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Phase Composition and Reaction Mechanism of Aluminum-Spinel Composite at 1700 ‘C
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Abstract: The phase composition and reaction mechanism of aluminum-spinel (Al-MgAl,0,) composite were investigated after
being treated at 580 ‘C for 8 h and 1700 C for 3 h in flowing high purity nitrogen. The results show that after being treated at 580 ‘C
for 8 h, the AI-MgAl,0, composite forms an area phenomenon with the aluminum-aluminum nitride (AI-AIN) core—shell structure in
the outside area. When the temperature increases up to a critical value, the AI-AIN core—shell structure in the outside area breaks,
Al(l/g) reacts with N, to form AIN and with O, to form Al,O(g). This process prompts formation of an MgAl,O, spinel with
stoichiometric ratio that allows decomposition into Al,O;-rich spinel and Mg(g). On the one hand, AIN reacts with Al,O3-rich spinel
to form MgAION spinel, and on the other hand, AIN is transformed into (Mg,Al)(N,O) through the solid solution reaction of Mg(g)
and O(g) into AIN. Phase composition of the inside area is different from the outside area in which MgAION with flake crystal
morphology forms via a gas—gas phase reaction: Al,O(g)+0,(g)+N,(g)+Mg(g)—MgAION(s) or Al(g)+0,(g)+N,(g)+tMg(g)—
MgAION(s) in which Al,O;-rich spinel doesn’t further form MgAION spinel.
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1 Introduction

Magnesium aluminium oxynitride (MgAION) has
been widely studied as a promising superior refractory
compound due to high compressive and high flexural
strengths, high resistance to slag and metal attack, and
low thermal expansion coefficient (5.3x10°° K™'—
7.4x107° K™Y MgAION is a type of solid solution
ceramic with the same crystal structure as AION and
magnesium aluminate (MgAl,04) spinels!’). Its
crystal structure formulation is described below:
ngAl3—y—(l/3)xD(2/3)x O30y Ny, O=x=<1; syl

x+y<{1; [ represents vacancy)", and the relationship
between crystal lattice constant and composition
fulfills the formula: @=0.790+0.037 5 [MgO, mole
fraction]+0.015 [AIN, mole fraction]/(nm)"’. Because
of non-oxide oxidation susceptibility, MgAION is
unstable and easily decomposes into an Al,Os-rich
spinel and Al,O;, thus releasing nitrogen at high
temperatures into the air'”. Both aluminum oxide
(Al,03) and Al,Os-rich spinels present high melting
points. Al,Osz-rich spinels can accommodate some
oxides, such as iron, manganese, and magnesium
oxides (FeO, MnO, and MgO, respectively) and Al,O;
as spinel solid solutions. After nitrogen enters the slag,
the viscosity of the slag increases, which further
enhances slag penetration resistance of MgAION
bonded refractories!'' 2.

MgAION can be produced in several ways: (1)
carbothermal reaction and nitridation'*, (2) solid state
reaction”*?" and (3) aluminothermy nitridation
reaction'”” **!. The aluminothermy nitridation and solid
state reactions. as the main methods, are used to
prepare  MgAION-bonded Al,O; and MgO-based
refractory refractories’”®**). The formation mechanism
of a MgAION spinel via the solid state reaction has
been investigated by Granon et al. and Weiss et al.*!
based on the analysis of AIN-Al,O;—MgO ternary
system phase diagrams and can be described as
proceeding via two steps: (1) MgO reacts with Al,O;
to form Al,Os-rich spinel above 1000 C and (2) AIN
and Al,Oj; dissolve into the Al,O;-rich spinel to form a
MgAION spinel at high temperatures. The maximal
amount AIN and ALO; that dissolves into Al,Os-rich
spinel increases with an increase in the heating
temperature, and the diffusion rate of N element
controls the rate of MgAION formation. However,
aluminothermy nitridation reaction for preparing
MgAION bonded refractories is more complex than
the solid state reaction due to high metallic Al activity.
Previous studies have reported the preparation and
formation mechanism of  MgAION-bonded
Al,03-based refractories at 1 700 to 1 800 ‘C under
Np-flow using aluminum, alumina, and magnesium
oxide as raw materials in addition to MgAl,O4sol as a
binding agent!"” **). The results show that MgAION

presents two different morphologies: flake from a
gas—gas reaction and particle from solid solid reaction.
The formation reaction of MgAION is affected by the
reaction of MgO and Al,O; to form MgAl,0,.

