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A kinetic analysis was performed on the spinel (MgAl2O4) formation reaction at the
interfacial region of the calcium aluminate (CaO-Al2O3) fibre-reinforced aluminum 7075
alloy matrix composites (CA/Al 7075) processed at 1200 ◦K. The counterdiffusion model of
Mg2+ and Al3+ fluxes was employed for the spinel formation reaction. From the parabolic
relation between the thickness of the spinel layer and time the reaction rate constant was
determined to be a function of the average diffusion coefficient of Al3+ ions. By applying
the parabolic equation to the experimental data of the CA/Al 7075 the average diffusion
coefficient of Al3+ ions in the MgAl2O4 spinel at 1200 ◦K was calculated and this value
appeared to be in small deviation from the extrapolation of previous diffusion coefficient
data. C© 1999 Kluwer Academic Publishers

1. Introduction
The formation of a spinel which can be symbolized in
the form of AB2O4 is one of the most common and
important reactions in ceramics [1–7], ceramic/metal
composites [8–11], aluminum alloy melts [12, 13] and
so forth. The structure of a spinel can be described
as a combined rock salt and zinc blende structure
[2]. The oxygen ions have a face-centered cubic close
packing. In a unit cell totally 32 oxygen ions, 16
octahedral cations, and 8 tetrahedral cations are in-
volved. For the normal spinel A2+ ions occupy tetra-
hedral sites and B3+ ions octahedral sites. The oxides
with the spinel structure include MgAl2O4, NiAl 2O4,
MnAl2O4, ZnAl2O4, CoAl2O4, FeAl2O4, MgCr2O4,
FeCr2O4, ZnFe2O4, CdFe2O4, etc. These spinels show
good electronic, magnetic, and high temperature me-
chanical properties appropriate for industrial applica-
tions such as electrolytes, electromagnetic devices and
refractories.

Much study has been focused on the formation of
MgAl2O4 spinel [3–5]. By using marker tests Carter [3]
proved the counterdiffusion of Mg2+ and Al3+ ions in
the MgAl2O4 spinel formed between MgO and Al2O3.
In the spinel layer the markers were found at the one-
quarter position from the MgO-MgAl2O4 interface.
Whitney and Stubican [4] obtained the interdiffusion
coefficients in MgAl2O4 spinel in the range of 1833 to
2173◦K. They also found that the interdiffusion coeffi-
cient was almost constant according to the composition
at 1873◦K. Zhanget al. [5] performed diffusion cou-
ple tests to study the interdiffusion of MgO and Al2O3
and calculated the average diffusion coefficients in the
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range of 1473 to 1873◦K. Wang and Dudek [10] inves-
tigated the MgAl2O4 spinel formation at the interface of
δ-Al2O3 fibre reinforced Al-Si-Cu-Mg-Ni alloys using
analytical transmission electron microscopy.

Sung [11] fabricated calcium aluminate fibre rein-
forced aluminum 7075 alloy matrix composites (CA/
Al 7075) using the melt infiltration both at 973 and
1200◦K for 2 h. The calcium aluminate (CA) fibres
fabricated via inviscid melt spinning (IMS) [14–16]
were composed of 46.5 wt % CaO and 53.5 wt % Al2O3.
The aluminum alloy manufactured by Alcoa Techni-
cal Centre (Alcoa Centre, PA, USA) contained alloy-
ing elements of 5.6 wt % Zn, 2.5 wt % Mg, 1.6 wt % Cu
and 0.23 wt % Cr. The CA/Al 7075 processed at 973◦K
showed good interfacial bonding between the CA fibres
and the Al 7075 matrix which resulted from the reduced
surface tension caused by the accumulation of alloying
elements at the interfacial region. The composites pro-
cessed at 1200◦K showed the formation of a distinct
reaction layer with an averaged thickness of∼15µm
between the CA fibres and the Al 7075 matrix as well as
excellent interfacial bonding. The averaged interfacial
thickness value was obtained by investigating 50 fiber-
matrix interfacial regions. From the phase and com-
positional analyses using X-ray diffraction (XRD) and
energy dispersive X-ray spectroscopy (EDS) the reac-
tion layer was identified as MgAl2O4 spinel. The ther-
modynamic consideration suggested the most probable
procedure for the spinel formation. The Mg in the Al
7075 alloy melt firstly oxidized to form the solid MgO,
this MgO reacting with Al2O3 in the CA fibres to form
the MgAl2O4 spinel. Fig. 1 shows the scanning electron
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Figure 1 (a) The SEM back scattered electron image (BEI) of the IMS CaO-Al2O3 fibre-reinforced Al 7075 alloy composite (CA/Al 7075) processed
at 1200◦K for 2 h. (b) The SEM secondary electron image (SEI) of the interfacial region of the corresponding CA/Al 7075. Approximately 15µm-
thick MgAl2O4 spinel was formed at the interface [11].

