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Abstract

Although synthesis of ceramic matrix composites by
the directed oxidation process offers significant
advantages over traditional composite processing
routes, the scientific basis for the process is not
Sully understood. This paper is addressed to under-
standing the mechanism of composite growth from
Al-Mg and Al-Mg-Si alloys theoretically and
experimentally. Analysis of the oxidation kinetics of
Al-Mg and Al-Mg-Si alloys for various oxygen
pressures, temperatures and durations of oxidation,
obtained in this study and reported in the literature,
demonstrates that the growth kinetics can be
tailored by the control of alloy composition. For the
Al-Mg alloys, transport of oxygen through a thin
alloy layer near the surface controls the growth
rate. When Si is added to the alloy, the oxidation
mechanism is completely changed. The rate of oxi-
dation of Al-Mg-Si alloys depends on the transport
of electronic species through a thin MgQO layer at
the top surface of the composite. Apart from con-
tributing to a more complete understanding of the
growth stage, the mechanism of composite growth
will serve as a basis for improving growth rates.
© 1996 Elsevier Science Limited

Introduction

In the directed melt oxidation (DIMOX) process,
a molten aluminium alloy is oxidized to produce
ceramic/metal composites.! Figure 1 illustrates
schematically the formation of composite materials
in this process. Under appropriate conditions of
alloy composition, temperature and oxygen pres-
sure, a rapid reaction of the molten alloy with the
oxidant to form a-alumina occurs and the reaction
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product grows outwards from the original metal
surface. The reaction is fed by transport of liquid
metal through the reaction product.' The resulting
material is an Al,O4/Al composite with an inter-
connected network of unoxidized metal.> Rein-
forced composites with the desired structural
properties can be obtained by growing the ‘com-
posite’ matrix into preforms consisting of reinforc-
ing particulates, whiskers or fibres of Al,O;, SiC,
etc.>> Composites made by directed oxidation can
be tailored to have good toughness, thermal shock
resistance, wear resistance, high stiffness, and high
temperature stability. They are being used or eval-
uated for use in turbine engine components,
armour applications, heat exchangers and furnace
components.® Several ceramic composite systems
based on the directed metal oxidation technology
have been developed, as listed in Table 1.3

It is now recognised that the presence of volatile
elements like Mg or Zn is crucial for directed oxi-
dation of aluminium alloys to take place.!’
Dopants like Mg or Zn are believed to hinder the
formation of a protective alumina film on the
alloy surface and thus allow continued oxidation
of the alloy. Additional elements such as Si are
usually added to improve alloy/preform compati-
bility. These dopants can be either applied to the
surface of the aluminium exposed to the oxidant
or, if soluble, alloyed with the parent metal. Three
distinct stages can be observed in the oxidation of
Al-Mg alloys at a given temperature® (Fig. 2).
When Al-Mg alloys are heated in argon to a
given temperature and then exposed to an oxygen
atmosphere, an initial stage of rapid weight gain
occurs.® During this period, MgO forms by oxida-
tion of Mg vapour and subsequently falls back on
to the melt surface.’ Formation of a dense, thin
layer of MgAl,O, beneath the MgO halts the
initial stage of oxidation and corresponds to the
start of incubation.! During incubation, metal
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Fig. 1. Schematic description of formation of ceramic matrix
composites by the directed oxidation process.

channels are observed to form in the spinel. The
arrival of these metal channels at the top of the
spinel is believed to correspond to the end of incu-
bation and the start of the growth stage.'” Com-
posite formation in the growth stage starts when
the near-surface aluminum alloy becomes depleted
in Mg and reaches a concentration where Al,O,
formation becomes more favourable than MgALQ,."
During growth, bulk oxidation of Al to AlLO,
occurs epitaxially on the spinel.'!

Several models have been proposed to explain
the kinetics of oxidation of Al to AlL,O; in the
growth stage.*'? It has been suggested that during
the growth stage of directed oxidation of Al-Mg
alloys, a continuous MgO film exists at the top of
the alumina matrix with a thin aluminium alloy
film separating the two layers'"!® (Fig. 3). The
presence of this continuous MgO film restricts the
formation of a protective alumina layer on the
surface. At the MgO/Al-alloy film interface, MgO
dissociates and oxygen dissolves in the Al-alloy
film. The magnesium ions formed by dissociation
of MgO diffuse through the MgO layer to the
MgO/air interface where they are oxidized to
regenerate MgO. During the outward transport of
magnesium ions through MgO, electrical neutral-
ity is maintained by the simultaneous transport of
electronic defects.'> The oxygen dissolved in the
alloy film is transported, from the MgO/alloy film
interface, to the alloy film/Al,O; interface where
composite growth takes place epitaxially. The sup-
ply of aluminium to the alloy film/Al,O; interface
is thought to be sustained by the wicking of metal
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Table 1. Example of Lanxide® ceramic matrix systems®

Parent metal Reaction product

Al Oxide, nitride, boride, titanate
Si Nitride, boride, carbide

Ti Nitride, boride, carbide

Zr Nitride, boride, carbide

Hf Boride, carbide

Sn Oxide

La Boride

“Lanxide® is a registered trademark of Lanxide Corporation,
DE, USA.
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Fig. 2. Schematic plot of weight gain as a function of time
for directed oxidation of Al-Mg alloys.

through channels in the alumina. One or more of
the above-mentioned reaction steps could be the
rate-controlling mechanism in the growth stage.

