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a b s t r a c t

Seventeen phases of the Ni–Al–O system at high temperatures were analyzed using thermodynamic
calculations. An Ni–Al–O isothermal stability diagram was obtained from the thermochemical data. The
diagram describes the interface equations for Ni/Al intermetallic compounds, Al/Al2O3, and Al2O3/AlXNiY
compounds, and their corresponding regions. Four univariant equilibria points and ten bivariant equilibria
lines below 1126 K were obtained. The equations for the coexistence points and interface lines were also
eywords:
i–Al–O

sothermal stability diagram
ntermetallic compounds
ctivity

obtained. A three-domain diagram of Ni–Al–O phase arrangement at temperatures between 900 and
1191 K is shown. Thermodynamic calculations confirmed that the formation of nickel aluminate spinel
(NiAl2O4) requires a threshold NiO activity (log aNiO = −205.3/T − 0.347) and the partial pressure of oxygen
(log PO2 = −24622/T + 8 atm). In the Ni–Al–O system, aNiO < 0.266 at 900 K, the compounds in the Ni/Al
interface are formed in the order Al3Ni(s) → Al3Ni2(s) → AlNi(s) → AlNi3(s) → Al2O3(�). When aNiO < 0.351 at

the N
1911 K, the compounds in

. Introduction

Nickel-aluminate compounds, known as an ordered intermetal-
ic compounds, are potential candidates for structural applications
t high temperatures [1–5]. Their attractive properties include rel-
tively low density (5.87 g/cm3), high melting point (AlNi = 1191 K),
igh thermal conductivity, high specific strength, and resistance
o oxidation at elevated temperatures. However, at room tem-
erature, these materials are limited by relatively poor strength,

ow ductility, and the tendency to brittle fracture [6,7,11]. Many
esearchers [8,10,11,1,12,13] have developed processes for fabricat-
ng intermetallic compounds. These methods include mechanical
lloying (MA) [8], rolling [9] and thermal contact diffusion
10].

During reactions at the interface of pure Al and Ni, the inter-
etallic compounds are generated in the order Al3Ni, Al3Ni2, AlNi

nd finally AlNi3. In Battezzati’s investigation [9], the Ni–Al inter-
etallic compounds formed after Ni and Al foils were rolled. He

oncluded that Al3Ni was the first phase to be observed, followed

y Al3Ni2 and AlNi3, with AlNi remaining. The oxides of Al2O3,
iO, and NiAl2O4 can also be formed in the Al–Ni system. Their

ormation depends on the partial pressure of oxygen and the activ-
ty of nickel. The mechanisms of formation of the nickel aluminate

∗ Corresponding author. Tel.: +886 37 381836; fax: +886 37 381237.
E-mail address: chentexas@gmail.com (C.-C. Chen).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.01.118
i/Al interface are formed in the order AlNi(s) → Al2O3(�).
© 2009 Elsevier B.V. All rights reserved.

spinel (NiAl2O4) in the Ni/Al2O3 interfaces have been investigated
in several studies [6,8–11,14,15,20–23]. Ustundag [8] found that
NiAl2O4 could be formed by ball-mixing NiO and Al2O3 powders at
high temperature, if the oxygen activity reaches a threshold value:
log aO2 > −25754/T + 7.921. In addition, Trumble and Ruhle [15]
noted that if the amount of oxygen dissolved in Ni exceeds 0.025 at.%
at 1663 K, then spinel forms.

According to literature [1–11,15], several parameters – such as
temperature, partial pressure of oxygen, activity of Ni, activity of
compounds, Gibbs free energy, activation energy, heat treatment
time, and diffusion coefficient – influence Ni/Al2O3 interface con-
ditions. Consequently, researchers [1–11,15] have obtained different
phases at Ni/Al2O3 interfaces. A convenient method of represent-
ing the thermodynamic information involves the construction of
isothermal diagrams that show the range of gas compositions over
which a condense phase can exit either by itself or in equilib-
rium with another condensed phase. This type of diagram is called
an isothermal stability diagram. It can be more useful to use an
isothermal stability diagram in discussing gas-condensed phases
at a constant temperature rather than a general phase diagram
of temperature-composition. For example, Kellogg and Basu [24],
Ingraham [25], and Biswas and Davenport [26] used the isothermal

stability diagram to discuss the characterizations of the Pb–S–O,
Cu–S–O, and Fe–S–O systems at 1000 K.

