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Metal-ceramic composites produced via directed melt oxidation (DIMOX) of aluminium
alloys are of recent interest. The in situ composite forming method is based on the reaction
of a molten alloy with a gaseous oxidant. In the present study, AlI-Mg-Si alloys were
subjected to directed melt oxidation and the progressive microstructural evolution was
examined by interrupted growth experiments. In the early stages, liquid alloy oxidizes to
form a duplex oxide layer (MgO + MgAl,O,) on the surface. The openings in these oxide
layers allow the liquid alloy to wick through to form small nodules on the surface. When
further wicking occurs through these nodules, a “cauliflower” type of colonies is formed.
During the early part of the second stage, spinel growth dominates to form a multi-layered
structure. In the final stage, as the magnesium reaches low levels, Al,O; formation
dominates the growth, and alumina crystals grow continuously for several tens of
micrometres. The oxygen required for alumina formation is expected to come from two
sources: (i) from the ingress of oxygen through microcracked oxide layers, and (ii) demixing
of magnesium-containing oxides in the underneath layers.

1. Introduction

A wide range of metal and ceramic matrix composite
materials are being developed to meet the increasing
demands from various technological applications, es-
pecially from the automotive and aerospace indus-
tries. Although a large number of processes have been
developed in the past decade [1, 2], several difficulties
have been encountered in obtaining controlled micro-
structures and scaling-up these methods to produce
real-life components. Often severe problems are en-
countered in controlling the interfaces between the
matrix and the reinforcement, particularly where re-
active matrices and high temperatures are involved.
To overcome some of the inherent problems, such as
non-wettability, contamination of the reinforcement,
undesired interfacial interactions (i.e. from the view-
point of mechanical properties), novel in situ methods
have been developed for obtaining metal-ceramic
composites [3-10]. The key issue in these in situ
processes is controlling the material synthesis through
optimized reaction kinetics.

In the recent past, the Lanxide corporation, USA,
has developed a novel synthesis route, popularly
known as the DIMOX (directed melt/metal oxidation)
process, to obtain flexible metal-ceramic composites.
In DIMOX, Al/Al,04 composite microstructures are
obtained via thermal oxidation of a magnesium-con-
taining molten alloy. The liquid alloy oxidizes rapidly
at higher temperatures (usually from 1000-1400°C)
and the reaction product grows outwards from the
original metal pool surface, either into free space or
into a filler material. The growth survives by transpot-
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tation {wicking) of the liquid alloy through tortuous
microscopic channels of the reaction product to reach
the oxide—gas interface. The growth proceeds until the
metal supply is exhausted or until the reaction front is
stopped by an inhibitor barrier coating. The final
resultant reaction product is an interconnected o-
Al,0; network. Further, the growth kinetics is accel-
erated by placing filler materials (e.g. particles,
whiskers, platelets or fibres) in the path of the reaction
front. In this way, a large family of “multiphase”
composite materials with varying mechanical proper-
ties can be generated [6,7,10-12]. The potential ad-
vantages of the DIMOX process are simplicity of the
process, low processing cost, flexibility in matrix and
filler material selection, and the ability to produce
complex near-net shapes with desired mechanical
properties. Currently, the process is being used suc-
cessfully to produce a number of engineering compo-
nents.

To keep the oxidation process alive, the addition
of active solute elements such as magnesium, so-
dium, lithium and zinc (singly or in combination
up to quantities of 10 wt %) is desirable. The useful-
ness of such highly active solute elements is multifold.
Besides promoting the wettability, these additions also
act as oxygen carriers by undergoing oxidation and
dissociation reactions in a cyclic manner, under speci-
fied conditions [13]. Although the role is not clearly
defined, other minor constituents such as silicon and
germanium (mainly group IVA elements) are also be-
lieved to improve the wettability and control the ki-
netics [6].

3091



TABLE I Chemical composition (wt%) of the alloys used for
oxidation studies

Alloy Mg Si Impurities Al
Fe, Na, Ca, etc.

A 3.36 2.56 < 0.01 Bal.

B 328 9.31 < 0.01 Bal.

In addition to chemistry of the melt, the growth rate
is also influenced by oxidizing temperature and time
and, to a certain extent, by the partial pressure of
oxygen. Oxidation temperatures below 950 °C result
in only selective conversion of magnesium to MgO or
MgAl,O,, whereas temperatures above 1400°C lead
to the formation of porous materials. While examining
a complex alloy, Nagelberg [14] noted that oxygen
partial pressure difference has very little influence on
the growth rate, whereas in another investigation on
Al-10 wt % Si—2 wt % Mg alloy, growth was found to
be dependent on the partial pressure of oxygen
(¢ ~ P&?) at temperatures less than 1250°C [15].
Thus the effect of partial pressure of oxygen appears to
be alloy dependent. Activation energies of about
400 kI mol ! were found for directed melt oxidation
with reaction rates of about 2x107° gem *s™! at
about 1100°C [9].

