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Abstract 

In the directed oxidation of A1-Mg alloys, MgO forms in the initial stage. The mechanism of formation of MgO from the 
A1-Mg alloy in the initial stage of oxidation was studied. The variables studied were the total pressure in the reaction chamber 
and partial pressure of oxygen. The oxidation rate in the initial stage was proportional to both the oxygen partial pressure and 
oxygen diffusivity. These results suggest that MgO forms by reaction-enhanced vaporization of Mg from the alloy followed by 
oxidation of the Mg vapour in the gas phase. The end of the initial stage corresponds to the arrival of the oxygen front close to 
the melt surface, when spinel formation occurs. 

The kinetics of formation of A1203 in the growth stage of directed oxidation of the AI-5wt.% Mg alloy was also investigated 
as a function of time, temperature and oxygen partial pressure. The growth rate decreased as a function of time, was practically 
independent of oxygen pressure and exhibited an activation energy of 361 kJ mol-1. In the growth stage, the kinetics of oxidation 
is controlled by the rate of transport of oxygen through the alloy layer near the surface to the alumina-alloy interface. 
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1. Introduction 

The directed oxidation of  molten aluminum alloys by 
vapor  phase oxidants can be used to produce ceramic 
matrix composites. Under  appropriate  conditions of  
alloy composition, temperature and oxygen pressure, a 
rapid reaction of  the molten alloy with the oxidant  to 
form at-alumina occurs and the reaction product grows 
outward from the original metal surface [1]. The reac- 
tion is sustained by the wicking of  liquid metal along 
interconnected microscopic channels in the alumina [1]. 
The resulting material is an AI203/AI composite with a 
three-dimensional network of  metal channels [2]. Rein- 
forced composites with the desired structural properties 
can be obtained by growing this " 'composite matr ix"  
into preforms consisting of  reinforcing particulates, 
whiskers or fibers of  A1203, SiC, etc. [3-5]. Growth  of  
the "composi te  matr ix"  into a preform typically in- 
volves no change in dimensions and hence problems 
associated with densification shrinkage in traditional 
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ceramic processing are avoided [6]. Composites made 
by directed oxidation can be tailored to have good 
toughness, thermal shock resistance, wear resistance, 
high stiffness and high temperature stability. These 
composites are currently being used or evaluated for 
use in turbine engine components,  a rmor  applications, 
heat exchangers and furnace components [6]. 
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Fig. 1. Schematic plot of weight gain as a function of time for 
directed oxidation of AI-Mg alloys. 
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The presence of dopants such as Mg, Zn or Si are 
crucial for directed oxidation to take place [1,7]. These 
dopants can be either applied to the surface of the 
aluminum exposed to the oxidant or, if soluble, alloyed 
with the parent metal. Three distinct stages can be 
observed in the oxidation of A1-Mg alloys at a given 
temperature [8] (Fig. 1). When the 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, formed by vapor 
phase oxidation, falls back on the crucible. The weight 
gain results from the formation of MgO [8]. Formation 
of a dense, thin layer of MgA1204 beneath the MgO 
halts the initial stage of oxidation and corresponds to 
the start of incubation [8]. The weight gain during 
incubation is small and corresponds to the thickening 
of the spinel layer [9]. During incubation, metal chan- 
nels are observed to form in the spinel and the arrival 
of these metal channels at the top of the spinel is 
believed to correspond to the end of incubation and the 
start of the growth stage [8]. During growth, bulk 
oxidation of A1 to A1203 occurs epitaxially on the 
spinel [9]. The amount of aluminum converted to alu- 
mina in the growth stage and the onset of the growth 
stage are critically dependent on the Mg composition in 
the alloy [1,8]. Since the residual Mg content in the 
alloy at the start of the growth stage is controlled by 
the amount of MgO that forms in the initial stage, the 
mechanism of the initial stage is clearly important. 
Although the amount of MgO at the surface of the melt 
plays an important role in the bulk oxidation of Al 
Mg alloys, a review of the literature on directed oxida- 
tion of aluminum alloys reveals that the mechanism of 
initial stage oxidation is not completely understood. 

Several models have been proposed to explain the 
kinetics of oxidation of Al to Al203 in the growth 
stage. It has been suggested that during the growth 
stage of directed oxidation of A1-Mg alloys a continu- 
ous MgO film exists at the top of the alumina matrix, 
with a thin aluminum alloy film separating the two 
layers [9,10] (Fig. 2). The presence of this continuous 
MgO film restricts the formation of a protective alu- 
mina layer on the surface. At the MgO-A1 alloy film 
interface, MgO dissociates and oxygen dissolves in the 
A1 alloy film. The magnesium ions formed by dissocia- 
tion of MgO diffuse through the MgO layer to the 
MgO-air  interface, where they are oxidized to regener- 
ate MgO. During the outward transport of magnesium 
ions through MgO, electrical neutrality is maintained 
by the parallel transport of electronic defects. The 
oxygen dissolved in the alloy film in contact with the 
MgO layer is transported to the alloy film-alumina 
interface, where composite growth takes place epitax- 
ially. The supply of aluminum to the alloy film-alu- 
mina interface is thought to be sustained by the wicking 
of metal through channels in the alumina. One or more 
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Fig. 2. Schematic diagram of the composite structure. 

of the above-mentioned reaction steps could be the 
rate-controlling mechanism in the growth stage. 