micrographs (SEM) of the CA/Al 7075 processed at
1200◦K for 2 h (a) and the blown-up interfacial region
of the corresponding composite (b). Approximately 15
µm-thick spinel layer is shown between the CA fibres
and matrix.

For present study the kinetics of the spinel formation
at the interface of the CA/Al 7075 composites processed
at 1200◦K was investigated. The average diffusion co-
efficient was calculated by employing the parabolic
equation to the experimental condition of the spinel
formation. This value was compared with the diffusion
coefficient data of previous studies [4, 5].

2. Chemistry at the interfaces
The possible mechanism of the MgAl2O4 spinel forma-
tion is the counterdiffusion of the two different cations,
Mg2+ in MgO and Al3+ in Al2O3 through the spinel

layer [1–5]. Fig. 2 shows the schematic diagrams of
the spinel formation. While the reactions at the two in-
terfaces of MgO-MgAl2O4 and MgAl2O4-Al2O3 can
be expressed by using the linear kinetics the trans-
port through the spinel layer by the parabolic kinetics.
The spinel formation reaction occurring at the MgO-
MgAl2O4 interface can be expressed as

2Al3+ + 4MgO→ 3Mg2+ +MgAl2O4 (1)

Here, four moles of MgO react with the two moles of
Al3+ ions to form one mole of MgAl2O4. The spinel
formation reaction at the MgAl2O4-Al2O3 interface can
be written as

3Mg2+ + 4Al2O3→ 2Al3+ + 3MgAl2O4 (2)
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Figure 2 The schematic diagram representing the spinel formation: (a)
At the initial stage MgO and Al2O3 were contacted with each other
and the markers were located at the interface. (b) After time passed
at a temperature the MgAl2O4 spinel was formed between MgO and
Al2O3. Two types of fluxes, Mg2+ and Al3+ were counterdiffusing. At
the MgO-MgAl2O4 interface one mole of MgAl2O4 was formed and
at the MgAl2O4-Al2O3 interface three moles of MgAl2O4. Thus, the
markers became located at the one-quarter of the spinel layer from the
MgO-MgAl2O4 interface.

Here, four moles of Al2O3 react with three moles of
Mg2+ ions to form three moles of MgAl2O4. Combin-
ing the Equations 1 and 2 gives

MgO+ Al2O3→ MgAl2O4 (3)

The three moles of MgAl2O4 form at the MgAl2O4-
Al2O3 interface; one mole of MgAl2O4 at the MgO-
MgAl2O4 interface. Thus, as shown in Fig. 2 the mark-
ers which were originally located at the interface of the
MgO-Al2O3 shifted to the one-quarter position of the
spinel layer from the MgO-MgAl2O4 interface.

3. Flux equations of the two cations
For the spinel formation reaction not only the chemical
potential but also the electrical potential must be in-
cluded in each flux equation since the diffusing species
are the electrically charged cations, Mg2+ and Al3+.
The electrochemical potential considered as a driving
force for the diffusion reaction can be written as fol-
lowing [1, 2]:

ηi = µi + zi Fφ (4)

whereηi is the electrochemical potential of ani species;
µi the chemical potential;zi the valence;F the Faraday
constant;φ the electrical potential.