Nagelberg et al.'? conducted directed oxidation
studies of Al-Mg alloys to which Si was added.
According to Nagelberg et al.,'? the rate of oxida-
tion of Al-Mg-Si alloys in the growth stage is
controlled by the electronic conductivity of the
continuous, external, MgO layer. To investigate
the role of electronic transport in the oxidation
kinetics in the growth stage, DebRoy et al.'* carried
out directed oxidation experiments of an Al-Mg
alloy (Al-5056 alloy) in which platinum wires
were positioned inside the alloy so that the wires
would extend through the composite matrix and
the top MgO layer to facilitate electronic trans-
port. They'* observed that the rate of oxidation in
the growth stage was independent of the presence
or absence of Pt wires, indicating that the trans-
port of electronic species does not control the oxi-
dation kinetics of Al-Mg alloys that do not
contain silicon. Thus, in the absence of silicon,
electronic transport through the MgO layer is no
longer the rate-controlling mechanism in the growth
stage of Al-Mg alloys. In view of the crucial differ-
ence in the oxidation mechanism of Al-Mg alloys
with or without the presence of Si, the role of sili-
con in the mechanism of composite growth from
Al-Mg alloys needs to be investigated in detail.

In this paper, we examine the directed oxidation
of Al-Mg and Al-Mg-Si alloys experimentally
and theoretically. The oxidation kinetics are studied
by thermogravimetry. The weight gain in the growth
stage is monitored as a function of oxygen pres-
sure, time and temperature. By analysing the
experimental results reported in this paper and
the available independent results in the literature,
the role of silicon in the rate of composite growth
is investigated. We show that the oxygen transport
in the near-surface alloy layer controls the rate of
alumina formation in the growth stage of directed
oxidation of binary Al-Mg alloys. Analysis of the
influence of silicon on the various steps in the growth
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Fig. 3. Schematic diagram of the composite structure. Mgy,
denotes a magnesium ion on the cationic site in MgO, and h
denotes a hole.

stage indicates that silicon additions increase the
rate of oxygen transport through the alloy layer
and decrease the rate of electronic transport
through the MgO layer. As a result, electronic
transport through the outer MgO layer controls
the rate of oxidation of Al-Mg-Si alloys.

Experimental Procedure

The thermogravimetric set-up, used for studying
reaction kinetics in the directed oxidation of Al-
Mg alloys, consisted of a Cahn model 1000 auto-
matic recording electric balance, a high-temperature
silicon carbide tube furnace, and a gas flow and
pressure control system. A schematic diagram of
the experimental set-up is shown in Fig. 4. The
balance had a sensitivity of 0-5 ug and the
measurement accuracy was 0-1% of the range. The
quartz reaction tube was of 48 mm internal diameter
and had a 25 mm equi-temperature zone at the
centre of the furnace. The furnace was equipped
with an electronic temperature controller which
regulated the temperature to = 5 K.

A cylindrical sample, 14 mm in diameter and 8 mm
in length, of an Al 5056 alloy (5 wt% Mg, 0-10
wt% Cu, 0-40 wt% Fe, 0-10 wt% Zn, 0-10 wt% Mn
and balance Al) was placed in an alumina
crucible, 142 mm in diameter and 27 mm in
length. SiO, powder (99:9%, —325 mesh) was added
to the surface of some samples as Si source. A
previous investigation'® of the kinetics of reaction
between SiO, and molten aluminium revealed that
Si0, is completely reduced by the aluminium melt
during initial heating to the test temperature
(>1350 K), which takes about an hour. Thus, SiO,

Cahn balance
weighing mechanism -
Hang down ribbon

Thermocouple

Suspension wire
ullite reaction tube

——Furnace shell

Pressure gage A\

Flow metersﬂ

Furnace tube

Sample holder
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Oxygen cylinder [ —=Pump

Fig. 4. Schematic diagram of the thermogravimetric set-up.

additions of 205 mg effectively result in a compo-
sition of 3-3 mol% Si in the alloy. The crucible,
containing the alloy, was suspended by a platinum
wire from the balance and positioned within the
equi-temperature zone of the furnace. Prior to
conducting each experiment, the reaction tube was
evacuated and purged with argon. The samples
were then heated to the test temperature at a heat-
ing rate of 0-33 K s™' in a pure argon atmosphere.
When the target temperature was reached, a mixture
of ultrahigh purity oxygen and argon was intro-
duced at predetermined flow rates with the help of
mass flow controllers, to obtain a target gas com-
position. Oxidation experiments were conducted
at various partial pressures of oxygen, and reactor
temperatures. Experiments were done at a constant
total pressure of 93-3 kPa. Experiments were
repeated to check the reproducibility of the weight
gain data. The total gas flow rate was kept con-
stant at 8333 mm?® s' STP (298 K and 101-3 kPa).
A typical scatter of 1-5% was observed in the weight
gain measured during oxidation. The weight of the
sample was continuously recorded using a computer
data acquisition system. Subsequently, the recorded
data were differentiated numerically to obtain the
weight gain rate. The zero of the time axis is when
oxygen of the desired partial pressure is introduced
in the reactor. It takes about 75 s for the gas to
reach the crucible. No correction of the zero of
the time axis was made since the total oxidation
time is of the order of about 60 ks. The internal
cross-sectional area of the crucible, 154 mm?, was
used for the calculation of reaction rates.

In the directed oxidation of binary Al-Mg alloys,
the oxidation product, Al,O;, often grew along the
crucible walls in the growth stage. The behaviour
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Fig. 5. (A) Weight gain versus time for the Al-Mg alloy at
different oxygen pressures in the growth stage: (a) 85092 Pa,
(b) 21273 Pa and (c) 42546 Pa. The oxygen pressure was
initially maintained at 85 092 Pa and subsequently changed in
the growth stage. The total pressure, temperature and the
total gas flow rate were maintained constant at 93 303 Pa,
1373 K and 8333 mm® s ' STP, respectively. (B) Weight gain
versus time for the Al-Mg alloy, at 1373 K and oxygen
pressure of 85092 Pa, at short oxidation times.