According to Nagelberg et al. [11], the rate of oxida- 
tion of AI-Mg Si alloys in the growth stage is con- 
trolled by the electronic conductivity of the continuous 
external MgO layer. The rate was proportional to PL'4 0 2 , 
where Po: is the partial pressure of oxygen. According 
to this model [11], the oxidation kinetics in the growth 
stage is expected to be linear with an activation energy 
of 310 kJ mol J. To investigate the role played by 
electronic transport in the oxidation kinetics in the 
growth stage, DebRoy et al. [12] carried out directed 
oxidation experiments in which platinum wires were 
positioned inside the alloy so that the wires would 
extend through the composite matrix to the MgO layer 
at the top surface and facilitate electronic transport. 
They observed that the rate of oxidation in the growth 
stage was independent of the presence or absence of Pt 
wires, indicating that transport of electronic species 
does not control the kinetics of oxidation in the growth 
stage. Thus the lack of dependence of growth rate on 
electronic transport indicates that the model of Nagel- 
berg et al. [11] is not necessarily applicable in predicting 
the growth kinetics of binary A1-Mg alloys [12]. 

Most previous studies of directed oxidation have 
investigated Al -Mg-Si  alloys [7- l 1,13], since the pres- 
ence of Si was considered necessary for the directed 
oxidation to occur. During oxidation of A1-Mg-Si 
alloys, Si is rejected into the near-surface alloy layer, 
since very little of it is incorporated into the alumina 
formed [14]. The increase in silicon concentration can 
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slow down the reaction kinetics unless back diffusion of 
silicon down the metal channels into the bulk alloy 
takes place rapidly. The transport of silicon within the 
metal channels adds significant complexity in the analy- 
sis of oxidation rates. Recently it has been shown that 
the directed oxidation of A1-Mg alloys can be initiated 
in the absence of silicon [12,15]. In this paper, to avoid 
complications in the interpretation of the reaction ki- 
netics, we concentrate solely on the directed oxidation 
of binary A1-Mg alloys. The oxidation kinetics is stud- 
ied by thermogravimetry. The variables investigated are 
the oxygen partial pressure, temperature and total pres- 
sure in the system. In order to understand the role of 
magnesium evaporation in the initial oxidation behav- 
ior of the alloy, the diffusion coefficient of magnesium 
vapor is varied by changing the total pressure. It is 
shown that formation of MgO in the initial stage occurs 
by gas phase oxidation of Mg vapor and that the MgO 
subsequently falls back on the alloy surface. The weight 
gain in the growth stage is monitored as a function of 
oxygen pressure and temperature. It is observed from 
the data that oxygen transport in the near-surface alloy 
layer controls the rate of formation of alumina in the 
growth stage of directed oxidation of binary A1-Mg 
alloys. 

2. Experimental procedure 

The thermogravimetric set-up used for studying the 
reaction kinetics in the directed oxidation of A1-Mg 
alloys consisted of a Cahn model 1000 automatic 
recording electric balance, a high temperature silicon 
carbide tube furnace and a gas flow and pressure 
control system. A schematic diagram of the experimen- 
tal set-up is shown in Fig. 3. The balance had a 
sensitivity of 0.5 lag 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 equitempera- 
ture zone at the center of the furnace. The furnace was 
equipped with an electronic temperature controiler 
which regulated the temperature to + 5 K. 

A cylindrical sample, 14 mm in diameter and 8 mm 
in length, of an A1 5056 alloy (5 wt.% Mg, 0.10 wt.% 
Cu, 0.40 wt.% Fe, 0.10 wt.% Zn, 0.10 wt.% Mn and 
balance A1) was placed in an alumina crucible, 14.2 mm 
in diameter and 27 mm in length. The crucible contain- 
ing the alloy was suspended by a platinum wire from 
the balance and positioned within the equitemperature 
zone of the furnace. Prior to conducting each experi- 
ment, the reaction tube was evacuated and purged with 
argon. The samples were then heated to the test temper- 
ature at a heating rate of 0.33 K s -~ in a pure argon 
atmosphere. When the target temperature was reached, 
a mixture of ultra-high purity oxygen and inert gas, 
argon, was introduced and the flow rates of oxygen and 

inert gas were controlled with the help of mass flow 
controllers to obtain a predetermined gas composition. 
Oxidation experiments were conducted at various par- 
tial pressures of oxygen, total pressures and reactor 
temperatures. Experiments conducted to examine the 
kinetics of oxidation in the composite growth stage 
were done at a constant total pressure of 93.3 kPa. The 
total gas flow rates in the initial stage and growth stage 
experiments were kept constant at 3333 mm 3 s -~ STP 
(298 K and 101.3 kPa) and 8333 mm 3 s -~ STP (298 K 
and 101.3 kPa) respectively. Higher total flow rates 
were used in the growth stage experiments so that the 
effect of widely differing oxygen pressures on the 
growth rate could be studied. Sample weight was con- 
tinuously recorded using a computer data acquisition 
system. Subsequently, the recorded data were differenti- 
ated numerically to obtain the weight gain rate. The 
nominal cross-sectional area of the crucible, 154 mm 2, 
was used for the calculation of reaction rates. 

