C. Mangin et al., 1996), tl1e

Table 1: Nominal chemical composition of 6061 AI alloy matrix (wt.%)
Si

Fe

Cu

Mn

Mg

Cr

Zn

Ti

0.4-0.8

0.7

0.15-0.4

0.15

0.8-1.2

0.04-0.35

0.25

0.15

feasibility of their recovery from the composite material
scrap and further recycling is a factor of increasing
interest (Y. Nishida et al., 1999).

AI
Balance

chlorine gas t1ow to convert the metais contained in the
material into their respective chlorides, which can be
furtl1er separated hy exploiting the significant
di!Terences hetween relative volatilities of metallic
chlorides and by tl1e own selectivity of chlorination
reactions. In tl1c case of MMC treatment, the different
elements of ilic metal! ic alloy matrix can be transformed

On thc other hand, the chlorination process is
an attracti ve mcthod for metal recovery from complex
materiais (A. Bohe et al., 1996). The process uses a hot
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in gaseous chlorides and they can be drag by the gaseous
stream, while the ceramic reinforcement does not react
and remain as a solid residue in the reaction bed.
ln the present work, a theoretical and
experimental study is given for the recovery of Ah0 3
particles from a commercial aluminum-matrix composite
(Duralcan, U.S.A.). A thermodynarnic analysis
considering ali U1e possible reactions with chlorine was
firstly carried out, and then, the conditions for the
optimum separation of the Ah0 3 particles from the
metallic matrix were experimentally deterrnined,
considering the effect of temperature and the
aggregation states of the respective metallic chlorides.
The starting temperature of the chlorination reactions
was followed by thermogravimetry, while the raw MMC
samples and solid residues after chlorination were
characterized by X-ray diffraction (XRD) and scanning
electronic microscopy (SEM).

Figure 1: Optical rnicrograph of the as-polished 6061
Al/Al 20 3(p) composite sample.

Thermogravimetric Measurements
Non isothermal and isothermal measurements
of the mass loss (I M) involved in the chlorination of
MMC samples were carried out by a thermogravimetric
system especially adapted to work with corrosive gases.
This experimental set-up consists of an electrobalance
(Cahn2000), a gas line, and a data acquisition system
that is described in more detail elsewhere (A. Bohe et
ai., 1997). Specimens of the MMC of about 26 mg of
mass and apparent exposed area of 0.5 cm2, were placed
in a quartz crucible in t1ow of either argon or an argonchlorine rnixture. These specimens were heated in these
ílowing atmospheres and the mass changes were
continuously monitored. The initial specimens and the
solid residues after reactions were observed by scanning
electron rnicroscopy (SEM) and analyzed hy energy
dispersive X-ray spectroscopy (EDXS) and XRD.

EXPER~ENTALPROCEDURES

Composite Material
The composite material used in this
investigation was a 6061 AI alloy reinforced with -15
vol.% of nominally 5-Jlm Al 20 3 particles. The material
was fabricated by a high-energy rnixing of the cerarnic
powder into molten metal, according to a patented
technology and it was supplied by the manufacturer in
the form of extruded circular bars of 50 mm in diameter.
The nÕminal chernical composition of the matrix in the
composite is given in Table I.
A typical rnicrostructure of the composite is
presented in Figure 1, that corresponds to a low
magnitication optical rnicrograph of an as-polished
metallographic sample. It is seen that the distribution of
particles is quite homogeneous in the matrix and they
are irregularly shaped.

RESULTS AND DISCUSSION
Theoretical Analysis
Ali thermodynarnic calculations presented in
this Section were performed with the HSC Chemistry
software (Outokumpu Research, USA).
Metallic aluminum has a great affinity with
oxygen, as indicated by the negative value of the
standard free energy change:

=Al203
(1)
(kJ/mol) = -1059 + 0.20971 T for ilie oxidation

2 AI + 3/2 0 2(g)
0

wit)1.1G
reaction, where T is the absolute temperature.
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Consequently, it is always covered by a
refractory aluminum oxide tlim. The oxide scale
passives thc metal so it is protected against the action of
any corrosive environment. From thermodynamic data,
it is known that tJ1e reaction of chlorine with metais is
thcrmodynamically favorable. The most important
reactions betwcen chlorine and AI and Mg, i.e. the
principal alloying clement of the 6061 AI alloy, are:
2 Al + 3 Cl2 (g) = Al2Cl6(g)

1.5MgCh+2Al20 3= 1.5MgO*AhO+AlCh(g)
with L'lG (kJ/mol) = +222.44- 0.18346 T.