This work considers the effect of temperature, partial oxygen
pressure, activity of Ni, activity of NiO, and Gibbs free energy with
reference to thermodynamic calculations for the Ni–Al–O system.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:chentexas@gmail.com
dx.doi.org/10.1016/j.jallcom.2009.01.118
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Fig. 1. Binary phase diagrams of (a) Ni–O, (b) Al–O,

he mechanisms that operate in the Ni–Al–O system at high tem-
eratures are thereby clarified.

. Thermodynamic calculations and results

.1. Phases in the Ni–Al–O system

The phase diagrams (Fig. 1) of Al–O [16], Ni–O [17], Ni–Al [18]
nd NiO–Al2O3 [19] include 12 different condensed phases and
ve gaseous phases. The 17 phases are, Al(1/s), Al2O3(�), Al2O3(�),
l2O3(�), Al2O3(�), Ai(s/l), AiO(s), AlNi3(s), AlNi(s), Al3Ni2(s), Al3Ni(s),
iAl2O4(s), O2(g), Al2O2(g), Al2O(g), AlO2(g) and AlO(g). To simplify the
alculation of phases in Ni–Al–O system, the four gaseous species
l2O2(g), Al2O(g), AlO2(g) and AlO(g), with the exception of oxygen,
ill be ignored at first because of their low partial vapor pressure

ithin the Al–O system. Moreover, because the condensed phase
l2O3(�) (�G = −1361.42 kJ/mol at 1000 K) [21] is much more stable

han other alumina phases (Al2O3(�), Al2O3(�), Al2O3(�)), the small-
st Al2O3(�), Al2O3(�), Al2O3(�) will also be ignored. As a result, the
i–Al–O isothermal stability diagram will include nine condensed
–Al2O3, and (d) ternary phase diagram of Ni–Al–O.

phases and one gaseous phase, which will be investigated by ther-
mochemical data and thermodynamic calculations.

2.2. Gaseous species

As discussed above, gas species other than oxygen were disre-
garded in developing the isothermal stability diagram. However,
vapor pressures in the solid and liquid phases are important in Ni–O
and Al–O systems at high temperature. Therefore, this section dis-
cusses the reactions in the gas phase in Ni–O and Al–O systems. The
equilibrium partial vapor pressure of nickel and oxygen in NiO(s) can
be calculated from the Gibbs free energy as follows [21]:

NiO(s) → Ni(g) + 1
2 O2(g) �G◦

1 = 440.2 − 0.18T (kJ/mol) (1)

The standard molar free energy change �G◦
1 in this reaction is given
by �G◦
1 = −RT ln K1.

K1 can be expressed as:

K1 = PNi · (PO2 )0.5

aNiO
(2)
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Fig. 3. Vapor pressure values of Al(g), AlO(g), and AlO2(g) under various oxygen pres-
sures at 1000 K.

interfaces of Al/Al3Ni2, Al/AlNi, Al/AlNi3, Al3Ni/AlNi, Al3Ni/AlNi3/or
Al3Ni2/AlNi3 were found. Therefore, 36 terms, except those associ-
ated with these 6 non-existing interfaces, exist as shown in Fig. 5.
Nevertheless, there still is a problem of overlapping in the Al2O3
ig. 2. Vapor pressure curve of Ni(g) in both condense phases of Ni(s) and NiO(s) at
000 K.

here aNiO, PNi, PO2 represent the activity of NiO, partial pressure
f Ni, and partial pressure of oxygen, respectively.