The fluxes of Mg2+ and Al3+ ions were taken into
account as following:

JMg2+ = −CMg2+DMg2+

RT

[
dµMg2+

dξ
+ zF

dφ

dξ

]
(5)

JAl3+ = −CAl3+DAl3+

RT

[
dµAl3+

dξ
+ zF

dφ

dξ

]
(6)

Here,CMg2+ andCAl3+ are the concentrations of Mg2+
and Al3+ ions; DMg2+ and DAl3+ the diffusion coef-
ficients;µMg2+ andµAl3+ the chemical potentials;F
the Faraday constant;ξ the diffusion distance from the
interfaces;z the valence of each species and+2 and
+3 for the Mg2+ and Al3+ ions, respectively. We as-
sume the oxygen flux is negligible (JO2− ≈0) relative
to the other fluxes of Mg2+ and Al3+ ions sinceDMg2+ ,
DAl3+ À DO2− .

The next step is to apply the charge neutrality condi-
tion to the two fluxes as following:∑

Zi Ji = 0: 2 JMg2+ + 3JAl3+ = 0 (7)

Here, by substituting the Equations 5 and 6 into 7 the
term ofFdφ can be solved as

Fdφ =

−
[

2CMg2+DMg2+dµMg2+ +3CAl3+DAl3+dµAl3+

4CMg2+DMg2+ +9CAl3+DAl3+

]
(8)

By substituting the Equation 8 into 5 the flux equation
can be rewritten as

JMg2+ = − CMg2+DMg2+CAl3+DAl3+

RT
(
4CMg2+DMg2+ + 9CAl3+DAl3+

)
×
[
9

dµMg2+

dξ
− 6

dµAl3+

dξ

]
= − CMg2+DMg2+CAl3+DAl3+

RT
(
4CMg2+DMg2+ + 9CAl3+DAl3+

)
×
[(

9
dµMg2+

dξ
+ 9

dµO2−

dξ

)
−
(

6
dµAl3+

dξ
+ 9

dµO2−

dξ

)]
= − CMg2+DMg2+CAl3+DAl3+

RT
(
4CMg2+DMg2+ + 9CAl3+DAl3+

)
×
[
9

dµMgO

dξ
− 3

dµAl2O3

dξ

]
(9)

The chemical potentials in the Equation 3 can be written
as

µMgO+ µAl2O3 = µMgAl2O4 ≈ µo
MgAl2O4

(10)

Here, the chemical potential of the spinel formed be-
tween the oxides can be approximated to that of the
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pure spinel since the concentrations of Mg2+ and Al3+
ions diffusing through the spinel are extremely low.
Differentiating Equation 10 byξ gives

dµAl2O3 = −dµMgO (11)

Substituting the Equation 11 into 9 gives

JMg2+ = − 12CMg2+DMg2+CAl3+DAl3+

RT
(
4CMg2+DMg2+ + 9CAl3+DAl3+

)
×
[

dµMgO

dξ

]
(12)

Here, we assume that in the spinel formed between
the oxides divJMg2+ ≈0 with the small range of ho-
mogeneity. Thus, separating variables and integrating
Equation 12 byξ gives

∫ 1ξ

0
JMg2+dξ = JMg2+1ξ =∫ µMgO(Al2O3−MgAl2O4)

µMgO(MgO−MgAl2O4)

12CMg2+DMg2+CAl3+DAl3+

RT
(
4CMg2+DMg2+ +9CAl3+DAl3+

)
dµMgO (13)

Fig. 3 shows the chemical potential of MgO in the MgO-
MgAl2O4-Al2O3 system. As shown, it is a constant
value ofµo

MgO inside the MgO and decreases through
the MgAl2O4. It becomes a decreased and constant
value ofµMgO in the Al2O3. The difference between
µMgO andµo