After studying the corrosion behavior of
Al-MgO-MgAl,O4 refractory materials, Tong et al.
found that the MgAl,O4 spinel could effectively
prevent the infiltration of calcium oxide-silicon
dioxide (CaO-Si0O,)-based slag by reacting with AIN
to form MgAIONPY. Therefore, it is necessary to
investigate phase compositions and reaction
mechanisms of AI-MgO and Al-MgAl,04 composites,
which involves industrial application of MgAION-
bonded refractory materials at high temperatures
during the process of steel melting. Studies on phase
composition and reaction mechanisms of AI—M%O
composite have been well investigated by Sun et al.”*]
in which a MgAION spinel could be formed by the
reactions of 2Al(1)+4MgO(s)—MgAl,04+3Mg(g) and
Al(1)+0.5N2(g)—AIN and MgAl,O4+AIN—MgAION.
In this current study, research on investigating phase
composition and reaction mechanisms of the
Al-MgAl,O4 composite was conducted in flowing
nitrogen using the aluminothermy nitridation method
with Al and MgAl,04 with stoichiometric ratio as raw
materials. It was expected to provide some basic
theoretical data for industrial applications of
MgAION-bonded refractories.

2 Experimental

The MgAl,O4 spinel with stoichiometric ratio
(Taimei Chemicals Co., Ltd., Japan w(MgAl,0,4)=
99.99%, partical size<44 um) and metal Al (Luoyang
Discover Aluminium Co., Ltd., China w(Al)>99.2%,
partical size<44 um) were used as raw materials. The
starting powders were mixed by ball milling in an
alcohol liquid using a planetary ball mill. The mass
ratio of MgAl,O4:Al was fixed at 70:30. Following
ball milling at 500 r/min for 30 min, the slurry with a
particle size of D5¢=24 pum was dried in air and pressed
into one sample with dimensions of ¢15 mmx25 mm
under a pressure of 10 MPa. The sample was then
named as the A-MgAl,0,4 composite and placed into a
carbon tube furnace and treated at 580 C for 8 h and
1700 C for 3 h under flowing nitrogen (0.101 MPa,
N; 99.999%, O, 0.001%). Heat treatment at 580 ‘C
for 8 h was done to form an AI-AIN core-shell
structure'?. Fig. 1 shows the X-ray diffraction (XRD)
pattern of MgAl,O, spinel with stoichiometric ratios.
According to PDF card (COD96-900-5769), we could
determine its crystal lattice constant with a=b=c=
0.808 8 nm, and the relationship with MgO: Al,05=1:1
in the selected MgAl,O, spinel is also acquired based
on the formula shown below: amgal,0,=0.790+
0.037 5xmg0 nm™,
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Fig. 1 XRD pattern of a magnesium aluminate (MgAl,0,)

spinel with stoichiometric ratios

The phase composition of the Al-MgAl,O4
composite after being treated at 1 700 ‘C under
flowing nitrogen was characterized with an X-ray
diffractometer (D8 ADVANCE, Germany) with a
scanning time of 10 min and 20 range of 10° to 90°.
The microstructure of the AI-MgAl,0O4 composite was
investigated with a scanning electron microscope
([SEM] Quanta200, FEI, Holland) equipped with an
energy dispersive spectroscope ([EDS] INCA250
Oxford Instrument, UK).