Moreover, the reaction (6) has to occur as a
solid-state reaction between a ceramic material and a
salt, which kinetically will be very slow at Lhe working
temperature.
During chlorination, the A!Cl 3(g) may also
interact with solid Mg to form spinel, according to the
following reaction:

(2)

witJ1 L'lGo (kJ/mol) = -408.93 + 0.08177 T.
Mg + Cl 2(g) = MgCI 2

2AICI3(g)+Mg+202(g)=MgAI204(s)+3Cl2(g)

(3)

Although this reaction is feasible it has to occur
in a gas tlow so the interaction would be very
improbable as it provides heterogeneous nucleation
sites. As discussed below, most of MgAI 204(s) crystals
found on the Ah0 3 particles are expected to be formed
during MMC processing.

As can bc seen, the underlying alloy may be
converted into tJ1c respective chlorides even at roam
temperature, but tJ1ermodynamic parameters do not
indicate at which rate the chlorination would occur. On
Lhe other hand, thc passive oxide layer is not
thcrmodyn amically susceptible to be attacked by
0
chlorine, because of tJ1e high positive value of L'lG
corresponding to the following reaction:

Thermogravimetric Measurements

(4)

ln order to determine the temperature at which
chlorine interacts with the underlying 6061 AI alloy, a
non-isothermal thermogravimetric (TO) curve was
obtained in Ar-Cl 2 gas stream from roam temperature,
and it is shown in Fig. 2.

witJ1 L'lG 0 (kJ/mol) = +120.96 + 0.02308 T.
The high thermodynamic stability of the Ah0 3
oxide suggesL~ that it may protect the underlying metal
from chlorination, at lt:ast at low tempcratures. Thus, the
chemical attack or the alloy by chlorine is only expectcd
to occur at'tcr its diffusion through the passive oxide
layer. Moreover, the Ah0 3 particles reinforcing the
6061 AI alloy are as non-reactive with chlorine as the
protecti ve se ale, thus when chlorine reaches the metal,
only mctallic chlorides form and, if the reaction
tempcrature is high enough to volatilize them, the
mctallic chlorides are dragged by the gas stream. So, the
expcctcd solid rcsidue would be composed by the
passive oxide layer and the reinforcing Al 20 3 particles.
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Another important point to be considered is the
rcaction between Mg and Ah0 3 particles during the
preparation of Lhe composite, at temperatures over 700
oc. This reaction follows thi s behavior:
4/3 Ah03(s) + Mg(l) = MgAI204(s) + Al(s)

(7)

with L'lG" (kJ/mol) = -1041.80-0.31629 T .

with L'lG 0 (kJ/mol) = -592.58 + 0.14617 T.

AI203 + Cl2(g) = AhCl 6(g)

(6)

0

Temperature, oc

Figure 2: Non-isothermal TG curve of the MMC in ArCl2 mixture.
The mass loss observed at -150 °C, with a
heating scan rate of 2 °C/min in Ch (ca 6000 s), was
attributed to the formation of volatile chlorides. ln
previous studies, the chlorination of AI 99.5 had been
observed at 120 oc after 1350 seconds of heating in Ch
(A Bohe et al., 1998).

(5)

with L'lG" (kJ/mol) = -98 .75 + 0.00028 T.
As MgCl 2 is solid up to 649 oc and has a low
vapor pressure (6.26 I o·~ bar at 500 °C), the interaction
that must be analyzcd is between MgCI 2(s) and Al 20 3(s),
but tl1e high free energy change shows that is not
feasible the formation of MgAI 20 4 from the following
reaction:

After the chlorination reaction was completed,
i. e. when the mass loss in Cl 2 had stopped, the solid
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residue was weighted and it was found to be about 16
wt% of tl1e initial rnass of specimen.

Moreover, the induction time has a remarkahle
dependence with tempcrature, indicating that the
diffusion is a thermally activated process.