In the experiments conducted to study the growth 
stage kinetics, the oxygen pressure in the initial stage 
was kept contant to ensure that the Mg composition in 
the bulk alloy at the start of the growth stage was kept 
constant. The effect of oxygen pressure on the growth 
rate was studied by subsequently changing the oxygen 
pressure in the growth stage. In this stage, in many 
cases, the oxidation product, A1203, grew along the 
crucible walls. The behavior is similar to the preferen- 
tial growth of alumina on the crucible wall observed by 
Xiao and Derby [16] and Manor et al.[17]. The creeping 
is not surprising, since the MgO which forms in the gas 
phase coats the crucible walls. MgO is unstable in the 
presence of the A1-5wt.% alloy at 1373 K [18-20] and 
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Fig. 3. Schematic diagram of the experimental set-up. 
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Fig. 4. Plot of weight gain per unit area vs. time for various oxygen 
pressures. The total pressure, temperature and total gas flow rate 
were maintained constant at 93 303 Pa, 1391 K, and 3333 m m s  - t  
STP respectively. 

hence there is a net driving force for the reaction 
between A1 and MgO. This causes AI to wet MgO [21], 
creep along the walls and react with oxygen in the 
external atmosphere to form alumina. The metal creep- 
ing leads to a change in the melt cross-sectional area 
exposed to the oxygen atmosphere with time and com- 
plicates the study of the reaction kinetics Fig. 4 reveals 
that the higher the oxygen pressure, the lower is the 
amount of MgO formed in the initial stage. Hence, to 
minimize creeping, the oxygen pressure was kept at a 
high value of 85.1 kPa in the initial stage and in the 
incubation period and subsequently reduced in the 
growth stage. 

3. Results and discussion 

A typical weight gain vs. time curve observed in the 
directed oxidation of A1-Mg alloys is shown in Fig. 1. 
The process starts with a rapid but limited oxidation 
event upon introduction of oxygen. The initial oxida- 
tion, corresponding to the formation of MgO, ends 
abruptly with the formation of an MgAI204 film on the 
alloy surface and is followed by an incubation 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 
initial and growth stages of composite synthesis are 
discussed in the following subsections. 

3. I. Initial stage 

Fig. 4 shows the weight gain per unit area of the 
A1-Mg alloy samples as a function of time in the initial 
stage of oxidation for various oxygen partial pressures 

at a temperature of 1391 K and total pressure of 93 303 
Pa. It is observed that both the total weight gain during 
the initial stage of oxidation and the duration of the 
initial stage decreases with increasing partial pressure of 
oxygen. Furthermore, the rate of oxidation increases 
with increasing oxygen pressure. Several interesting 
questions arise from a perusal of these data. What is 
the mechanism of the initial stage of oxidation of the 
A1-Mg alloy? Why is the duration of the initial stage 
short at high oxygen pressures? 

The oxidation experiments were terminated at the 
end of the initial stage and the samples were examined. 
Loose MgO powder was observed at the surface of the 
sample and on the inner walls of the crucible. The 
presence of MgO on the walls of the crucible indicates 
that the mechanism of oxidation in the initial stage 
involves evaporation of magnesium from the melt fol- 
lowed by its oxidation in the vapor phase. As Mg 
evaporates, a counterdiffusion of Mg vapor and 02 gas 
in argon takes place. At a short distance from the 
surface of the alloy, Mg vapor reacts with oxygen to 
form an MgO mist according to the reaction 

2Mg(v) + 02 = 2MgO (1) 

As shown in Fig. 5, the gas phase is divided into two 
distinct zones, a magnesium vapor argon region close 
to the melt surface and an oxygen argon region above 
this region. At any given instant the molar fluxes of 
magnesium vapor, JMg, and oxygen, Jo~, are given by 

JMg = DMg(P~G -- p f~ )  
~ R T  (2) 

O _ Jo , -  o2(Po~ - p o 0  (3) 
(A - 6 ) R T  

where OMg is the interdiffusivity of the Mg(g)-Ar pair, 
Do2 is the interdiffusivity of the Ar-O2 pair, /~ is the 
distance between the alloy surface and the location in 
the vapor phase where MgO forms, A is the sum of the 
thicknesses of the Mg and 02 boundary layers, T is the 
t e m p e r a t u r e ,  PMg is the vapor pressure of Mg at the 

A 

0 2 + Ar 

MgO 

Mg (g) + Ar 

--A1-Mg alloy 

Fig. 5. Schematic diagram showing the magnesium and oxygen 
boundary layers formed in the gas phase above the melt and within 
the crucible during the initial stage of oxidation of AI-Mg alloys. 
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Fig. 6. (a) Weight gain rate in the initial stage of oxidation for 
different total pressures. (b) Ratio of weight gain rate in the initial 
stage to oxygen diffusivity in the reactive atmosphere for different 
total pressures. The oxygen pressure, temperature and the total gas 
flow rate were maintained constant at 6531 Pa, 1391 K, and 3333 mm 
s -  1 STP respectively. 

confirm the proposed model, experiments were con- 
ducted at various total pressures for a constant oxygen 
partial pressure of 6531 Pa at 1391 K. Fig. 6(a) shows 
the variation in the observed weight gain rate with total 
pressure. The results show that the weight gain rate 
increases with decreasing total pressure. Since the bi- 
nary diffusivity of gases is inversely proportional to the 
total pressure, a decrease in the total pressure results in 
an increase in the diffusivities of 02 and Mg(g) in argon 
and should result in an increase in the weight gain rate. 
Fig. 6(b) is a plot of weight gain rate/oxygen diffusivity 
vs. total pressure. It is observed that weight gain rate/ 
diffusivity is essentially constant as a function of the 
total pressure which is consistent with the predictions of 
Eq. (5). Thus the results confirm diffusion-limited va- 
porization of magnesium during the initial stage of 
oxidation of A1-Mg alloys. 