is similar to the preferential growth of alumina on
the crucible wall observed by Xiao and Derby!'®
and Manor et al.'” The creeping is not surprising
since the MgO which forms in the gas phase coats
the crucible walls.” MgO is unstable in the pres-
ence of the Al-5 wt’% Mg alloy at the temperatures
involved in directed oxidation.'®*?° Therefore,
there is a net driving force for the reaction between
Al and MgO. The reaction causes Al to wet
MgO,? creep along the walls and react with oxygen
in the external atmosphere to form alumina. The
metal creeping leads to a change in the melt cross-
sectional area exposed to the oxygen atmosphere
with time and complicates study of reaction Kinetics.
Investigation of initial stage kinetics® reveals that
higher the oxygen pressure, the lower the total
amount of MgO formed in the initial stage. Hence
to minimize creeping in the directed oxidation of
binary Al-Mg alloys, the oxygen pressure in the
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Fig. 6. Weight gain rate versus temperature for Al-Mg alloy

for an oxygen pressure of 85092 Pa, for different weight

gains. The computed activation energies were 3579, 3459

and 407-8 kJ mol™' for 120, 280 and 350 mg weight gains,

respectively. The total pressure and the total gas flow rate

were maintained constant at 93303 Pa and 8333 mm® s'
STP, respectively.

initial stage and in the incubation period was kept
at a high value of 85-1 kPa and the oxygen pressure
was subsequently changed in the growth stage.
The end of incubation was identified from the
weight gain data (in the course of the experiment)
as the time at which there is an increase in the
weight gain rate.

Results and Discussion

A typical weight gain versus time curve observed
in the directed oxidation of Al-Mg alloys is
shown in Fig. 2. The process starts with a rapid
but limited oxidation event upon introduction of
oxygen in the furnace. The initial oxidation, corre-
sponding to the formation of MgO, ends abruptly
with the formation of an MgALO, film on the
alloy surface. This event is followed by an incuba-
tion period where the weight gain is small. The
onset of bulk growth is marked by a substantial
increase in the oxidation rate. The kinetics and
mechanism of the growth stage of composite
synthesis from Al-Mg alloys, with or without sili-
con, are discussed in the following sections.

Mechanism of oxidation of Al-Mg alloys in the
growth stage

Figure 5(A) is a plot of weight gain versus time
for Al-Mg alloys for oxygen pressure of 85-1 kPa in
the initial and incubation stages and varying oxygen
pressures in the growth stage. It is observed that
the oxidation rate in the growth stage decreases
with time and, within experimental uncertainty,
remains practically independent of oxygen pressure.
Figure 5(B) is a plot of weight gain versus time at
short oxidation times. Three different stages in the
oxidation plot can be distinguished. Weight gain,
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as a function of time, was also measured at various
temperatures (1373-1450 K) for an oxygen pressure
of 85-1 kPa. The weight gain rates in the growth
stage, for different weight gains, were measured
from the slopes and are plotted in Fig. 6. (Note
that, for parabolic kinetics, weight gain rate mea-
sured at a constant weight gain would be propor-
tional to the rate constant. The temperature
dependence of the rate constant gives the activation
energy.) Several important questions arise from the
perusal of the rate data. Why does the weight gain
rate decrease with time? Why is the weight gain rate
practically independent of oxygen pressure? What
is the rate-controlling mechanism in the growth
stage of directed oxidation of Al-Mg alloys?

As shown in Fig. 3, the composite structure
near the growth surface!'™" consists of a continu-
ous Al,O;-doped MgO layer on top of the alu-
mina matrix with a thin aluminium alloy film
separating the two layers. At the MgO/Al-alloy
film interface, MgO dissociates, and the oxygen
dissolves in the alloy film and is transported to the
Al,Oy/Al-alloy film interface where composite
growth takes place epitaxially. The magnesium
ions formed by the dissociation of MgO diffuse
through the MgO layer to the MgO/air interface
where they are oxidized to regenerate MgO. This
ionic transport is accompanied by electronic con-
duction (holes or electrons) to maintain charge
neutrality and is taken to be the rate-limiting pro-
cess in the regeneration of MgO.!? The supply of
liquid aluminium to the alloy film/alumina inter-
face is sustained by wicking of metal through
channels in the alumina. Thus, the three possible
rate-controlling steps in the growth of Al,O,/Al
composites from Al-Mg alloys are: (i) electronic
transport through the external MgO layer, (ii)
transport of liquid metal by capillarity through
the interconnected metal channels in the alumina,
and (iii) dissociation of MgO and the subsequent
transport of oxygen from the MgO/alloy film
interface to the Al,Oy/alloy film interface.

The existence of long columns of composite
containing Al,O, grains of similar orientation''!?
disqualifies any process involving repeated nucle-
ation of grains. This indicates that the growth
process is continuous. Indeed, it can be observed
from the composite macrostructure (Fig. 7) that
the growth surface on the whole is macroscopi-
cally smooth. Hence, a one-dimensional model
can be used to theoretically estimate the rates of
the various transport processes involved in Al,O;,
growth. The experimental results in Figs S and 6
are analysed below in detail to determine which of
the above-mentioned steps are consistent with the
observed growth rate and its dependence on time,
oxygen pressure and temperature.

Fig. 7. Macrograph of composite (top region of crucible)
grown from Al- § wt% Mg alloy (bottom region of crucible).

Electronic transport through MgO

Since MgO is unstable for the alloy compositions
typically used in directed oxidation,'*** MgO dis-
sociates at the alloy film/MgO interface to give up
oxygen which is subsequently transported to the
Al,Oy/alloy film interface. The MgO could be
regenerated either by the outward diffusion of
magnesium ions to the external surface or by the
inward diffusion of oxygen ions from the MgO/air
interface to the MgO/alloy film interface (Fig. 3).
According to Nagelberg et al.,'? transport through
the MgO layer is controlled by grain boundary
diffusion of magnesium ions. This ionic transport
is accompanied by electronic conduction (holes or
electrons) to maintain charge neutrality and is taken
to be the rate-limiting process. Near the external
surface, in the Al,O;-doped MgO, holes are the
dominant electronic defect and their concentration
is proportional to P;,, where F, is the partial
pressure of oxygen in the reaction chamber.'? This
behaviour follows from the following defect reac-
tions for the dissolution of alumina and oxygen in
MgO:

ALO; — 2AL, + Vi + 30, )

% 0, - Og + Vi, + 2h )
where Vy;, denotes a magnesium ion vacancy,
Aly, represents the dissolved aluminium concen-
tration in MgO and h indicates a hole. Similarly,
for the low oxygen pressures near the alloy film, the
concentration of electrons in MgO would be high.