Since the activity of a solid is a unity, the relationship between
Ni and PO2 can be represented as:

og PO2(g)
= 2 × (log K − log PNi) (3)

Additionally,

og K = −�G◦
1

2.303RT
(4)

ased on the preceding discussion, the vapor pressures of NiO(g),
i(g) in Ni(s), and NiO(g) in NiO(s) are:

i(s) + 1
2 O2(g) → NiO(g) �G◦

2 = 301.9 − 0.097T (kJ/mol) (5)

i(s) → Ni(g) �G◦
3 = 205.8 − 0.094T (kJ/mol) (6)

iO(s) → NiO(g) �G◦
4 = 536.3 − 0.18T (kJ/mol) (7)

he relationships between the vapor pressures and log K are,

og PO2(g)
= 2 × (log PNiO − log K1) (8)

og PNi(g) = log K2 (9)

og PNiO(g) = log K3 (10)

rom Eqs. (8)–(10), the partial pressure of NiO(g) is much lower than
hat of Ni(g) in both Ni(s) and NiO(s) solid phases at 1000 K. The
artial pressure of Ni(g) dominates the condensed phases Ni(s) and
iO(s), as shown in Fig. 2.

As with the Ni–O system, the reactions in the Al–O system
re as follows: Al(s)/Al(g), Al(s)/AlO(g), Al(s)/AlO2(g), Al(s)/Al2O(g),
l(s)/Al2O2(g), Al2O3(s)/Al(g), Al2O3(s)/AlO(g), Al2O3(s)/AlO2(g),
l2O3(s)/Al2O(g), and Al2O3(�)/Al2O2(g). Fig. 3 shows the dominant
ases in the Al–O system at 1000 K. When the oxygen partial
ressure is lower than 10−47 atm, the dominant gas in the system

s Al(g); however, if the oxygen pressure is high, the dominant gas
hase changes to AlO2(g).

.3. Condensed phases

Seven condensed phases (Al(l/s), AlNi3(s), AlNi(s), Al3Ni2(s),
l3Ni(s), NiAl2O4(s) and Al2O3(s)) can be arranged on a (log PO2 −
og aNi) diagram of the Ni–Al–O system at constant temperature.
ig. 4 depicts the regions of each condensed phase along the axis
n the (log PO2 − log aNi) diagram. This so-called isothermal stabil-
ty diagram is useful in estimating the relationships between each
air of condensed phases in the Ni–Al–O system; however, the
Fig. 4. Schematic diagram of Ni–Al–O compounds forming positions on the log aNi −
log PO2 diagram.

interfaces between each pair of phases cannot be clearly deter-
mined from the schematic diagram. Since a couple of phases can
accumulate at an interface, 36 assemblies can possibly be con-
structed in the O(g), Ni(s), Al(l), AlNi3(s), AlNi(s), Al3Ni2(s), Al3Ni(s),
NiAl2O4(s) and Al2O3(s) phases—such as Al(l)/Al2O3(s), Al(l)/AlNi3(s),
AlNi3(s)/Al2O3(s), AlNi3(s)/Al3Ni2(s). However, as shown in Fig. 4, no
Fig. 5. Condensed phases of Ni–Al–O compound regions on the log aNi − log PO2

diagram in Ni–Al–O isothermal stability diagram at 900 K.
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Table 1
Reactions and Gibbs free energies of possible compounds forming at Al–Ni interface
under oxygen pressure in temperature range from 800 to 2000 K.

No. Reactions �G (kJ/mol)

1 NiAl2O4 → Ni + 1
2 O2 + Al2O3 2.35.7 − 0.08T

2 3
2 Al2O3 + 2Ni → Al3Ni2 + 9

4 O2 40501.2 − 0.4T
3 Al2O3 + 6Ni → 2AlNi3 + 3

2 O2 1344.2 − 0.27T
4 3

2 Al2O3 + Ni → Al3Ni + 9
4 O2 2343.9 − 0.45T

5 Al2O3 + 2Ni → 2AlNi + 3
2 O2 1415.1 − 0.28T

6 Al3O2+ → Al3Ni + Ni 140.7 − 0.02T
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Table 2
Reactions and Gibbs free energies of Ni–Al–O system on univariant equilibria points
in temperature range from 900 to 1126 K.