Fig. 4 shows that the culmination of the initial stage 
of composite growth and the start of the incubation 
period is characterized by a sharp decrease in the 
weight gain rate. According to Vlach et al. [8], this 
sharp decrease in the rate occurs owing to the forma- 
tion of a dense spinel layer which prevents magnesium 
vaporization and its subsequent oxidation. For alloy 
compositions between 0.19 and 12.0mo1% Mg, the 
magnesium aluminate spinel is thermodynamically 
more stable than MgO at 1400 K [18-20]. The spinel 
layer can form at the melt surface by one of the 
following reactions: 

4MgO + 2Al(1) = M g m l 2 0  4 + 3Mg(1) (6) 

Mg(1) + 2Al(1) + 202 = MgA1204 (7) 

surface of the alloy, piMg and P~2 are the partial pres- 
sures of magnesium and oxygen at the reaction inter- 
face respectively and Po2 is the partial pressure of 
oxygen at a distance A from the surface of the alloy. 
Since p~g and Pb2 are much smaller than PMg and Po2, 
respectively, they can be neglected in Eqs. (2) and (3). 
From the stoichiometry of reaction (1) we obtain 

- -  [ 2Do2Po 2 2Do2Po2 1 -f 
Jr~g = 2Jo 2 = (A - 6)RT- RTA 2Do2Po2/ 

(4) 

Furthermore, since DMg ~ Do2, the weight gain rate per 
unit area, R, is given by 

R = 0.5MoJMg M°2D°2P°2 [1 + P~gl 
RTA 2po2_] (5) 

Eq. (5) explains the dependence of the weight gain 
rate in the initial stage on various variables such as 
oxygen pressure and diffusivity of oxygen in the gas 
phase. If the vaporization of magnesium is diffusion 
limited, a change in diffusion coefficient would result in 
a corresponding change in the weight gain rate. To 

Formation of spinel by reaction (6) involves reaction 
of MgO with the alloy. If spinel formation occurs by 
way of reaction (6), the end of the initial stage would 
correspond to a critical amount of MgO required to 
form a spinel layer of certain thickness which would be 
impervious and stop further Mg vaporization. This 
entails that the same amount of MgO form at the end 
of the initial stage, irrespective of the experimental 
conditions of oxygen pressure and total pressure. How- 
ever, it is observed from Figs. 4 and 6(a) that the weight 
gain at the end of the initial stage, which is a measure 
of the amount of MgO formed, is different for different 
oxygen pressures and total pressures. Thus the experi- 
mental data cannot be explained on the basis of spinel 
formation by reaction (6). Instead, the results are con- 
sistent with spinel formation in the presence of oxygen 
at the melt surface (reaction (7)). 

At the start of the initial stage of oxidation, Mg 
vaporizing from the alloy surface reacts with the oxy- 
gen and hence spinel formation by reaction (7) cannot 
occur. However, the Mg vapor pressure over the melt 
decreases with the decrease in the Mg concentration in 
the melt. In effect, the oxygen front continuously moves 
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closer to the alloy melt surface (i.e. the Mg boundary 
layer thickness (~) decreases) as the initial stage pro- 
gresses. Numerical computation of concentration fields 
in the gas phase [22] indicates that for the highest 
oxygen pressure of 39 187 Pa (constant JMg), c~ de- 
creases by 45% while the Mg composition in the alloy 
changes similarly by 45%. This can be rationalized 
based on Eq. (2), which indicates that .the change in c5 
would be proportional to the change in the Mg vapor 
pressure (or Mg composition in the alloy) if JMg, the 
vaporization rate, is constant. However, for the lower 
oxygen pressure of 3266 Pa, JMg decreases with time. 
Therefore the change in r5 would no longer be propor- 
tional to the change in the Mg vapor pressure (Eq. (2)). 
Indeed, for the oxygen pressure of 3266 Pa, 3 changes 
by 80% from 12 to 2 mm while the Mg composition in 
the alloy changes by 60%. It is found that at the end of 
the initial stage the value of ~ is similar for the lowest 
and highest oxygen pressures [22]. The completion of 
the initial stage therefore corresponds to the time re- 
quired for d to become sufficiently small so that oxygen 
can reach the melt surface and react with the alloy to 
form spinel. 

3.2. Growth stage 

Fig. 7 is a plot of weight gain vs. time for an oxygen 
pressure of 85.1 kPa in the initial and incubation stages 
and varying oxygen pressures in the growth stage. It is 
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Fig. 8. Weight gain rate vs. temperature for an oxygen pressure of  
85 092 Pa. The total pressure and total gas flow rate were maintained 
constant  at 93 303 Pa and 8333 mm 3 s t STP respectively. 

observed that the oxidation rate in the growth stage 
decreases with time and, within experimental uncer- 
tainty, remains independent of oxygen pressure. Weight 
gain, 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 are plotted 
as a function of temperature in Fig. 8 and the activa- 
tion energy is found to be 361 kJ mol 1 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 mecha- 
nism in the growth stage of directed oxidation of 
A1-Mg alloys? 