%oz+2e-aoo+vgdg 3)

Thus, the outward transport of magnesium ions in the
MgO towards the external surface is accompanied
by the transport of holes near the external surface
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Table 2. Characteristics of various events in the growth stage
Event Oxygen Time Activation Weight gain
pressure dependence of ~ energy (kJ mol™) rate (mg cmi? k')
dependence of growth rate at 1373 K
growth rate
Magnesium ion flux Pg; Independent of time 310 17.44
Liquid metal transport Independent of oxygen pressure Decreases with time 6.1 6415
Oxygen transport through Independent of oxygen pressure Decreases with time 243.6 53.17¢
alloy film

Experimental growth rate Independent of oxygen pressure Decreases with time 361 12.75

“For an alloy layer thickness of 12 um, rate of oxygen transport is 13.39 mgcem *h .

and electrons near the alloy film to maintain elec-
trical neutrality. From reaction (2), the hole con-
centration, p, is given as:

K Vo
| & e @
Vi 0:

where K is the equilibrium constant of reaction (2).
From charge neutrality, we have:

Viig = 3 Al 3)
The flux of magnesium ions and the corresponding
flux of oxygen is proportional to the hole concen-
tration, p.'? Following the procedure of Nagelberg
et al.,'? the oxygen flux, J, in gcm™? 57!, at 1373 K,
is given as:

K [*,n_ Ve -310x 10°

where P, is the partial pressure of oxygen in
atmospheres, R is the gas constant in J mol”! K-,
and T is the temperature in K. The activation energy
for the process is 310 kJ mol™ which corresponds
to the mobility of holes in MgO (Table 2).

Oxygen pressure and time dependences of magnesium
ion transport. Tt is seen from eqn (6) that if mag-
nesium ion flux through MgO were rate-limiting, the
oxygen flux (growth rate) would exhibit a Pg
dependence. Thus eqn (6) predicts that, for a
change in oxygen pressure from 21-3 to 85-1 kPa,
the weight gain rate would increase by 41-4%.
However, a 6:5% decrease in the weight gain rate
is observed in the average experimental growth
rate (Fig. 5) when the oxygen pressure is changed
from 21-3 to 85:1 kPa. Equation (6) also predicts
that the oxygen flux should be independent of
time. Experimentally, however, the weight gain
rate (growth rate) decreases with time. Thus, this
mechanism cannot explain either the manner in
which the rate varies with time or the observed
effect of oxygen pressure on the growth rate.
Therefore, this event is ruled out as a rate-limiting
step.

Liquid metal transport

Rate expression. The reaction of Al with oxygen to
form Al,O, requires the continued supply of alu-
minium to the Al-alloy film/Al,O; interface. This
is believed to occur via convective flow of metal
by wicking (capillary action) through the thicken-
ing Al,O, reaction product via the interconnected
metal channels. If liquid metal transport through
metal channels is rate-controlling, the total metal
flow through the channels would determine the
composite growth rate. Furthermore, the growth
rate will show the same dependence on time and
Py, as capillary flow. Therefore, the time and £,
dependences of metal flow rate and the corre-
sponding oxygen weight gain rate need to be anal-
ysed. As shown in Appendix A, the weight gain
rate per unit area, J, is given by:

= 48 fpaRyiycos6

J
54 4ux (7)
_ 48 fpa |:2R’)/LVCOSB ]Vz
54 4 ut

where f is the total metal channel area per unit
area of the composite, p,, the density of molten
aluminium alloy, R is the radius of the channel,
yLv is the surface tension of the molten alloy, 0 is
the contact angle between the molten alloy and
alumina, w is the viscosity of the molten alloy, x is
the thickness of the composite, and ¢ is the time of
oxidation.

Oxygen pressure and time dependences of rate of
liquid metal transport. It is seen from eqn (7) that if
liquid metal transport is rate-controlling, the growth
rate would be independent of oxygen pressure and
decrease with time. The experimentally observed
oxygen pressure and time dependences of rate
(Fig. 5) are qualitatively consistent with that pre-
dicted by eqn (7) for liquid metal transport. If the
predicted growth rate is also in good agreement
with the experimentally observed growth rate for
the Al-5 wt% Mg alloy, transport of liquid metal
can then be considered as the rate-controlling step
in the growth of Al,O,/Al composites.
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Table 3. Data used for the calculation of rate of liquid metal

transport
Property Symbol Value Ref.
Total metal channel area f 107 2
per unit area of the
composite
Density of aluminium Pal 2300 22
(kgm )
Channel radius (m) R 3 x 10° 11
Viscosity of molten u o 621 x10% 23

aluminium (N s m ?)

Vapour pressure of P 5019 18-20

magnesium (N m™>)

Gravitational pressure P, 2955  This study
(Nm?)

Capillary pressure P, 63 X 10° Appendix A
(N m™)

“For a composite thickness of 0-00131 m. This corresponds to
a weight gain of 3 X 104 kg.