MgO is 1µMgO. The reaction equilibrium
constant,K can be written as

K = aMgAl2O4

aMgOaAl2O3

= exp

(
−
1Go

MgAl2O4

RT

)
(14)

whereaMgAl2O4, aMgO and aAl2O3 are the activities of
MgAl2O4, MgO and Al2O3, respectively;1Go

MgAl2O4

the formation free energy of the MgAl2O4 spinel. At
the MgAl2O4-Al2O3 interface aMgAl2O4 and aAl2O3

would be approximated to 1. Thus, the Equation 14 can

Figure 3 The schematic diagram of the chemical potential of MgO in
the MgO-MgAl2O4-Al2O3 system. It is a constant value ofµo

MgO in
MgO, decreasing in the MgAl2O4 layer to be another constant value of
µMgO in the Al2O3.

be reduced toaMgO= exp(−1Go
MgAl2O4

RT ). By definition
the chemical potential of MgO can be written as

µMgO=µo
MgO+ RT ln aMgO=µo

MgO+1Go
MgAl2O4

(15)

Substituting Equation 15 into 13 gives

JMg2+1ξ = − 12

RT
×∫ µo

MgO+1Go
MgAl2O4

µo
MgO

CMg2+DMg2+CAl3+DAl3+(
4CMg2+DMg2+ +9CAl3+DAl3+

)dµMgO

= − 12

RT
×

∫ µo
MgO+1Go

MgAl2O4

µo
MgO

DMg2+CAl3+DAl3+(
4DMg2++9 CAl3+

CMg2+ DAl3+
)dµMgO (16)

Here, CAl3+ is a constant andCAl3+ /CMg2+ in the
MgAl2O4 spinel is 2. The Equation 16 can be rewritten
as

JMg2+1ξ = −6CAl3+

RT

×
∫ µo

MgO+1Go
MgAl2O4

µo
MgO

DMg2+DAl3+(
2DMg2+ + 9DAl3+

)dµMgO

(17)

Here, the term ofDMg2+DAl3+ /(2DMg2+ + 9DAl3+) is
in the form of Nernst-Planck equation. Thus, as-
suming DMg2+ À DAl3+ gives DMg2+DAl3+ /(2DMg2+ +
9DAl3+)≈ DAl3+ /2. By using this relationship the flux
equation in the final form can be written as

JMg2+1ξ ≈ −3CAl3+

RT

∫ µo
MgO+1Go

MgAl2O4

µo
MgO

DAl3+dµMgO

JMg2+ ≈ −3CAl3+ D̄Al3+

1ξ

(
1µMgO

RT

)
(18)

where D̄Al3+ = 1
1µMgO

∫ µo
MgO+1Go

MgAl2O4
µo

MgO
DAl3+dµMgO and

can be defined as an average diffusivity of Al3+ ions.

4. Kinetics of spinel formation
The growth rate of the MgAl2O4 spinel can be ex-
pressed as

d1ξ

dt
≡ Flux×Molar volume (19)

From the Equations 1 and 2 the motion of three moles of
Mg2+ ions gives four moles of spinel. This relationship
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was schematically drawn in Fig. 2. The growth rate can
be written as

d1ξ

dt
= JMg2+ × 4

3
Vm

MgAl2O4

= −3CAl3+ D̄Al3+

1ξ

(
1µMgO

RT

)
×
(

4

3
Vm

MgAl2O4

)
(20)

Here,1µMgO = µMgO−µo
MgO = (µo

MgO+1Go
MgAl2O4

)
−µo

MgO=1Go
MgAl2O4

; CAl3+ = XAl3+/Vm
MgAl2O4

= 2/
Vm

MgAl2O4
. Thus, substituting these relationships into

the Equation 20 and separating variables gives

1ξd1ξ = D̄Al3+
1Go

MgAl2O4

RT
dt (21)

Integrating the Equation 21 gives

1ξ2 = 2

(
−8D̄Al3+

1Go
MgAl2O4

RT

)
t = 2kt (22)

Therefore, the reaction rate constant,k can be defined
as

k = −8D̄Al3+
1Go

MgAl2O4

RT
(23)

Thus, the rate of the spinel formation reaction was found
to be determined by the average diffusion coefficient of
the slower cation, Al3+ rather than the faster cation
Mg2+.