Mechanism of composite growth. As shown in Fig. 2, 
the composite structure near the growth surface [11] 
consists of a continuous A1203-doped MgO layer on 
top of the alumina matrix, with a thin aluminum alloy 
film separating the two layers. At the MgO-A1 alloy 
film interface, MgO dissociates and the oxygen dis- 
solves in the alloy film and is transported to the A l 2 0 3  

alloy film interface, where the composite growth takes 
place epitaxially. The magnesium ions formed by the 
dissocation of MgO diffuse through the MgO layer to 
the MgO-air  interface, where they are oxidized to 
regenerate MgO. The supply of liquid aluminum to the 
alloy film alumina interface is sustained by wicking of 
metal through channels in the alumina. Thus the three 
possible rate-controlling steps in the growth of A 1 2 0 3 /  

A1 composites from A1-Mg alloys are (i) the flux of 
magnesium ions through the external MgO layer, (ii) 
the transport of liquid metal by capillarity through the 
interconnected metal channels in the alumina and (iii) 
dissociation of MgO and the subsequent flux of oxygen 
from the MgO-alloy film interface to the A1203- alloy 
film interface. The experimental results in Figs. 7 and 8 
are analyzed below in detail to determine which of the 
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Table 1 
Characteristics of various events 
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in growth stage 

Event Oxygen Time Activation Weight gain 
pressure dependence energy rate 
dependence of of growth rate (kJ mol -~) (mg cm 2 h-i) 
growth rate 

Magnesium ion flux 

Liquid metal transport 

Oxygen transport 
through alloy film 

Experimental growth 
rate 

pI/4 Independent of 310 02 
time 

Independent of Decreases with 6.1 
oxygen time 
pressure 
Independent of Decreases with 243.6 53.17 
oxygen time 
pressure 
Independent of Decreases with 361 12.75 
oxygen time 
pressure 

17.44 

6415 

proposed steps are consistent with the observed growth 
rate and its dependence on time, oxygen pressure and 
temperature. 

3.2.1. Transport of  magnesium ions 
Nagelberg et al. [11] developed a model for the 

transport of magnesium ions through the external MgO 
layer. Since MgO is unstable for the alloy compositions 
typically used in directed oxidation [18-20], MgO dis- 
sociates at the alloy film-MgO interface to give up 
oxygen which is subsequently transported to the alloy 
film-alumina 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 to the MgO-alloy film interface (Fig. 2). 
According to Nagelberg et al. [11], the transport 
through the MgO layer is controlled by grain boundary 
diffusion of magnesium ions. This ionic transport is 
accompanied by electronic conduction (holes or elec- 
trons) to maintain charge neutrality and is taken to be 
the rate-limiting process. Near the external surface, in 
the A1203-doped MgO, the hole is the dominant elec- 
tronic defect and its concentration is proportional to 
p1/4 where Po2 is the partial pressure of oxygen in the 02  , 

reaction chamber. This behavior follows from the fol- 
lowing defect reactions for the dissolution of alumina 
and oxygen in MgO: 

A1203 ~ 2Alhg + V~g + 30 o (8) 

2qD2 --* Oo + V~g + 2h (9) 

Here V~g denotes a magnesium ion vacancy, Alhg 
represents the dissolved aluminum concentration in 
MgO and h indicates a hole. Similarly, for the low 
oxygen pressures near the metal surface the concentra- 
tion of electrons in MgO would be high: 

~O 2 + 2e- ~Oo + VMg,, (10) 

Thus the outward transport of magnesium ions in the 

MgO toward the external surface is accompanied by the 
transport of holes near the external surface and elec- 
trons near the metal layer to maintain electrical neutral- 
ity. Following the procedure of Nagelberg et al. [11], an 
expression can be derived for the flux of magnesium 
and the corresponding flux of oxygen at 1373 K. The 
oxygen flux J (gm cm -2 s 1) is given as 

1/)6101/4 ( - 310  x 103 ) 
J =  3.15 x ,v -o2 exp R T  (11) 

where Po2 (atm) is the partial pressure of 02, R (J 
mo1-1 K - l )  is the gas constant and T (K) is the 
temperature. The activation energy for the process is 
310 kJ mol 1, which corresponds to the mobility of 
holes in MgO (Table 1). 

Oxygen pressure and time dependences of  magnesium 
ion transport. It is seen from Eq. (11) that if the 
magnesium ion flux through MgO is rate limiting, the 
oxygen flux (growth rate) would exhibit a p1/4 depen- 02  

dence. Thus Eq. (11) 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% de- 
crease in the weight gain rate is observed in the average 
experimental growth rate (Fig. 7) when the oxygen 
pressure is changed from 21.3 to 85.1 kPa. Eq. (11) 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 growth rate dependence on 
oxygen pressure. Therefore this event is ruled out as a 
rate-limiting step. 

3.2.2. Liquid metal transport 
Rate expression. The reaction of A1 with oxygen to 

form A1203 requires the continued supply of aluminum 
to the A1 alloy film-A120 3 interface. This is believed to 
occur via convective flow of metal by wicking through 
the thickening A120 3 reaction product via the intercon- 
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nected metal channels. If the liquid metal transport 
through the metal channels is rate controlling, the total 
metal flow through the composite channels would de- 
termine the composite growth rate. Furthermore, the 
growth rate will show the same dependence on time and 
Po2 as capillary flow. Therefore, the time and Po2 
dependence of metal flow rate and the corresponding 
oxygen weight gain rate need to be analyzed. As shown 

in Appendix A, the weight gain rate per unit area, J, is 

given by 

48 fPAI (2R)'kv COS O ) ' '  
J - 5 4  4 \ ILt (12) 

where f is the total metal channel area per unit area of 
the composite, PA~ is the density of  molten aluminum 
alloy, R is the radius of the channel, ~'Lv is the surface 
tension of the molten alloy, 0 is the contact angle 
between the molten alloy and alumina,/ t  is the viscosity 
of the molten alloy and t is the time of oxidation. 