Comparison of the rate of liquid metal transport
with the experimental growth rate. The experimental
results (Fig. 5) indicate that the weight gain rate
decreases with time and is independent of the oxygen
pressure. These trends are consistent with a situa-
tion where the transport of liquid metal controls
the oxidation rate [eqn (7)]. However, the calcu-
lated weight gain rate needs to be compared with
the experimentally observed value to confirm that
the transport of liquid metal through the oxide
matrix controls the oxidation rate. The value of
viveos 6 in eqn (7) is deduced, as shown in
Appendix A. The data used in the calculation of
rate based on eqn (7) are shown in Table 3. For a
weight gain of 300 mg, which corresponds to a
composite thickness of 0-13 cm, the weight gain
rate is predicted to be 6415 mg cm™ h™! based on
eqn (7), while the experimentally observed weight
gain rate is found from Fig. 7 to be 10-8 mg cm™
h™'. It is seen that the experimentally observed
weight gain rate is about two orders of magnitude
lower than the lowest estimate of the predicted
weight gain rate (Table 2). Furthermore, the theo-
retical activation energy for the liquid metal trans-
port corresponds to the temperature sensitivity of
viscosity of the liquid aluminium alloy [eqn (7)]
and is about 6-1 kJ mol™,?® while the experimen-
tally observed value is 361 kJ mol ™. Thus, liquid
metal transport through the metal channels does
not control the rate of oxidation of Al to Al,O; in
the growth stage.

Oxygen transport through alloy film

Flux of oxygen. The flux of dissolved oxygen from
the MgO/Al-alloy interface to the Al,O./Al-alloy
interface can be estimated using Fick’s law as:

16Do(XL, - XU

J=
LV,

®)
where J denotes the flux of oxygen, Dy is the
diffusion coefficient of oxygen in molten alumin-
ium, X} is the mole fraction of dissolved oxygen
in the alloy film at the MgOvalloy film interface,
XU is the mole fraction of dissolved oxygen in the
alloy film at the Al,O4/alloy film interface, L is the
thickness of the alloy film, and V,, is the molar
volume of the alloy. The value of X4 can be esti-
mated from the MgO/Al-alloy equilibrium:

MgO = Mg + O (1 mol%) 9)

where Mg and O denote magnesium and oxygen
dissolved in the alloy film respectively. From reaction
(9) we get:

yL = exp(-AGY/RT)
100y Xy

where AGS, is the standard free energy change of
reaction (9), Xy, is the mole fraction of magne-
sium in the aluminium alloy, and yy, is the activity
coefficient for magnesium in liquid aluminium. A
similar expression can be derived for X§ from the
Al,Oy/Al-alloy equilibrium:

AlLO; = 2 Al + 3 O (1 mol%) (11)

(10)

xil = exp(—AG‘,’\/3RT)
o~ 2
100 [ya(1 - XMg)]“

where AGY is the standard free energy change of
reaction (11) and y,, is the activity coefficient of
aluminium in the alloy. It can be seen from eqns
(10) and (12) that an increase in the Mg con-
centration leads to a decrease in the dissolved
oxygen concentration at the MgO/alloy interface and
an increase in the dissolved oxygen concentration
at the AL, Oy/alloy interface. As a result, the rate of
oxygen transport across the alloy film decreases
[egns (8), (10) and (12)]. Thus, with increasing Mg
concentration in the alloy film, oxygen transport
across the alloy film becomes an important trans-
port step in the growth stage of directed oxidation
of Al-Mg alloys.

(12)

Oxygen pressure and time dependences of oxygen
flux. The Al-Mg alloy in the composite channels
attains equilibrium with ALOyMgAlQ,.'2162
Based on the available thermodynamic data,'®?
this equilibrium alloy composition is 0-19 mol%
Mg at 1373 K. The Ag—Mg alloy wicks through the
metal channels, reacts with the dissolved oxygen
and forms fresh alumina epitaxially on the existing
alumina. The solubility limit for Mg in Al,O; is
0-012 mol% at 2073 K? and the solubility
decreases rapidly with decreasing temperature. As the
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Table 4. Data used in the calculation of oxygen transport
through the near-surface alloy layer

Property Symbol Value Ref.
Diffusivity of oxygen in Dy 1-3 x 10°® 23
molten aluminium*
(m’s™)
Thickness of alloy L 3x 10 13
layer (m)
Oxygen concentration b ¢ 2.5 X 107 18-20, 27
in the alloy film at
the MgO/film interface”
(mole fraction)
Oxygen concentration ¢ 1-1 X 10 18-20, 27

in the alloy film at the
ALO./film interface”
(mole fraction)

“Tracer diffusivity of oxygen in molten aluminium is approxi-
mated by the diffusivity of aluminium in molten aluminium.
*Oxygen concentrations calculated at 1373 K for Mg concen-
tration of 0-19 mol% in the alloy film.

aluminium in the alloy gets oxidized to alumina,
the concentration of magnesium in the alloy film
tends to increase to values higher than 0-19 mol%
Mg. The build-up of magnesium concentration in
the alloy film continues with time unless magne-
sium back-diffusion down the metal channels into
the bulk alloy occurs at appreciable rates. Since
liquid metal transport through the channels to the
reaction interface is fairly rapid, the solute enrich-
ment is likely to continue. It can be seen from
eqns (10) and (12) that when the magnesium con-
centration in the alloy increases, the equilibrium
oxygen concentration at the MgO/alloy interface
decreases. At the same time, the dissolved oxygen
concentration at the Al,Oy/alloy interface increases.
Thus, the increase of magnesium concentration in
the alloy film leads to a lower oxygen concentration
gradient across the film. As a result, the rate of
oxygen transport in the near-surface alloy layer
decreases with time. Furthermore, it is observed
from eqn (8) that the rate is independent of oxygen
pressure. These trends are consistent with the
experimentally observed dependence of growth
rate on time and oxygen pressure.

As the growth stage progresses, continued Mg
enrichment in the near-surface alloy film can lead
to the precipitation of MgAl,O, spinel, between
the MgO and the underlying metal, as observed by
several investigators.®!!* MgAl,0, forms beneath
the MgO rather than on top of ALO; owing to
nucleation considerations.”® The spinel subse-
quently demixes due to the presence of the oxygen
gradient across the alloy film, exposing the film to
MgO. A fresh nucleation of Al,O; occurs on the
existing alumina layer.'"?® This is consistent with
the proposed mechanism for the growth stage.