No. Reaction �G (kJ/mol)

1 Al2O3 + Al + Ni → Al3Ni + 3
2 O2 1501.7 − 0.28T

2 3Al2O3 + 3Ni → Al3Ni + Al3Ni2 + 9
2 O2 4553.1 − 0.87T

3 2Al2O3 + 3Ni → AlNi + Al3Ni2 + 3O2 2915.1 − 0.57T
4 Al2O3 + 4Ni → AlNi + AlNi3 + 3

2 O2 1380.9 − 0.27T

Table 3
Reactions and Gibbs free energies of Ni–Al–O system on bivariant equilibria lines in
temperature range from 900 to 1126 K.

No. Reaction �G (kJ/mol)

A 2Al + 3
2 O2 → Al2O3 −1692.1 + 0.33T

B 3Al + Ni → Al3Ni −190.8 + 0.05T
C 3

2 Al2O3 + Ni → Al3Ni + 9
4 O2 2347.3 − 0.44T

D Al3Ni2 → Al3Ni + Ni 141.4 − 0.02T
E 3

2 Al2O3 + 2Ni → Al3Ni2 + 9
4 O2 2205.8 − 0.43T

F Al3Ni2 + Ni → 3AlNi −77.9 + 0.01T
G Al2O3 + 2Ni → 2AlNi + 3

2 O2 1418.6 − 0.28T
H AlNi3 → AlNi + 2Ni 37.7 − 0.005T
7 Al3Ni2 + Ni → 3AlNi −78.7 + 0.01T
8 AlNi3 → AlNi + 2Ni 37.3 − 0.005T
9 2Al + 3

2 O2 → Al2O3 −1692.5 + 0.33T
10 3Al + Ni → Al3Ni −190.8 + 0.05T

nd NiAl2O4 regions. Thus, several other interfaces do not exist, and
hould be deleted from the 36 terms. The interfaces Al/NiAl2O4,
l3Ni/NiAl2O4, Al3Ni2/NiAl2O4, AlNi/NiAl2O4, and AlNi3/NiAl2O4
ust be erased to label compound’s domains in Fig. 5. Finally, only

welve coexistence terms were retained from the original terms.
able 1 presents the standard and obtained Gibbs free energy of
he twelve coexistence terms.

Combining Figs. 4 and 5 with the thermodynamic data from
able 1 yields the interfaces of both compounds as shown in Fig. 6.
or example, to estimate the boundaries of the Al3Ni2 region, first,
eactions (11)–(13) and their Gibbs free energy of formation are
btained from Table 1. Second, the relationship between the activity
f Ni and the oxygen partial pressure is obtained from reaction (11),
nder the Al3Ni2/Al2O3 coexistence condition. Third, the activity of
i is calculated from reaction (12) under the Al3Ni2/AlNi coexis-

ence condition. Finally, reaction (13) can also be used to calculate
he activity of Ni under the Al3Ni2/Al3Ni coexistence condition.

3
2 Al2O3 + 2Ni → Al3Ni2 + 9

4 O2 (11)

l3Ni2 + Ni → 3AlNi (12)

l3Ni2 → Al3Ni + Ni (13)

dditionally, the oxygen pressure obtained from reaction (11) is:

og PO2 = 4
9

(log K + 2 log aNi) (14)

n oblique line E in Fig. 6 can be drawn along the axis in the log PO2 −
og aNi diagram. The line represents the interface between Al2O3
nd Al3Ni2. Restated, the activity of Ni between AlNi and Al3Ni2

an be determined from reaction (12) as follows:

og aNi = log K(Al3Ni2/AlNi) (15)

Therefore, in Fig. 6, line F (the interface between Al3Ni2 and AlNi)
s determined by reaction (15) and line D (interface between Al3Ni2

ig. 6. Two phase coexistence lines and triple points of Ni–Al–O compounds on the
og aNi − log PO2 diagram in Ni–Al–O isothermal stability diagram at 900 K.
I Al2O3 + 6Ni → 2AlNi3 + 3
2 O2 1343.2 − 0.03T

J NiAl2O4 → Al2O3 + Ni + 1
2 O2 235.7 − 0.08T

and Al3Ni) is determined from reaction (13); lines D, E, and F define
the Al3Ni2 region. Accordingly, in Fig. 6, the regions associated with
the other compounds can also be determined, and then the equa-
tions of univariant equilibria (triple-phase coexistence) points and
bivariant equilibria (two-phase coexistence) lines can be calculated,
as shown in Tables 2 and 3.