3 Results and discussion

3.1 Characterization and analysis of phase
composition

Fig. 2 shows the XRD pattern of the AI-MgAl,O,4
composite after being treated at 1 700 C under
flowing nitrogen. It can be seen that the diffraction
characteristic peaks of the AI-MgAl,O, composite are
consistent with those of MgAl,Oy4 spinel, AIN, and Al
according to the HighScore Plus analysis software.
After the strongest diffraction peak (311) of spinel
phase in the AI-MgAl,O, composite was identified, it
was further treated for peak processing by means of
XPSPEAK software. As shown in Fig. 3, it can be seen
in Fig. 3 that the AI-MgAl,O4 composite presents three
types of spinels, Spinels—1-3, and their corresponding
interplanar spacings, d, were 0.243 8, 0.243 6, and
0.242 0 nm, respectively. According to the relationship
among the crystal lattice constant a, interplanar

a

the crystal lattice constants of Spinels-1-3 were 0.808 6,
0.8079, and 0.802 6 nm, respectively, which was less
than that of the MgAl,O,4 spinel with stoichiometric
ratio. It indicates that the MgAl,O4 spinel with
stoichiometric ratio is transformed into the three spinel
types with different crystal lattice constants after being
treated at 580 ‘C for 8hand 1700 ‘C for 3 h.

spacing d, and crystal indices (hkl): d =

10 20 30 40 50 60 70 80 90

20/(°)

Fig. 2 XRD pattern of the AI-MgAl,0, composite after being
treated at 580 ‘C for 8 h and 1700 ‘C for 3 h under
flowing nitrogen
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Fig. 3 XRD pattern of the strongest diffraction peak (311) of

spinel phase shown in Fig. 2

3.2 Characterization and analysis of organization
structure

The AI-MgAl,0,4 composite presented two obvious

areas after being treated at 580 C for 8 h and

1700 C for 3 h under flowing nitrogen: an compact

outside area and and inside loose inside area. Fig. 4
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shows SEM images of the compact outside area. As
observed, the compact outside area has good sintering
characteristics. Based on the analysis results from
Table 1, some conclusions could be drawn in which
the MgAl,O4 spinel with stoichiometric ratio was
transformed into spinel consisting of Mg, Al, O, and N,
and AIN existed in the form of AIN solid solution (Mg,

AD(O,N). The results above illustrate that after
AI-AIN core—shell structure broke, the partial oxygen
pressure in the Al-MgAl,O4 composite greatly
decreased, and the MgAl,04 spinel with stoichiometric
ratio decomposed into an Al,Os-rich spinel and Mg(g)
to result in the formation of a MgAION spinel through
the diffusion reaction of AIN into the Al,Os-rich spinel.

(c) SEM photograph of the elliptical area in Fig. 4(a)

Fig. 4
1700 C for3h
Table 1 Energy-dispersive EDS analysis results of the
selected areas in Fig. 4
Area Atom fraction/%
Mg Al 0 N

A 22 46.3 72 443

B 17.1 39.7 383 4.9

C 34 46.5 7.5 42.6

Fig. 5 shows SEM images of the loose inside area
in the Al-MgAl,O4 composite. Different from the
phase composition and organizational structure of the
compact outside area, the loose inside area had an
inferior sintering characteristic, its organizational
structure was relatively loose, and many flake crystals
were found. Some information can be acquired from
Table 2. The flake crystal consists of the MgAION
spinel phase, and its N content was more than that of
MgAION in the compact outside area; the Al,O;-rich
spinel from the MgAl,O4 spinel with stoichiometric