The oxygen required for alumina formation is
supplied by dissociation of MgO. The observed
continuing decrease in the growth rate with time®
is consistent with our proposed model.

Oxygen flux through the near-surface alloy layer
and the growth rate. The data used in eqn (8) for
calculation of the maximum rate of oxygen transport
are presented in Table 4. Note that the oxygen
transport rate would be maximum at the start of the
growth stage when the Mg concentration in the alloy
film corresponds to about 0-19 moi%, i.e. the Mg
concentration in the alloy corresponding to the
MgAlLO,/AlLO; equilibrium at 1373 K. The maxi-
mum rate of oxygen transport at 1373 K is esti-
mated to be 5317 mg cm? h™'. This value is
within an order of magnitude of the experimentally
observed maximum growth rate of 1275 mg cm™
h™'. The estimated rate of oxygen transport would
be exactly equal to the experimental growth rate
for a metal layer thickness of about 12 um. This
value of thickness of the metal layer is higher than
the values of 1 to 3 um reported by Antolin et al.?
However, this value is probably not unreasonable
in view of the uncertainties involved in the calcu-
lation, and the possibility that the metal layer
thickness during the reaction may be higher than
that observed after cooling to room temperature.
The experimentally determined rate values are
consistent with the possibility that oxygen trans-
port through the metal layer is the rate-limiting
step in the composite growth stage.

Activation energy of oxygen flux across alloy film.
Since the oxygen concentration at the MgOyalloy
film interface is much higher than the dissolved
oxygen concentration at the Al,Oy/metal interface
(Table 4), eqn (8) can be approximated as:

16D X!
J= —020 13
LV, (13)
Using eqn (10) in (13) we get:
J= 16Doexp(AHS/RT)exp(ASS/R) (14)

100y Xyt L Vi

where AH? is the standard enthalpy change for
reaction (9) and AS?, is the standard entropy
change for reaction (9). The activation energy for
oxygen diffusion in liquid aluminium is small (6-1
kJ mol™").2 Therefore, the variation of Dy is
insignificant over the temperature range of 1373-
1450 K examined in this study. The activation energy
for oxygen flux is deduced from eqn (14) as AHY,
and is equal to 243-6 kJ mol'.'®2" Thus, the
observed activation energy and weight gain rate in
the growth stage are in fair agreement with those
predicted for oxygen transport through the near-
surface alloy layer. Considerations of the liquid
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Fig. 8. Weight gain versus time for Al-Mg-Si alloy at different

temperatures: (a) 1393 K, (b) 1508 K and (c) 1612 K. The

total pressure, oxygen pressure and the total gas flow rate

were maintained constant at 93 303 Pa, 93 303 Pa and 8333
mm?® s ! STP, respectively.

metal transport through channels in the composite
or magnesium ion transport through the MgO
layer cannot explain the observed oxidation
behaviour. The predictions of the oxygen transport
model are consistent with the observations of
Vlach et al.® and Xiao and Derby,'® who reported
parabolic oxidation kinetics in the growth stage
and an activation energy of around 270 kJ mol'.
Thus, the transport of oxygen through the near-
surface alloy layer is the rate-controlling event in
the growth stage of directed oxidation of Al-Mg
alloys in the temperature range 1373 to 1450 K.
The proposed model for growth stage kinetics
of Al-Mg alloys can be used to predict the effect
of additional alloying elements on the growth rate.
It is known that Ni additions to Al-Mg alloys
refine the composite microstructure.’ The effect of
Ni additions on the composite growth rate can be
predicted with the help of the oxygen transport
model. There is a strong interaction between Ni
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Fig. 9. Weight gain rate versus temperature for Al-Mg-Si

alloy for an oxygen pressure of 93 303 Pa. The total pressure

and the total gas flow rate were maintained constant at
93303 Pa and 8333 mm? s! STP, respectively.

Table 5. Growth rate of Al-Mg-Si alloy as a function of
oxygen pressure at 1612 K

Oxygen pressure (kPa) Growth rate (gm?s ')

933 0-567
466 0-522
233 0-439

and Al as indicated by the highly negative heat of
formation of Ni-Al intermetallics.?® Therefore, Ni
additions to the Al-Mg alloy would be expected
to reduce the activity coefficient of Al in the melt.
On the other hand, Ni does not form highly stable
intermetallics with Mg.”® As a result, Ni would
not be expected to influence the Mg activity
coefficient in the Al melt. Therefore, it can be seen
from eqns (8), (10) and (12) that Ni additions to
an Al-Mg alloy would reduce the growth rate.
Thus, in addition to refining the composite micro-
structure,’ Ni additions would reduce the composite
growth rate.

Mechanism of oxidation of AI-Mg-Si alloys in the
growth stage

Figure 8 is a plot of weight gain versus time at
various temperatures (1393-1612 K) for an oxygen
pressure of 93-3 kPa. The weight gain versus time
data in the growth stage in Fig. 8, at a given tem-
perature, could be fitted to a straight line. The
average weight gain rates in the growth stage were
plotted as a function of temperature in Fig. 9 and
the activation energy is found to be 218 kJ mol™.
Weight gain rates were also measured at different
oxygen pressures at a temperature of 1612 K
(Table 5). The experimental results indicate that
the oxidation rate in the growth stage is indepen-
dent of time and varies as PJ- These trends are
consistent with a situation where electronic trans-
port through MgO controls the oxidation rate.
This is consistent with the observation of Nagelberg
et al'? that electronic transport controlled the
growth rate of Al-Mg-Si alloys. Several important
questions arise from the analysis of the data. How
does silicon addition to Al-Mg alloy shift the
oxidation mechanism from oxygen transport
through the near-surface alloy layer to electronic
transport through MgO?