Many investigators have studied different aspects of
directed melt oxidation in binary, ternary and even
multicomponent, complex alloys [7, 14, 15]. However,
only limited investigations have been published on
microstructural aspects relating to growth behaviour
and formation of Al/Al,O; in Al-Mgand Al-Mg-Si
alloys. The present investigation was aimed at study-
ing microstructural development during the oxidation
of Al-Mg-Si alloys. Various observations made dur-
ing the interrupted growth of Al-Mg-Si alloys are
presented here.

2. Experimental procedure

Two different aluminium alloys with varying silicon
content were prepared using 99.9% pure aluminium,
magnesium and silicon. The alloys were prepared by
conventional melting methods in a clay—graphite cru-
cible and were cast into 25 mm rods. The chemical
analysis of the cast alloys is shown in Table I. The cast
rods were cut into appropriate lengths for the oxida-
tion experiments. Oxidation studies were carried out
in a precoated (barrier coating was given to prevent
the infiltration through the crucible walls) alumina
crucible at 1140 4+ 5°C in air for different time inter-
vals (i.e. from 2-24 h). After oxidation, sections were
cut parallel to the growth direction and polished sam-
ples were examined optically and by scanning electron
microscopy (Jeol 840A) using energy dispersive X-ray
analysis (EDAX). For X-ray studies (Seifert, Debyeflex
2002; CuKy) ecither a thin portion of the oxidized
surface or ground powders were used. For identifying
the sequence of layers and their chemical composition,
backscattered electron imaging was supplemented by
EDAX and X-ray analyses.
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3. Results

3.1. Macroscopic observations

In the early stage of oxidation, a dark, uneven oxide
layer formed on the surface and the original shiny
metallic luster of the alloy changed to a dull grey
colour. X-ray and EDAX analyses on the surface
confirmed the oxide to be MgO. When interrupted
oxidation was continued on the same sample (alloy B,
Table I), after 5 h the liquid alloy had wicked through
openings in the MgO layer. The liquid which had
wicked through in early stages had again completely
undergone oxidation forming an MgO layer on the
surface (globule A, Fig. 1a) whereas in the other nod-
ule (marked B), wicking as well as oxidation are still in
progress. A variation in the dimensions of the nodules
was seen from time to time. As the oxidation con-
tinued for a long time (12 h), a large number of other
nodules was generated around the original nodule and
the surface was physically modified into a large “cauli-
flower” type of colony (Fig. 1b). A magnified view of
one such nodule is shown in Fig. 1c. However, vari-
ations have been observed in the morphology depend-
ing on the alloy, temperature and time. In the begin-
ning, growth was predominantly at the boundaries. As
the time progressed (after 24 h), the coalescence of
such large colonies gave rise to a planar growth front,
especially in the central portions of the sample
(Fig. 1d). A similar growth sequence was also observed
in alloy A.

3.2. Microstructural observations

For better insight of the process, the oxidized globule
(marked A in Fig. 1a) was cut parallel to the growth
direction and various layers, starting from the alloy
reservoir to the top MgO layer, were analysed by
EDAX. The surface was found to be covered with
MgO as observed carlier. Below this layer, due to
reaction of aluminium or Al,O5 with MgO, MgAl,O,
(spinel) has formed (Fig. 2). The spinel layer adjacent
to the liquid alloy can be easily identified with metal-
filled channels with an irregular reaction front. The
liquid metal at any point in time appears to be in
touch with the alloy reservoir through fine microchan-
nels (Figs 2 and 3), and in cross-section the metal is
seen as isolated and uniformly spaced precipitates
(Fig. 2b). The spinel layer away from the liquid
alloy/spinel interface is dense and appears as a dark
band in the backscattered electron micrograph (Figs
3a and 4). The number of spinel layers (porous and
dense) and their thickness varied depending on the
location and size of the nodule. Further, the liquid
alloy from the reservoir wicked through micro-open-
ings of the duplex (MgO + spinel) layer and formed
a number of satellite droplets at the periphery of the
nodule (Fig. 2). As time progressed, the size and num-
ber of droplets multiplied to give a “cauliflower” type
of colony. The alloy reaching the front droplet further
undergoes oxidation and the process described above
(MgO and MgAl,0, formation) is again repeated. In
a magnified view, the flow pattern of liquid alloy,
spinel and residual alloy are distinctly visible (Fig. 2).
No Al,O; formation was detected at this stage.