Oxygen pressure and time dependences of rate of liquid 
metal transport. It is seen from Eq. (12) that if the 
liquid metal transport is rate controlling, the growth 
rate would be independent of oxygen pressure and 
decrease with time. The experimentally observed oxy- 
gen pressure and time dependences for liquid metal 
transport are qualitatively consistent with that pre- 
dicted by Eq. (12). If the predicted growth rate is also 
in good agreement with the experimentally observed 
growth rate for the A1-5wt.%Mg alloy, the transport of 
liquid metal can be considered to be the rate-controlling 
step in the growth of AI203/A1 composites. 

Comparison of the rate of liquid metal transport with 
the experimental growth rate. The growth rate predicted 
by Eq. (12) is compared with the experimentally ob- 
served growth rates for A1-5wt.%Mg alloy at 1373 K 
and an oxygen pressure of 85.1 kPa (Fig. 7). The data 

Table 2 
Data used for calculation of rate of liquid metal transport 

Property Symbol Value Ref. 

Total metal channel area ,1 10 -5 [2] 
per unit area of 
composite 
Density of aluminum PA~ 2300 [23] 
(kg m 3) 
Channel radius (m) R 3 × 10 -6 [9] 
Viscosity of molten /~ 6.21 x 10 4 [23] 
aluminum (N s m 2) 
Vapor pressure of P 5019 [18 20] 
magnesium (N m 2) 
Gravitational pressure P.~ 2955 a This study 
(N m- 2) 
Capillary pressure (N m 2) p: 6.3 × 105 Appendix A 

~'For a composite thickness of 0.00131 m. This corresponds to a 
weight gain of 3 x 10 -4 kg. 

used in the calculation are given in Table 2. For a 
weight gain of 300 rag, which corresponds to a com- 
posite thickness of  0.13 cm, the weight gain rate is 
predicted to be 6415 mg cm-2 h - i  based on equation 
(A8) in Appendix A, while the experimentally observed 
weight gain rate is found from Fig. 7 to be 10.8 mg 
cm -2 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. 

The experimental results indicate that the weight gain 
rate decreases with time and is independent of  the 
oxygen pressure. These trends are consistent with a 
situation where the transport of liquid metal controls 
the oxidation rate. However, the calculated weight gain 
rate is much higher than the experimentally observed 
value (Table 1). Furthermore, the theoretical activation 
energy for liquid metal transport corresponds to the 
temperature sensitivity of the viscosity of liquid alu- 
minum alloy (Eq. (12)) and is about 6.1 kJ tool -~ [24], 
while the experimentally observed value is 361 
kJ mol ~. Thus the liquid metal transport through the 
metal channels does not control the rate of oxidation of 
A1 to AI20 3 in the growth stage. 

3.2.3. Oxygen transport through a//oy fi/m 
Flux of oxygen. The flux of dissolved oxygen from 

the MgO-A1 alloy interface to the AI203-AI alloy 
interface can be estimated using Fick's law as 

16Do(XL - X~) 
J - (13) 

LVm 

where J denotes the flux of oxygen, Do is the diffusion 
coefficient of oxygen in molten aluminum, X~o is the 
mole fraction of  dissolved oxygen in the alloy film at 
the MgO-a l loy  film interface, X~ is the mole fraction 
of  dissolved oxygen in the alloy film at the AIzO3-alloy 
film interface, L is the thickness of  the alloy film and 
V m is the molar volume of the alloy. The value of X~ 
can be estimated from the MgO-meta l  equilibrium 

MgO = Mg + O (1 tool%) (14) 

where Mg and O denote magnesium and oxygen dis- 
solved in the alloy film respectively. From reaction (14) 
we get 

X~ = exp( - AG~/RT) (15) 
7MgXMg 

where AG~ is the standard free energy change of 
reaction (14), XMg is the mole fraction of magnesium in 
the aluminum alloy and •Mg is the activity coefficient 
for magnesium in liquid aluminum. A similar expres- 
sion can be derived for X~ from the Al203-metal  
equilibrium 

A120~ = 2Al(1) + 30  (16) 
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Xg = exp(-  AG°A/3RT) 
(1 - Xug) 2/3 (17) 

where AG~ is the standard free energy change of reac- 
tion (16). It can be seen from Eqs. (15) and (17) that an 
increase in the Mg concentration leads to a decrease in 
the dissolved oxygen concentration at the MgO-alloy 
interface and an increase in the dissolved oxygen con- 
centration at the A12Oa-alloy interface. 