Influence of silicon on the oxygen transport through
the alloy layer

Formation of Mg-Si clusters in binary Mg-Si lig-
uid solutions® indicates that silicon additions to
Al-Mg alloys could affect the activity of magne-
sium. The change in the activity of magnesium in
the near-surface alloy layer, observed in directed
oxidation, would affect the solubility of oxygen at
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Fig. 10. Schematic description of estimation of Al-Mg-Si
thermodynamics from the limiting binaries using the shortest
distance composition path. Al-Mg-Si thermodynamics at
composition A estimated from the thermodynamics of Al-Mg
at composition P, of Mg-Si at composition Q and of Al-Si at
composition R, respectively. Compositions P, Q and R were
obtained by drawing perpendiculars from A to the three
limiting binaries.

the MgO/Al-alloy interface [eqn (10)]. Silicon
could also affect the Al activity in the alloy layer.
Thus silicon additions are expected to alter the
oxygen solubility gradient across the alloy film
and, thereby, affect the rate of oxygen transport
[eqn (8)). The effect of silicon additions on the
activities of Mg and Al in the near-surface alloy
layer can be estimated from Al-Mg-Si ternary
liquid solution thermodynamics. Though thermo-
dynamic data on Al-Mg-Si liquid solutions are
not available, they can be estimated as shown in
Appendix B. The thermodynamics of Al-Mg-Si
for the composition A is deduced from the thermo-
dynamics of Al-Mg at composition P, Mg-Si at
composition Q and Al-Si at composition R (Fig.
10) by the equation:

XX+ X?i)AGl\?I(gS/AlAMg
) (1 - X5
+ XX+ X?i)AEN)l(gS/Mg—Si
(1 - X%’
XAXSAG HArs
- XRXE

Rﬂn'yMg

(15)

where yy, denotes the activity coefficient of Mg in
the Al-Mg-Si ternary at the composition A,
AG\Sa1mg denotes the excess partial molar free
energy of mixing of Mg in the Al-Mg binary at
the composition P, AG\)jgu,.s denotes the excess
partial molar free energy of mixing of Mg in the
Mg-Si binary at composition Q, and AG X3 s
denotes the excess free energy of mixing of Al-Si
binary at composition R. The symbols X {, X'\,
and X& denote the molar compositions of Al, Mg
and Si, respectively, at point A in the AI-Mg-Si
ternary diagram. X4, and X}, denote the mole
fractions of Al and Mg respectively at composition
P, X?v,g and X, denote the mole fractions of Mg
and Si respectively at composition Q, and X & and
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Fig. 11. Calculated equilibrium solubility in the Al-Mg alloy
film at (a) the MgOvalloy film interface and (b) the ALL,Oy/
alloy film interface, for varying magnesium contents.

X& denote the mole fractions of Al and Si respec-
tively at composition R. Similarly, the activity
coefficient of Al in the Al-Mg-Si ternary can be
deduced as shown in Appendix B.

Figures 11 and 12 show the effect of Si on the
oxygen solubility gradient across the alloy film for
Al-Mg and Al-Mg-Si alloys, respectively. It can
be observed that the presence of silicon in the melt
reduces the oxygen solubility gradient in the alloy
film from the MgO/Al-alloy interface to the
Al,O+/Al-alloy interface. For the Al-Mg alloy used
in this study, SiO, additions result in a silicon
content in the alloy of 3-3 mol.%. Thermodynamic
calculations indicate that silicon addition of 3-3
mol% reduces the activity of Mg in the alloy chan-
nels by a factor of 0-67 at a temperature of 1393
K. However, silicon additions do not affect the
activity of Al in AlI-Mg-Si significantly. Equation
(14) indicates that the rate of oxygen transport is
inversely proportional to the activity of Mg in the
near-surface alloy layer. Thus, for the alloy used
in this study, silicon additions accelerate the rate
of oxygen transport by a factor of 1-5 at 1393 K.
As a result of the enhanced oxygen transport, this
step becomes less important in the oxidation of
Al-Mg-Si alloys than in that of Al-Mg alloys.

Influence of silicon on electronic transport through
MgO
Since silicon is present in the melt, a small propor-
tion would be incorporated into the MgO which is
present on top of the near-surface alloy melt. The
dissolution of silicon in MgO would increase the
concentration of magnesium ion vacancies accord-
ing to the equation:

Vi = % Aly, + Siyg (16)

where Sij;, represents the dissolved silicon concen-
tration in MgO. It is seen from egn (16) that silicon
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Fig. 12. Calculated equilibrium solubility in the Al-Mg-3-28

wt% Si alloy film at (a) the MgO/alloy film interface and (b)
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additions increase Vy,. Since the hole concentration,
p, 1s inversely proportional to Vy, [eqn (4)], silicon
additions would thus decrease p. It is known that
the rate of electronic transport in MgO is propor-
tional to the hole concentration, p [eqn (6)].!* As a
result, silicon additions to Al-Mg alloys decrease
the rate of electronic transport through MgO.

Thus, it is seen that silicon additions to Al-Mg
alloys increase the rate of oxygen transport
through the alloy film and decrease the rate of
electronic transport through MgO, respectively.
As a result of the reduced rate of electronic transport
through MgQO, this step becomes more important
in the oxidation of Al-Mg-Si alloys than in that
of Al-Mg alloys. The experimental results on the
oxygen pressure and time dependences of the
growth rate of Al-Mg-Si alloys are consistent
with the characteristics of an oxidation reaction
controlled by electronic transport through MgO,
i.e. growth rate independent of time and propor-
tional to Pj. Thus, the addition of 3.3 mol% Si
to Al-5.5 mol% Mg shifts the oxidation mechan-
ism from oxygen transport through the near-
surface alloy layer to electronic transport through
MgO.

Summary and Conclusions

The oxidation rates in the growth stage of directed
oxidation of Al-Mg and Al-Mg-Si alloys have
been investigated. The weight gain rate in the
growth stage of Ag—Mg alloys decreased with time
and was independent of oxygen pressure. The acti-
vation energy for the growth process was found to
be 361 kJ mol'. The oxygen pressure, time and
temperature dependences of the growth rate of
Al-Mg alloys are consistent with the characteristics
of an oxidation reaction controlled by oxygen
transport through the near-surface alloy layer.