The isothermal chlorination let to analyze thc
kinetics of AICI 3 (g) formation and its volatilization,
allowing thc separation frorn the Ah0 3 particlcs and tl1c
remaining oxide scalc.

Assuming that the thickncss of the scalc is the
samc in each specimen, hccause it was huilt up at the
same environmental conditions of ternperaturc, oxygen
partia! pressurc and oxidation reaction time, and using
lhe following equation v = A exp( -E)RT) , then log t =
log C - E,/RT, it is possihlc to ohtain the E" value from
thc slope of log t vs. 1/T curve. Following this
procedure, the avcrage valuc of E, was estirnated as 72
kJ/rnol.

Isothermal TG curves are shown in Figure 3,
where it is scen an initial period at which any mass
change was detectcd, then a rapid rnass loss started
abruptly and continued with a practically constant rate
up to the cnd of t11e reaction. Thc reaction rate was
measured at 3 diffcrent tcmperaturcs: 205 , 225 , and
250°C, respeetively, and tl1ey are very closed to the
di !Tusion in the gaseous phase, indicating that when
chlorine interacts with tl1e underlying alloy, tl1e reaction
is controllcd only by tl1e diffusion of gaseous species in
the boundary layer.
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As the particle surfaces seern to he covered hy
a lilm of a solidificd molten metal, it is not possible to
distinguish details of tl1c interfacial layer hetween alloy
matrix and alumina particles.
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Thc morphology of the as-polished starting
sample obscrvcd hy SEM (Figure 4) shows a smooth
surface with particles of ahout I to 5 11m.
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Figure 3: bothermal TG curves of thc MMC in Ar-Cl 2
mixturc.
Another important rernark is tl1e tirst induction
time (ti) which decreases with temperature: at 205 oc ti
is 1200 s while at 250 °C it is 300 s. The induction time
precedes the chemical attack of chlorine to the
underlying metal and it is associated witl1 the diffusion
of chlorine hy different mechanisms through the oxide
scale. The dillusion mechanisrn tl1at may be operative is
through cracks or microcracks, via grain bounclarics or
any other type of scalc defect.

Figure 4: SEM micrograph of tl1e starting MMC sample
(as-polished).

ln order to reveal ú1e outer contours of Lhe
interfaces and the precipitatcs in the matrix, usually the
MMC sample has to be etched lightly with a dilute
Keller's reagent after polishing (J. Lee and K.
Subramanian, 1994). lnstead , the chlorination process
presented here also allows a detailed examination of the
rnatrix-particle interfaces which become clcarly
observable hy SEM witl10ut chemical or electrolytic
etchings.

Therefore, the longer induction times of the
chlorination of AI 99.5 compa.rcd to thosc ohserved in
the chlorination of 6061 AI alloy matrix are showing the
di fferences i n the microstructural characteristics of thc
oxide layer in hoth cases. It is apparent that the passive
film formed on AI 99.5 was a less protcctive physical
barrier to avoid the chemical attack of chlorine than the
oxide scalc that recovers the surfaccs of MMC
specimens.

A MMC sample treated at 225 "C in chlorine
tlow until any mass loss was dctectcd , was analyzed by
SEM. Two types of solid residuc can be distinguished: a
vcry fine black powder and the passive layer tl1at iooks
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like a thin shell wilh lhe shape of U1e initial sample rod.
Thc SEM micrograph presented in Figure 5 corresponds
to the powdcr, and it can be appreciated that the alumina
particles are clean without any evidence of aluminum
matrix.
Then, the process helped to obtain the nonreactive phases and thc individual alumina particles
wcre clearly scparated from thc metallic matrix. Thesc
particles havc a blocky platelct shape and they are eithcr
fully or partially covered with small crystals.

Figure 6: High magnitication SEM micrograph of the
rcacted alumina particle showing the spinel crystals
grown on its surface.
{Mg} + 4/3{Ah03}= MgAh04 + Al(s)

(8)

wherc { } corresponds to a chemical specie in solution
in the molten aluminum. The faceted crystal suggests
that here the growth is from an isotropic media and the
mass transport occurs through the molten phase.
•
Direct XRD of the composite surface was not
effective for identifying the interfacial reaction products
owing to their small volume fraction in the composite.

Figure 5: SEM micrograph of the alumina particles after
chlorination.