Oxygen pressure and time dependences o f  oxygen flux. 
From the standard free energies of formation of MgO, 
MgA1204 and A1203 [19,20] and the A1-Mg solution 
thermochemistry [18] it can be shown that A1203 is the 
stable phase in the AI -Mg-O system for alloys con- 
taining less than 0.19 mol% Mg at 1373 K. For alloy 
compositions from 0.19 to 12 mol% Mg in A1, 
Mgml204 is the stable phase, while MgO is the stable 
phase for an Mg concentration in the alloy film higher 
than 12 mol% Mg at 1373 K. The A1-Mg alloy in the 
composite channels is at equilibrium with MgA1204- 
A1203. Based on the available thermodynamic data 
[18-20], this equilibrium alloy composition is 0.19 
mol% Mg at 1373 K. Several investigators [11,15,25] 
have measured the Mg concentration in the metal chan- 
nels and shown that the composition remains at equi- 
librium with MgAIzO4-A1203 at the reaction 
temperature. The A1-Mg alloy wicks through the metal 
channels, reacts with the dissolved oxygen and forms 
fresh alumina epitaxially on the existing alumina. The 
epitaxial formation of fresh alumina is more likely to 
occur on the top surface of the existing alumina (alu- 
mina-alloy film interface) rather than on the walls of 
the channels (alumina+ spinel-metal channel inter- 
face). This is because the oxygen transport through the 
alloy film is slow compared with the rate of transport of 
the alloy through the channels (Table 1). The solubility 
limit for Mg in A1203 is 0.012 mol% at 2073 K [26] and 
the solubility decreases rapidly with decreasing temper- 
ature. As the aluminum 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 magnesium back 
diffusion down the metal channels into the bulk alloy 
occurs at appreciable rates. Since the liquid metal trans- 
port through the channels to the reaction interface is 
fairly rapid, the solute enrichment is likely to continue. 
It can be seen from Eqs. (15) and (17) that when the 
magnesium concentration in the alloy increases, the 
equilibrium oxygen concentration at the MgO-alloy 
interface decreases. At the same time the dissolved 
oxygen concentration at the Al203-alloy interface in- 
creases. Thus the increase in 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 

Table 3 
Data used in calculation of oxygen transport through near-surface 
alloy layer 

Property Symbol Value Ref. 

Diffusivity of oxygen in D O 
molten aluminum a (m 2 s-J) 
Thickness of alloy layer (m) L 
Oxygen concentration in X~ 
alloy film at MgO-film 
interface b (tool fraction) 
Oxygen concentration in X~ 
alloy film at Al203-film 
interface b (mol fraction) 

1.3 × 10 -8 [24] 

3 × 10 -6 [10] 
2.5 × 10 -5 [18-20,28] 

1.1 x 10 -6 [18 20,28] 

aThe tracer diffusivity of oxygen in molten aluminum is approximated 
by the diffusivity of aluminum in molten aluminum. 
bOxygen concentrations calculated at 1373 K for an Mg concentra- 
tion of 0.19 mol% in the alloy film. 

time. Furthermore, it is observed from Eq. (13) 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 en- 
richment in the near-surface alloy film can lead to the 
precipitation of MgAI204 spinel between the MgO and 
the underlying metal, as observed by several investiga- 
tors [8,9,27]. MgA1204 forms beneath the MgO rather 
than on top of A1203 owing to nucleation consider- 
ations [27]. The spinel subsequently demixes owing to 
the presence of an oxygen gradient, exposing the alloy 
film to MgO, leading to fresh nucleation of A1203 on 
the existing alumina layer [9,27]. This is consistent with 
the proposed mechanism for the growth stage, where 
the oxygen required for alumina formation is supplied 
by dissociation of MgO. The observed continuing de- 
crease in the growth rate with time [8] is consistent with 
our proposed model. Thus, notwithstanding the forma- 
tion of the MgAI204 spinel, the proposed mechanism 
for the growth stage is expected to hold. 

Oxygen f lux through the near-surface alloy layer and 
the growth rate. The data used in Eq. (13) for the 
calculation of the maximum rate of oxygen transport 
are presented in Table 3. Note that the oxygen trans- 
port rate would be maximum at the start of the growth 
stage when the Mg concentration in the alloy film 
corresponds to about 0.19 mol%, i.e. the Mg concentra- 
tion in the alloy corresponding to the MgA1204/A1203 
equilibrium at 1373 K. The maximum rate of oxygen 
transport at 1373 K is estimated to be 53.17 mg cm -2 
h 1. This estimate is within an order of magnitude of 
the experimentally observed maximum growth rate of 
12.75 mg cm -2 h -I. The estimated rate for oxygen 
transport would be exactly equal to the experimental 
growth rate for a metal layer thickness of 12 ~tm. This 
value of thickness of the metal layer is higher than the 
values (1-3 ~tm) reported by Antolin et al. [10]. How- 
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ever, it is probably not unreasonable in view of the 
uncertainties involved in the calculation and the possi- 
bility 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 possibility that the oxygen transport 
through the metal layer is the rate-limiting step in the 
composite growth stage. 

Act iva t ion  energy f o r  oxygen  transport.  Since the oxy- 
gen concentration at the MgO-a l loy  film interface is 
much higher than the dissolved oxygen concentration at 
the AlzO3-metal interface (Table 3), Eq. (13) can be 
approximated as 

16DoX~)  1600 e x p ( A S ~ / R )  e x p ( - - A H ~ / R T )  
J -  

L V m ~'Mg XMgL Vm 
(18) 

where AH~ is the standard enthalpy change for reac- 
tion (14) and AS~4 is the standard entropy change for 
reaction (14). The activation energy for diffusion in 
liquid aluminum is small (6.1 kJ mol - l )  [24] and hence 
very little variation is expected in the value of  D o over 
the narrow temperature range from 1373 to 1450 K 
examined in this study. The activation energy for oxy- 
gen transport is deduced from Eq. (18) as AH~,  and is 
equal to 243.6 kJ tool ~ [18-20,28]. 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 metal transport through 
channels in the composite or the magnesium ion trans- 
port through the MgO layer cannot explain the ob- 
served oxidation behaviour. The predictions of the 
oxygen transport model are consistent with the obser- 
vations of Vlach et al. [8] and Xiao and Derby [15], 
who reported parabolic oxidation kinetics in the growth 
stage and an activation energy of around 270 kJ tool 
The transport of  oxygen through the near-surface alloy 
layer is the rate-controlling event in the growth stage of 
directed oxidation of  binary A1-Mg alloys in the tem- 
perature range 1373 1450 K. 