(d) SEM photograph with high magnification

SEM photographs of the compact outside area in the Al-MgAl,0, composite after being treated at 580 C for 8 h and

ratio did not transform into MgAION spinel, and AIN
crystallized from liquid Al. Based on the analysis of
phase composition and organizational structure of the
compact outside area and the loose inside area, the
Al-MgAl,O4 composite presented two areas with
different phase composition and phase evolution
processes at high temperatures after being treated at
580 C for 8 h. This process occurred because of the
limited nitrogen infiltration capacity from the outside
to the inside area. According to the energy-dispersive
EDS analysis results from Tables 1 and 2, it can be
concluded that Spinels—1-3 consisted of the the
Al,Os-spinel of the loose inside area, MgAION spinel
of the compact outside area, and flake MgAION of the
inside loose inside area, respectively.
3.3 Discussion and analysis

According to Kelvin’s equation, curved liquid
surfaces possess a saturated vapor pressure much
greater than that of flat liquid surfaces. Saturated
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Fig. 5

(d) SEM photograph of the round area in Fig. 5(c)

SEM photographs of the loose inside area in the
A-MgAl,0, composite after being treated at 580 C
for 8 hand 1700 ‘C for3h

Table 2 EDS analysis results of the selected areas in Fig. 5

Atom fraction/%

Area

Mg Al (¢} N
D 8.8 54.8 13.5 22.9
E 13.3 30.0 56.7 —
F 0.8 51.7 32 443

vapor pressures of curved liquid surfaces can be
described as shown in the following equation:
P 20M 1
In—=—"—"-—-—
B,  pRT r
in which p, M and R are density, molecular mass, and
gas constant of liquid, respectively; P is the saturated
vapor pressure of the curved liquid surface, P, is saturated
vapour pressure of flat liquid surface; » is radius of
spherical liquid drop, and o is liquid surface tension.
For liquid Al with a size of 44 um in diameter, the
relationship between saturated vapor pressure of curved
liquid surface and saturated vapor pressure of flat liquid
20M  10° 10°

(1

surface can be given as P=e”* .¢12p >el2 P,
This finding indicates that the saturated vapor pressure
of Al with curved liquid surface was much higher than
that of its flat liquid surface.

Therefore, when the temperature increased to a
critical value, the AI-AIN core-shell structure breaks
due to phase transformation volume effects and liquid
Al(l) is transformed into gas Al(g). Driven by
powerful saturated vapor pressure, Al(g) diffused and
transferred along pores or gaps in the outer area of the
Al-MgAl,O4 composite. On the one hand, Al(g)
reacted with O, to form Al,O(g), resulting in a drastic
reduction in partial oxygen pressure in the
Al-MgAl,O4 composite; on the other hand, Al(l/g)
reacted with N, to form AIN. As a result, different
phase composition and phase evolution processes
happened in the outer and the inside areas of the
Al-MgAlL,O4 composite at high temperatures.

3.3.1 Phase evolution of the outside area

Due to the consuming oxygen reaction, 2Al(l/g)+
0.50,—Al1,0(g), when partial oxygen pressure was
reduced to a critical value, the MgAl,O,4 spinel with
stoichiometric ratio would decompose into an
Al,O;5-rich spinel according to the reaction MgAl,Oq(s)
—AlOs-rich spinel+Mg(g)+0,(g). The Al,Os-rich
spinel contained a higher proportion of tetrahedron
and octahedron vacancies than the MgAl,O4 spinel
with stoichiometric ratio, which could have provided a
favorable diffusion passageway for anionic N.
Therefore, AIN generated by the Al(l/g) —N, reaction
would diffuse into the Al,Oj-rich spinel to form
MgAION spinel at high temperatures based on the
reaction: Al,O;-rich spinel+AIN(s)—>MgAION(s).
Mg (0.049 nm), AI** (0.039 nm), O* (0.140 nm), and
N°" (0.171 nm) meet the relationship formula:
15%<4<30% (4 represents the change ratio of relative



2 49 B 3 ) EIfE 45

1700 Cyish R TR BP0 a4 Z SR A AL SN AL EE

° 595 -

n—-n
i

radius, A= x100% )[26], which leads to the

finding that Mg and O elements easily entered into the
AIN crystal lattice and existed as AIN solid solution