5. Discussion
From Sung’s result [11] the average thickness of the
spinel formed at the interacial region of the CA/Al
7075 composites processed at 1200◦K for 2 h was
15µm. Thus, by substituting these values into the Equa-
tion 22 the reaction rate constant,k at 1200◦K was de-
termined as 1.5625× 10−10 cm2/s. Also, by substitut-
ing the values ofk (1.5625×10−10 cm2/s),1Go

MgAl2O4

(−1804 kJ/mol) andT(1200◦K) into the Equation 23
D̄Al3+ , the average diffusion coefficient of Al3+ was
calculated as 1.08× 10−13 cm2/s.

This value was compared with the diffusion coeffi-
cient data of Whitney and Stubican [4], and Zhanget al.
[5]. Fig. 4 shows the curve fitted based on their data and
extrapolated to the lower temperature region. The dif-
fusion coefficient value obtained in present study was
marked asx and found to be somewhat higher than
that estimated from the extrapolated curve. Approxi-
mation from the curve gave the diffusion coefficient
value of∼1.56× 10−14 cm2/s at 1200◦K. The differ-
ence between this estimated value and that obtained
from present study would be caused by different exper-
imental conditions. As for the solid state diffusion ex-
periments the true contact area at the interface between
MgO and Al2O3 is much smaller than the sample area
due to the surface roughness. Even fine final polishing
cannot give a really smooth surface on the atomic scale.
Thus, as for the diffusion couple experiments the thick-

Figure 4 The diagram of average diffusion coefficients in MgAl2O4

spinel. The curve fitted based on the data of Whitney and Stubican [4]
and Zhanget al. [5] was extrapolated to the lower temperature range.
The average diffusion coefficient obtained in present study was marked
asx in the diagram and showed small deviation from the curve.

ness (1ξ ) of the spinel would be rather smaller than
that of the present study, thus the diffusion coefficient
value becomes smaller. As for the solid-liquid reaction
in the present study the contact area at the fibre-matrix
interface can be maximized before the spinel formation
reacion initiates. This is due to the lowered surface ten-
sion of the molten Al-Mg alloy, which was caused by
the accumulation of the solute atom, Mg at the inter-
face. Moreover, the diffusion of the ions becomes very
fast due to a low activation energy for the diffusion re-
sulting from the week bonding between the ions in the
Al alloy melt.

6. Summary
The MgAl2O4 spinel formation at the interface of the
CA/Al 7075 composites processed at 1200◦K was stud-
ied using the kinetic analysis. The diffusion mechanism
employed was the counterdiffusion of Mg2+ and Al3+
ions across the spinel formed between MgO and Al2O3.
The motion of three moles of Mg2+ and two moles
of Al3+ ions formed totally four moles of MgAl2O4
spinel. The flux equation was derived in the form:
JMg2+ ≈ −3CAl3+ D̄Al3+

1ξ
(1µMgO

RT ). By using the growth rate
of the MgAl2O4 the parabolic equation was obtained
as:1ξ2=2(−8D̄Al3+

1Go
MgAl2O4)

RT )t =2kt. Therefore, the
reaction rate constant,k was a function of the average
diffusion coefficient of the slower migrating species,
Al3+. By employing the equation to the experimental
data the average diffusion coefficient of Al3+ at 1200◦K
was calculated as 1.08× 10−13 cm2/s and it was found
to be one-order higher than that (1.56× 10−14 cm2/s)
estimated from the extrapolation of the previous data.
This difference would be caused by the maximized con-
tact area at the fibre-matrix interface and fast diffusion
rate of the ions in the Al alloy melt.
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