The weight gain rate in the growth stage of
Al-Mg-Si alloys was independent of time and
proportional to PJ. Analysis of the influence of
silicon on the various steps in the growth stage
indicates that silicon additions increase the rate of
oxygen transport through the alloy layer and decrease
the rate of electronic transport through the MgO
layer. As a result, electronic transport through the
outer MgO layer controls the growth stage mecha-
nism in the directed oxidation of Al-Mg-Si alloys,
which is consistent with the experimental results.
Thus, silicon additions to Al-Mg alloys alter the
oxidation mechanism from oxygen transport
through the near-surface alloy layer to electronic
transport through the MgO layer.
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Appendix A: Determination of Rate Expression for
Liquid Metal Transport

The volumetric flow rate of the liquid alloy
through existing capillaries in the composite is
given by the Poiseuille equation:

dV _ wRAP

— = Al
dt 8ux (Al

where R is the capillary radius, AP is the pressure
difference driving the flow, w is the viscosity of the
liquid alloy, and x is the depth of penetration of
the liquid at time 7. The pressure difference, AP,
can be represented as:

AP=P.-P,-P, (A2)

where P, is the capillary pressure, P, is the vapour
pressure of magnesium in the channel, and P, is
the gravitational pressure due to the weight of the
liquid in the channel. The capillary pressure, P,
driving the flow is given by the expression:

P.= 2y.ycos 0 (A3)
R
where vy, y i1s the surface tension of the liquid
aluminium alloy and 6 is the contact angle between
the liquid Al-alloy and alumina. Exact values of
the contact angle, 6, and the surface tension, 7y,y,
are not available. However, they can be estimated
as shown below.
From Young’s equation,” we have

YLy €08 0 = Yoy — Vs (A4)

where 7ygy is the surface energy of alumina and g
is the interfacial energy between the molten
aluminium alloy and the solid Al,O;. Since the
metal channels are present in the grain boundaries
of alumina,' the metal is considered to have spread
along the grain boundaries. The condition for
metal spreading is given by the following equation:

yo < 52 (A5)
where vyqg is the grain boundary energy in alumina.
A lower estimate for vy, y cos@ is, therefore, given as:

Yov €080 = ¥y s (A6)

2

From eqn (A4) it can be seen that the higher estimate
for y.y cos@ can be determined by setting <yg as
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zero. The values of ygy and vy can be estimated
from the data of Nikolopoulos.* The lower and
the higher estimates for y,y cosf at 1373 K are
0-9455 and 1-4826 J m™, respectively.

For the lower estimate of y,y cos6, P, is 9-884
X 10° N m™ at 1373 K. From Table 3, it is seen
that P, and P, are much smaller than P and are
therefore neglected in the determination of AP.
Therefore, the mass flow rate of Al, (dM/ds) in
mol s™', through a single metal channel is given as:

dM dV — pA|7TR3'yLV cosé

dr ~ P dr 4ux

If /' is the ratio of the total metal channel area to
the area of the composite, the total mass flow rate
of Al per unit area of the composite is (f/mR?)
(dM/dt). Formation of alumina requires 48 g of
oxygen for every 54 g of aluminum. Hence the
oxygen weight gain rate per unit area, J, is given
as:

(A7)

48 dM/dt: il§ pr]R‘YLV COSO

J=— A8
54f wR? 54 4ux (AS)
Equation (A1) can be rewritten as:
4 3
wRZQC _ mR'AP _ 7R ycosf (A9)
dr 8ux 4ux

Integrating eqn (A9) we get an expression for the
depth of liquid penetration, x, as a function of
time, f:

Ya
v = [ Rty ycosl } (A10)

2u
Using the above expression for x in eqn (A8) we

get a relation between the flux, J, and the time of
oxidation,

J= ﬂf@ |:_2R'YLVCOSB :|'/

All
547 4 ut ( )

Appendix B: Determination of AI-Mg-Si Liquid
Solution Thermodynamics

The thermodynamics of AI-Mg-Si liquid solutions
can be estimated from the three limiting binaries
(Al-Mg, Mg-Si and AL-Si) using the shortest distance
composition path.’' The thermodynamics of three
limiting binaries (Al-Mg, Mg-Si and AIl-Si) is
well understood.'®?¥ The primary advantage of
this technique, over other empirical techniques

used for thermodynamic estimation, is that the
binary values incorporated into eqn (15) correspond
to the binary compositions closest to the ternary
point A (Fig. 10). The excess free energies of mixing
for the Al-Mg, Al-Si and Mg-Si binaries can be
deduced from experimental data reported in the
literature.'$?%32 For a given ternary composition A
(Fig. 10), X £, X\p Xy X, X & and X§ can be
determined as shown below. These, along with the
thermodynamic data of the binaries, can then be
incorporated into eqn (15) to determine the
activity coefficient of Mg in the Al-Mg-Si ternary.

A

X = XAMg+XS‘
2

A

Xh= xj+ 58
2

A

Xy = XAMg+%

(B1)

XA

Xg= xg+ A
2

A

Xf= xp+ o
2

A

X§= X&+ X;g

The activity coefficient of Al in the Al-Mg-Si
ternary can be similarly estimated from the limiting
binaries using the following equation:*!
XH§X /]\Vlg + XOAG B
(1- X3
XA Xng + XEAG 1 wg
(1- X5
Xl?\/ngéAiAGn)l(/SMg—Si
XQMngi

RTIny, =

+

(B2)

where 7y,, denotes the activity coefficient of Al in
the Al-Mg-Si ternary at the composition A,
AG$amg denotes the excess partial molar free
energy of mixing of Al in the Al-Mg binary at the
composition P, AGX5,, s denotes the excess partial
molar free energy of mixing of Al in the Al-Si
binary at composition R, and AG S’y s denotes
the excess free energy of mixing of Mg-Si binary
at composition Q.