The crystal structure of these phases was
determined by XRD after complete volatilization of
aluminum as AlCI 3 at 310 °C. Because of the volume
fraction of the reaction layer at the interface is relatively
small compared to that of the alumina particle, a scan
rate of 1 °Cmin· 1 was used; under this condition it was
observed sharp and strong enough XRD peaks
corresponding to the reaction products formed at the
matrix-particle interfaces.

As can be scen in the magnitied views of an
individual alumina particle given in Figure 6, MgAl 20 4
formed at the surface are pyramid-like (or octahedral
shaped) crystals with an average size of about 111m.
Bascd on U1e shapc of these individual MgAI 20 4 spinel
regions, thcy are believcd to be single crystals, because
of U1e well faceted crystal growth. The octahedral shape
is typical of the crystalline habit of MgAI 20 4 which is
observed in crystals grown from melts phase (A.
McLcod et ai. , 1992).

The results obtained from XRD of the treated
sample are shown in Figure 7, where it is seen that the
type of alumina particle is a-Al 2 0 3 having corundum
structure, and the small crystals formed at their surfaces
are MgA1 20 4 with spinel structure.

The micrograph given in Figure 6, indicates
that MgAI 2 04 crystals usually have their roots embedded
in alumina particles and appear to have been formed by
consuming some amount of Ah0 3 . The possible
mechanism for the formation of the spinel layer at the
interface can bc interpreted hased on a dissolutionrecrystallization mechanism through which large crystals
grow from small grains. Therefore, equation 5
represents
the
overall
equilibrium
for
the
recrystallization of MgAI 20 4 phase. This reaction can be
depicted hy the following steps:
Al(s) + {Mg} = Al(l) + {Mg}
(I)
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Figure 8: Passive Ah0 3 layer residue after chlorination
at 225 oc.

I

Powder after reaction

The thickness of the scale was measured by
SEM and the average value was 0.6 J..lm but, as it is very
thin, it was not possible to detect by XRD in which
phase the passive oxide is present on the surface of
composite. Nevertheless, it would be feasible to separate
the scale from the aluminum matrix by chlorination as
already was demonstrated in other work (A. Bohe et ai. ,
1997) in arder to obtain the diffraction of this clean
tilm. Unfortunately, in tJ1is work we had not enough
amount of clean scale for determining its phase.
Moreover, in the solid residue obtained after
chlorination this thin film was mixcd witJ1 the alumina
particles and in the Figure 8 it can bc observed some
particles resting on the surface scale; it is important to
note that the are not stuck into the 1ayer.

in Cl at 3JOoC
2
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Figure 7: XRD patterns of the Al 20 3 reacted particles
covered with spinel crystals.
The other solid residue corresponds to the
passive oxide layer. Figure 8 shows a SEM micrograph
of a MMC sample treated at 225 ac after complete
chlorination. Surface cracks and t1aws on the oxide scale
can be ·observed and they are expected to be produced
during the reaction. The scale appears to be sufficiently
cracked so that volatile AlCI 6 can easily evolve without
additional damage conserving the initial sample shape.
The large cracks were probably a consequence of an
initial build up of pressure at the alloy interface due to
the rapid formation of volatile chlorides. Therefore, the
chemical attack of the scale by chlorine was practically
negligible. This observation is in agreement with the low
reactivity of AI 20 3-Cl 2 reaction previous1y indicated.

EDXS analysis were also done on the particles
remaining in the solid residue obtained after chlorination
reaction at different temperatures, and results are shown
in Table II.

Table II: Semi-quantitative analysis by EDXS of alumina particles after the chlorination reaction at different
tempera tures.
Temperature,

oc

Mg, at.%

AI , at.%

Cl, at.%

Cr, at.%

205

7

35

46

12

225

6.3

92

310

8

92

480
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The
average
compostllon,
in
atomic
perccntage, measurcd on the particle surface at different
temperatures shows that AI and Mg are present in all
experimental conditions, and the percentages of Cl and
Cr decrease with increasing tempcrature. C! observed at
low tempcratures may correspond to the formation of
solid CrCI 2 or CrCh because AICh is gaseous at these
working temperatures. It was already seen in a previous
work that volatilization of Cr heated in chlorine t1ow
was favorcd by mcans of the spccies CrCI 4 (g) (A. Bohe
et ai., 1996).
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