Figure I Macroscopic changes in an Al-Si-Mg alloy (alloy B) oxidized at 1140°C: (a) after 5 h (note the formation of nodules through
wicking of liquid alloy); (b) nodules have grown into a “cauliflower” type of colony after 12 h; {c) a magnified view of one of the colonies; (d)

planar growth in the central portion of a sample oxidized for 24 h.
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Figure 2 (a) Magnified view of nodule A (in Fig. 1a) when sectioned along the growth direction. Several droplets were seen along the
periphery of the nodule. (b) Back-scattered electron (bs) micrograph of a selected area in (a). (¢} The liquid alloy in the droplet becomes
oxidized to MgAl,O,. Residual metal and microcavities, due to shrinkage, are distinctly visible.

With continuation of a similar oxidation process
for several hours (12h) in alloy A, growth of
a metal-Al,0O; composite structure was observed
(Fig. 4). At this stage, the composite has grown to
a few hundreds of micrometres (a similar growth se-
quence was also seen in alloy B) and the growth front
is still active with continuation of oxidation (Fig. 3c

and d). A detailed examination of the oxidation pro-
cess in the droplets revealed the formation of a duplex
layer on the surface of each nodule. However, the
thickness (10-15 um) of the duplex layer is much
less than that of the spinel layer formed in the early
stages of oxidation. In some of the nodules, the sur-
face duplex layer underwent microcracking (Fig. 3d),
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Figure 3 (a) Multiple-layered spinel microstructure in alloy A after oxidizing for 8 h at 1140 °C. (b} Metal-filled spinel layer with interconnec-
ted microcracks. (c, d) Active oxidation in the wicked alloy nodules. Arrows indicate the growth direction.
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Figure 4 Backscattered electron micrograph of a polished section
parallel to the growth direction of alloy A oxidized for 12 h at
1140°C showing the sequence of various layers formed during the
growth process.
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permitting easy ingress of oxygen into the nodule, and
thus encouraging the growth of Al,O;. With time
(after 18 h), the growth of Al/Al,O; dominated the
structure and in subsequent stages, the surface MgO
layer thickness was reduced to ~ 2 pm. The silicon
{seen as bright spots in Fig 3¢ and d) precipitated
uniformly throughout the composite structure but did
not participate in the oxidation process. This is consis-
tent with the earlier observations made by Nagelberg
[15].

More detailed observations were made on Al,O,
growth in alloy B. Al,O,;, which has initially nu-
cleated, continues to grow several tens of micrometres
and as the growth progressed, branching of Al,O5 was
observed from the main column (Fig. 5a). In some
instances, where there are microcavities, Al,O4
growth could be seen far ahead of the remaining liquid
(Fig. 5b). Depending on the location, there are small
variations in thickness of these Al,O; crystals. The
alloy underneath easily penetrates the fine capillaries
that are formed in between the columns of Al,O5
(Fig. 5¢). The liquid which is being transported
through the capillaries contains small proportions of
magnesium and silicon, as seen from the analysis.

4. Discussion

The oxidation of Al-Mg alloys is quite complex
and has been a subject of study for several years
[16-18]. When Al-Mg or Al-Si—Mg alloy is subjected
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Figure 5 (a) A three-dimensional view of Al,O; crystals and their extensive interconnected branchings during growth. {b) Al,O4 growth far
ahead of the liquid front. (c) An enlarged view of the Al/Al,O; composite. The residual alloy in between the Al,O5 crystals exhibits

a composition with low levels of magnesium and silicon.

to thermal oxidation, magnesium depletes from the
bulk alloy forming a non-uniform, dark-grey MgO
layer on the surface. In aluminium alloys, a magne-
sium concentration above 1 at% is believed to en-
courage MgO formation by suppressing continuous,
adherent and non-porous layer of Al,O; [19]. MgO
with a Pilling—Bedworth ratio of 0.81 does not form
a continuous layer on the surface, and hence both
out-diffusion of magnesium to the top and in-diffusion
of oxygen to the inner reaction front persist as the
process continues. In fact, the formation of such
a non-protective oxide layer is an essential prerequi-
site for continuous oxidation of molten alloy and
provides a life-line for the formation of metal—ceramic
composites at a later stage of oxidation.

Further, aluminium or its oxide in the underneath
{magnesium-depleted) alloy reacts with MgO and
MgAl,O, is formed according to one or both of the
following interactions [20]

3MgO + 2A1 —» ALO; + 3Mg (1
MgO + AL O; —» MgAl,O, 2)
or 4MgO + 2Al1 —» MgALO, + 3Mg (3)