((Mg,AD)(O,N)) according to the reaction 2Mg+0O,

LZMg'AﬁQOT\I( “'» and “x” represent for a

negative and a positive charge respectively).
According to the analysis results from Figs. 1 and 3 in
which the MgAl,O, spinel with stoichiometric ratio
was transformed into an MgAION spinel, and AIN was
transformed into (Mg,Al)(O,N), the above calculation
above appears to be correct. In addition, the grain
boundary between (Mg, Al)(O,N) and MgAION
partially merges to endow the outside area with good
sintering characteristics.
3.3.2 Phase evolution of the inside area

The partial oxygen pressure under flowing nitrogen
P(0,)

po

the AI-AIN core—shell structure in the outside area did
not break, gaseous products from the Al(1)-O,(g)
reaction in Al-MgAL,O, composite were mainly
composed of Al,O(g) with trace amount of Al(g)
according to Fig.6, which led to the gas—gas formation

was Ig =-5 in this work. Therefore, when

2

0

-2
Q|
<&
l‘bl) -6

P(ALO)

P(O,)
PP

(a) lg 7 vs lg

reaction of AIN in the inside area in small or negligible
amounts. In the meantime, AIN began to form in liquid
Al via the gas—liquid reaction pathway and grew
increasingly larger with the increase in temperature.
When AI-AIN core—shell structure breaks in the
outside area, Al(l/g) reacts with N, to form AIN and
with O, to form Al,O(g), which greatly reduced the
partial nitrogen and oxygen pressures to further
suppress the formation reaction of AIN in the inside
area due to limited nitrogen infiltration capacity and
sintering effects. This process can be verified by SEM
analysis results in Fig. 5 in which AIN only
crystallized in liquid Al, and the Al,O;-rich spinel was
not transformed into MgAION spinel. Therefore, when
the temperature rose to a critical value, the MgAl,O4
spinel with stoichiometric ratio decomposed into an
Al,Os-rich  spinel based on the reaction
MgAlL,O4(s)—AlLOs-rich  spinel+Mg(g)+0x(g). In
addition, the Al,Os-rich spinel could not be
transformed into MgAION because of the inexistence
of AIN on its surface. Al,O(g) from Al(g)-O, and Al(g)
reacted with Mg(g), N, and O, to form MgAION with
a flake morphology due to its crystal-preferred growth
based on the reaction: ALO(g)+0,(g)+N,(g)+Mg(g)—
MgAION(s) or Al(g)+0x(g)+Nx(g)+Mg(g)—MgAION(S).

-1.5
2.0}
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-3.0
-3.5
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P(Al)
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Fig. 6 Relationship diagram of 1g

4  Conclusions

1) After treatment at 580 ‘C for 8 h and 1700 ‘C
for 3 h, the AI-MgAl,O4 composite formed an area
phenomenon with AI-AIN core—shell structure in the
outside layer due to the limits of the nitrogen
infiltration capacity and sintering effects.

2) When the temperature increased to a critical
value, the AI-AIN core—shell structure in the outside
area broke, and Al(l/g) reacted with N, to form AIN

P(AEO) vs g P(C;z) and lg P(/zl) Vs 712327281
P P

and with O, to form Al,O(g), which prompted
MgAl,O4 with stoichiometric ratio to decompose into
an Al,O;-rich spinel and Mg(g). Al,Os-rich spinel then
reacted with AIN to form MgAION spinel, and AIN
was transformed into the AIN solid solution
(Mg, AD(N,0).

3) The phase composition of the inside area is
different from the outer layer in which MgAION
with flake crystal morphology was formed via the
gas—gas phase reaction: Al,O(g)+O,(g)+Ny(g)+
Mg(g)—MgAION(s) or Al(g)+O(g)tNa(g)+tMg(g)—
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MgAION(s), and the Al,Os-rich spinel did not further
form MgAION spinel.
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