2.4. Temperatures from 900 to 1911 K

Different intermetallic compounds in an Ni–Al system have
different melting points. By drawing a 3-D (axes temperature,
log PO2 , log aNi) isothermal stability diagram, the melting point of
each intermetallic compound must first be determined; for exam-
ple Al3Ni = 1127 K, Al3Ni2 = 1406 K, AlNi3 = 1658 K and AlNi = 1911 K.
Second, the equation of triple-phase coexistence point must be set
up. Finally, a line is drawn between the higher melting point com-
pound and the lower melting point compound. Fig. 7 shows an

isothermal stability diagram in which 1127 K is the melting point of
Al3Ni and Tt is the triple-phase coexistence point (Al, Al3Ni, Al2O3
univariant point). The equation for the point of coexistence is as

Fig. 7. Isothermal stability diagram of Ni–Al–O compounds in temperature range
from 900 to 1127 K, in which 1127 K is the melting point of Al3Ni and Tt is the triple-
phase coexistence point (Al, Al3Ni, Al2O3 univariant point).
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ig. 8. Isothermal stability diagram of Ni–Al–O compounds in temperature range
rom 900 to 1911 K under various oxygen pressures and Ni activity values.

ollows:

Al2O3(�) + Al(l) + Ni(s) → Al3Ni(s) + 3
2 O2(g)

�G◦ = 1501.7 − 0.28T (kJ/mol) (16)

n Fig. 8, the temperature range is widened from 900 to 1191 K. The
iagram clearly shows regions for Al3Ni, Al3Ni2, AlNi3, AlNi, Al2O3,
l and NiAl2O4 at various temperatures.

. Discussion

.1. Sorting compounds by Gibbs free energy of formation

The thermodynamic stabilities of compounds in a Ni–Al–O sys-
em were evaluated by considering their Gibbs free energy. In a
i–Al–O system, in ascending order of Gibbs free energy, the com-
ounds at 1000 K are:

NiAl2O4(s) → Al2O3(�) → Al2O3(�) → Al2O3(�) → Al2O3(�)

→ Al2O2(g) → Al3Ni2(s) → NiO(s) → Al2O(g) → AlO2(g)

→ AlNi3(s) → Al3Ni(s) → AlNi(s) → AlO(g).

hus, spinel (NiAl2O4) is the most stable phase and AlNi(s) is less
table than the other intermetallic compounds. In the Ni–Al–O
sothermal stability diagram, the activity of NiO is a given condition;
lumina in �, �, � phases and gas phases was neglected. Therefore,
he order is:

iAl2O4(s) → Al2O3(�) → Al3Ni2(s) → AlNi3(s) → Al3Ni(s) → AlNi(s).

In conclusion, the order of formation of Ni–Al–O intermetallic
ompounds can be determined from thermodynamics. The AlNi
hase was the last to appear.

.2. Equations for spinel formation and the threshold of NiO
ctivity

Five different equations for the formation of spinel are,

i(s)+Al2O3(˛) → NiAl2O4(s) (�G = 328.4 − 0.035T (kJ/mol))

(17)

Ni(s) + 4
3 Al2O3(�) → NiAl2O4(s) + 2

3 Al(l)

(�G = 328.4 − 0.035T (kJ/mol)) (18)
2Al(l) + 4NiO(s) → NiAl2O4(s) + 3Ni(s)

(�G = −1000 + 0.075T (kJ/mol)) (19)
Fig. 9. Solubility line of oxygen atoms in Ni under various oxygen pressures in
temperature range from 1000 to 1800 K.