4. Summary and conclusions 

The oxidation rates in the initial and growth stages of 
directed oxidation of A1-Mg alloys have been investi- 
gated. The effect of diffusivities of oxygen and magne- 
sium on the initial weight gain rate was examined by 
varying the external pressure and maintaining the oxy- 
gen pressure in the a rgon-oxygen mixture constant. In 
the initial stage, MgO forms by vapor phase oxidation 
of  Mg(g) and falls back in the crucible. The weight gain 
rate in the initial stage increases with increase in oxygen 
pressure and oxygen diffusivity. These results confirm 

the reaction-enhanced gaseous diffusion-limited vapor- 
ization of Mg in the initial stage of  oxidation of A1-Mg 
alloys. It is suggested that the end of  the initial stage 
corresponds to the time when the oxygen front essen- 
tially collapses on to the alloy surface. 

The weight gain rate in the growth stage decreased 
with time and was independent of  oxygen pressure. The 
activation energy for the growth process was found to 
be 361 kJ tool i. The growth of the A1203/A1 com- 
posite comprises the following three processes: (i) the 
diffusion of magnesium ions through an external MgO 
layer, (ii) the dissolution and diffusion of oxygen in a 
near-surface layer of aluminum alloy and (iii) the trans- 
port of liquid metal through capillaries in the com- 
posite. The data indicate that the rate of oxygen 
transport through the near-surface molten alloy layer 
controls the rate of oxidaton of aluminum to alumina 
in the growth stage. 
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Appendix A: Determination of rate expression for 
liquid metal transport 

The volumetric flow rate o f  liquid alloy th rough  
metal channels in the alumina (capillaries) is given by 
the Poiseuille equat ion 

d V  ~RaAp 
dt 8/~x (A1) 

where R is the capillary radius, AP  is the pressure 
difference driving the flow, p is the viscosity o f  the 
liquid alloy and x is the depth o f  penetrat ion o f  the 
liquid at time t. 

The pressure difference AP  can be represented as 

AP = Pc - Pv - Pg (A2) 

where Pc is the capillary pressure, Pv is the vapor  
pressure o f  magnesium in the channel and Pg is the 
gravitat ional  pressure due to the weight o f  the liquid in 
the channel. The capillary pressure Pc driving the flow 
is given by the expression 

2~L v COS 19 
Pc = (A3) 

R 

where ~LV is the surface tension of  the liquid a luminum 
alloy and 0 is the contact  angle between the liquid A1 
alloy and alumina. Exact  values o f  the contact  angle 0 
and the surface tension 7tV are not  available. However,  
they can be estimated as shown below. 

F r o m  Young ' s  equat ion [29] we have 

7LV COS 0 = YSV -- 7SL (A4) 

where 7sv is the surface energy o f  a lumina and ~SL is 
the interfacial energy betwen the molten a luminum 
alloy and the solid A1203. Since the metal channels are 
present in the grain boundaries  o f  alumina, the metal is 
considered to have spread along the grain boundaries  
[1]. The condit ion for  metal spreading is given by the 
equat ion 

~SL ~ ~S._.SS (A5) 
2 

where ~ss is the grain boundary  energy in alumina. A 
lower estimate for ~LV COS 0 is therefore given as 

~ss (A6) 7LV COS 0 = 7sv 2 

F r o m  Eqs. (A4) and (A5) it can be seen that  the higher 
estimate for YLV COS 0 can be determined by setting ~SL 
as zero. The values o f  7sv and 7ss can be estimated 
f rom the data  o f  Nikolopoulos  [30]. The lower and 
higher estimates for ~LV COS 0 at 1373 K are 0.9455 and 
1.4826 J m -2  respectively. 

Fo r  the lower estimate o f  ~)LV COS 0, Pc is 9.884 x 105 
N m -2 at 1373 K. F r o m  Table 3 it is seen that  Pg and 
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Pv are much smaller than Pc and are therefore neglected 
in the determination of  2P.  Therefore the mass flow 
rate of  A1, dM/dt (mol s- l ) ,  through a single metal 
channel is given as 

dM dV pAlZCR3•LV COS 0 

dt - Pal d t  = 4fix (A7) 

lf f is the ratio of the total metal channel area to the 
area of the composite, the total mass flow rate of A1 per 
unit area of the composite is f dM/dt/rcRL 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 

48 fdM/dt 4 8 f p a l R ~ L  v COS 0 (A8) 
J = ~ J  ~ - ~  - 54 41ix 

Eq. (AI) can be rewritten as 

dx zrR4Ap ~rR37 cos 0 
rcR 2 - (A9) 

dt 8/zx 4/~x 
Integrating Eq. (A9), we get an expression for the depth 
of liquid penetration, x, as a function of time t: 

(R;,L~ cos Or) ~'2 
x = \ 2p (A10) 

Using the above expression for x in equation (A8), we 
get a relation between the flux J and the time of 
oxidation, t: 

d 48 PAl /2RTLv COS 0~ 1'2 
= ~ J ' ~ - -  ~ ~-~ ] ( a l l )  