The remaining magnesium will re-evaporate to form
MgO on the surface. Thus formation and growth of
MgO and MgAl,O, (with consumption of MgQO) are

interdependent and competing reactions. However,
appearance of MgO on the surface, at any time
suggests that MgO formation is more rapid and pre-
dominant. During continuous oxidation of alloys,
MgAl,O, formation can be easily identified by
a sharp increase in the weight gain rate in thermo-
gravimetric analysis [21]. The spinel formed due to the
above reactions contains interconnected porosity and
the pores are filled with liquid alloy. The alloy main-
tains its continuous contact with the main liquid reser-
voir underneath (Figs 2 and 3) through interconnected
channels. Salas et al. [20] speculated that the forma-
tion of channels in the spinel is due to (a) some form of
morphological instability at the spinel/metal interface,
or (b) entrapment of liquid metal in a fast-moving
oxidation front in the early stages of oxidation. Addi-
tionally, volume change associated with the conver-
sion of MgO to MgAl,O, leaves the remaining MgO
in compression, which results in buckling and micro-
cracking of MgO. During conversion to MgAl,O,,
the stresses generated (and hence cracking) are ex-
pected to be maximum at the periphery of the crucible
walls and hence the wicking of liquid (and growth
rate) 1s higher at these points. As the liquid wicks
through the initial duplex layer, MgAl,O, growth
continues to form a large number of dense and porous
layers, reacting with the top MgO layer. The number
of layers depends mainly on the availability of the
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liquid alloy and the magnesium concentration level in
the liquid.

As long as the concentration of magnesium in the
liquid alloy remains very high, spinel dominates the
growth. When the “Mg” concentration reaches
MgAl, O, + AlL,O5 + (Al, Mg) phase field in the
Al-Mg-O ternary diagram [20,22], externally the
nodules are covered with MgO + MgAl,O, layers
and inside the growth of Al/Al,O; composite begins
(Fig. 3c and d). Further, when the concentration drops
below 0.3 wt%, Al/Al,O; composite microstructure
completely dominates the structure and a very thin
layer of MgO forms on the surface. However, from the
observations in this study, it is not clear exactly where
the nucleation of Al,O5 occurs. Once the nucleation of
Al,O4 takes place, growth continues for several tens of
micrometres with branching, as shown in Fig. 5. The
growth of Al,O; (in a-form) was found to be epitaxial
with a large number of low-angle boundaries of < 5°,
as revealed by Laue back-reflection X-ray and trans-
mission electron microscopy [8]. The liquid with
a small amount of magnesium and silicon, easily wets
Al,O5 and reaches the growth front by capillary ac-
tion. Although two different silicon-containing alloys
were used in this study, the role of silicon during
oxidation is not clear from these observations. How-
ever, the presence of silicon is expected to (a) improve
wettability of the liquid by decreasing the wetting
angle, especially when present together with magne-
sium, decrease the surface tension marginally by con-
trolling the activity of magnesium [22], (b) increase
the oxidation of molten aluminium [23,24], (¢) in-
crease the driving force for dissociation of MgO and
MgAl,0, [20,21] and finally (d) it may also influence
the transport of oxygen through the liquid.

The interesting feature of the growth is the dis-
sociation of oxide layers in the magnesium-depleted
alloy. On the surface, at the reaction front, MgO is
quite stable, but as we move down away from the
reaction growth front, both surface oxide layers, i.e.
MgO and MgAl,O,, dissociate and the structure ap-
pears to be a continuous Al/Al,O; microstructure.
Schmalzried and Laqua [25] showed (thermodyn-
amically and experimentally) that under an oxygen
potential gradient, multicomponent oxides tend to
demix depending on the relative mobilities of the
constituents and the faster diffusing species is enriched
at the higher oxygen activity side of the oxide. In this
context, Mg?™*, which diffuses at a higher rate, would
tend to reach the reaction front to form an MgO
surface layer. The dissolved oxygen is expected to
facilitate Al,O5 growth [13,20]. Further, the oxygen
gradient in the metal layer ahead of the advancing
AL, O; interface is supposed to create conditions
which may favour perturbations on the growing
Al,O; surface (Fig. 5).

5. Conclusion

Various stages in the microstructural development of
directed melt-oxidized Al-Si—-Mg alloys was studied
by interrupted growth experiments. In the initial
stages of oxidation, the molten alloy rapidly oxidizes
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to form an MgO layer. MgO further reacts with alu-
minium to form MgAl,O,. The oxidation front main-
tains contact with the underlying main liquid reservoir
through narrow liquid channels. Further, the micro-
cracks or porosity in the oxide layers give way to the
liquid alloy and small nodules are formed on the
surface. The nodules grow into large colonies as the
liquid finds its way through tortuous paths. At this
stage, multiple layers of spinel (both porous and
dense) form, giving rise to a multiple banded structure.
As the process continues and the magnesium concen-
tration reaches the MgAl,O, + Al,O; + liquid alloy
(Mg, Al} equilibrium phase field, the beginning of the
Al/Al, O3 composite structure is seen. When the mag-
nesium concentration drops further, Al,O; growth
completely dominates the structure, and the oxygen
required for oxidation is supplied either by ingress of
oxygen through microcracks formed on the nodules,
or by the demixing of magnesium-containing oxides
under an oxygen potential gradient.
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