Ni(s) + 1
2 O(g) + Al2O3(�) → NiAl2O4(s)

(�G = −2159.5 + 0.49T (kJ/mol)) (20)

Ni(s) + ONi + Al2O3(�) → NiO · Al2O3(�)

(�G = −62800.2 + 7.1T (kJ/mol)) (21)

Eq. (17) is a general form of the spinel forming equation in the
phase diagram and literature [1–5]; moreover, the Gibbs free energy
of formation of spinel is very low (−1520.6 kJ/mol at 1000 K), and
so the reaction represents possible formation of spinel. However,
the Gibbs free energy of reaction (18) is too high (293.43 kJ/mol
at 1000 K). Hence, this equation cannot describe the formation
of spinel. Despite the fact that the Gibbs free energy of Eq. (19)
is negative and low (−925 kJ/mol at 1000 K), it is also an unfea-
sible equation since the partial pressure of oxygen at which
alumina is formed (10−47.4 atm at 1000 K) and the Gibbs free energy
(−1361.05 kJ/mol at 1000 K) of the formation of alumina are lower
than in NiO. Therefore, in the Al/NiO interface, Al2O3 may form
when NiO decomposes at high temperature. Restated, if Al oxi-
dizes to Al2O3 first, then the reaction becomes that described by
reaction (20), in which the Gibbs free energy is lower than that of
reaction (19). Therefore, reaction (20) is more feasible than reaction
(19). With reference to reaction (20), the oxygen partial pressure
of the decomposition of Al2O3 and NiO is 10−47.4 and 10−15.5 atm,
respectively, at 1000 K according to Table 1. If the partial pressure
of oxygen in the system is between 10−47.4 and 10−15.5 atm, then
Al oxidizes to alumina, and Ni does not oxidize to NiO. Therefore,
reaction (20) is feasible.

Trumble and Ruhle [15] stated that when log aO2 > −25754/T +
7.921, reaction (21) is a possible equation for the formation of
spinel. The solubility of oxygen in Ni is given in Eq. (22), where
e◦

o and e◦
Ni are interaction coefficients for Ni/O alloy, and %O is the

mass solubility (wt.%) of oxygen in the Ni matrix.

(e◦
o · %O + e◦

Ni · %Ni) + log %O = − log K (22)

Fig. 9 illustrates Eq. (22). According to the preceding discus-
sion, the possible equations for the formation of spinel are
reactions (17), (20) and (21). Now consider again the order:
NiAl2O4(s) → Al2O3(�) → Al3Ni2(s) → AlNi3(s) → Al3Ni(s) → AlNi(s).
In reactions (17), (20) and (21), Al2O3 forms before
spinel. Therefore, the order must should be corrected to:

Al2O3(�) → NiAl2O4(s) → Al3Ni2(s) → AlNi3(s) → Al3Ni(s) → AlNi(s).
When the temperature is 1000 K, aluminum is in the liquid phase
but nickel is in the solid phase so, liquid rich-phase com-
pounds can form more easily than solid rich-phase compounds.
Thus, Al3Ni(s) should be sequenced behind spinel. The order is:
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Table 4
Compounds forming on Al–Ni interface under various NiO activity conditions, oxy-
gen partial pressures and temperatures.

Temperature (K) Conditions Interfaces

900 aNiO < 0.266 Al(l)/Al3Ni(s)/Al3Ni2(s)/AlNi(s)/
AlNi3(s)/Al2O3(s)/Ni(s)

log PO2 < −18.31

1128 aNiO < 0.295 Al(l)/Al3Ni2(s)/AlNi(s)/AlNi3(s)/
Al2O3(s)/Ni(s)

log PO2 < −12.83

1407 aNiO < 0.321 Al(l)/AlNi(s)/Al3Ni(s)/Al2O3(s)/Ni(s)

log PO2 < −8.52

1659 aNiO < 0.338 Al(l)/AlNi(s)/Al2O3(s)/Ni(s)

log PO < −5.87

ig. 10. Diagram of two phases (Al2O3 and NiAl2O4). The line coexists when the
ctivity of NiO is 0.266 at 900 K.

l2O3(�) → NiAl2O4(s) → Al3Ni(s) → Al3Ni2(s) → AlNi3(s) → AlNi(s).
In reaction (17), the NiO activity is a unity. If the oxygen partial

ressure is too low, NiO may decompose, causing its activity to vary
way from unity. Fig. 10 shows that spinel decomposes at 900 K
hen the activity of NiO is below 0.266. Fig. 11 shows the effect of

he activity of NiO in the stable and decomposition regions of spinel
t 900 K. The equation of the curve in Fig. 11 is:

og aNiO = −0.347 − 205.3
T

(23)

.3. Ni–Al intermetallic compounds

The activity of NiO and oxygen partial pressure controls the sta-
ility of NiO and NiAl2O4, as shown in reactions (24) and (25).

i(s) + 1
2 O2(g) → NiO �G = −234.5 + 0.09T kJ/mol (24)

Ni(s) + 1
2 O2(g) + Al2O3(�) → NiAl2O4(s)

�G = −235.7 + 0.08T kJ/mol (25)

n reaction (25), when aNiO > 0.266 and log PO2 > −10−18.31 atm
t 900 K, NiO and NiAl2O4 are stable. Therefore, the
ulti-layers in the Al/Ni interfaces are as follows: Al(l)/
l3Ni(s)/Al3Ni2(s)/AlNi(s)/AlNi3(s)/Al2O3(s)/NiAl2O4(s)/NiO(s)/Ni(s).

n contrast, when aNiO > 0.266 and log PO2 < 10−18.31 atm at
00 K, NiO and NiAl2O4 were decomposed. So the interfaces
ere Al(l)/Al3Ni(s)/Al3Ni2(s)/AlNi(s)/AlNi3(s)/Al2O3(s)/Ni(s). Various
lements and compounds present in the Al–Ni interfaces depend
n aNiO and PO2 conditions at various temperatures, as shown in
able 4. Results presented in Table 4 show that high tempera-
ure, low oxygen pressure, and low NiO activity are the possible
onditions for obtaining AlNi and AlNi3 phases.

ig. 11. Decomposition curve of spinel (NiAl2O4) with varying NiO activity at 900 K.

[

[

2

1912 aNiO < 0.351 Al(l)/Al2O3(s)/Ni(s)

log PO2 < −3.92

4. Conclusions

Thermodynamic calculations were performed to estimate Ni/Al
interface reactions under various partial oxygen pressure and
activity of nickel conditions in a Ni–Al–O system. Solid, liquid
and gas phases in the Ni–Al–O system were analyzed using ther-
mochemical data and phase diagrams. Seven condensed phases
(Al(l), AlNi3(s), AlNi(s), Al3Ni2(s), Al3Ni(s), NiAl2O4(s) and Al2O3(s))
were arranged along an axis of (log PO2 − log aNi − temperature)
3-domains diagram. The compounds forming in the Ni/Al interface
were dependent on the temperature, activity of NiO, and partial
oxygen pressure. When aNiO > 0.266 and log PO2 > −10−18.31 atm
at 900 K, the multi-layers in the Al/Ni interfaces were: Al(s)/
Al3Ni(s)/Al3Ni2(s)/AlNi(s)/AlNi3(s)/Al2O3(s)/NiAl2O4(s)/NiO(s)/Ni(s).
When aNiO < 0.266 and log PO2 < 10−18.31 atm at 900 K, the inter-
faces were Al(s)/Al3Ni(s)/Al3Ni2(s)/AlNi(s)/AlNi3(s)/Al2O3(s)/Ni(s).
When aNiO < 0.351 at 1911 K, the compounds in the Al/Ni interface
formed in the following order: Al(l)/AlNi(s)/Al2O3(�)/Ni(s). A 3-D
diagram of Ni–Al–O isothermal stability was constructed over the
temperature range from the melting point of Al to the melting
point of AlNi. This diagram is useful for determining accurate areas
of NiAl2O4, Al, Al2O3 and Ni/Al intermetallic compounds in the
Ni–Al–O system. In Ni/Al systems, AlNi and AlNi3 have favorable
properties at elevated temperatures. According to thermodynamic
calculations, low oxygen pressure, high temperature, and low NiO
activity promote the formation of AlNi and AlNi3 phases.
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