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Abstract: An Al-AIN core—shell structure is beneficial to the performance of AI-Al,O; composites. In this paper, the phase evolution and
microstructure of Al-Al,0;-TiO, composites at high temperatures in flowing N, were investigated after the AI-AIN core—shell structure was
created at 853 K for 8 h. The results show that TiO, can convert Al into Al;3Ti (~1685 K), which reduces the content of metal Al and rear-
ranges the structure of the composite. Under N, conditions, Al;Ti is further transformed into a novelty non-oxide phase, TiCN. The trans-
formation process can be expressed as follows: Al;Ti reacts with C and other carbides (Al4C; and ALO4C) to form TiC, (x < 1). As the firing
temperature increases, Al;Ti transforms into a liquid phase and produces Ti(g) and TiO(g). Finally, Ti(g) and TiO(g) are nitrided and sol-

id-dissolved into the TiC, crystals to form a TiCN solid solution.
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1. Introduction

In the 1970 s, Japanese researchers introduced graphite
into magnesia and prepared magnesia—carbon refractories,
which prolonged the service life of refractories for EAF
(electric arc furnace) and BOF (basic oxygen furnace) ten-
fold compared with the original oxide refractories [1]. Car-
bon-containing refractories can generate a series of
non-oxide-reinforced phases during the firing process via
carbothermal reduction and nitridation processes [2], and
carbon itself has good thermal conductivity and is not easily
wettable by molten Fe. Thus, carbon composite refractories
exhibit good thermal shock stability, excellent resistance to
slag erosion, and a low coefficient of thermal expansion.
However, carbon easily dissolves into molten steel, result-
ing in carburization of the steel, which is inconsistent with
the carbon content standards for molten Fe during steel-
making [3]. Compared with carbon composite refractories,
oxide—non-oxide composites have superior oxidation resis-
tance and high-temperature strength and can be used with-
out firing (prepared by direct nitridation with the use of

Corresponding author: Yong Li E-mail: lirefractory@vip.sina.com

metal-oxide composites [4]). Obviously, the use of
non-oxides can reduce the carbon content in the refractory,
making the refractory environmentally friendly.

When resin-bound Al-Al,O;s is fired under a N, atmos-
phere, non-oxide bonding phases such as Al,C;, Al;04C,
and ALL,OC [5-7] are formed in the material as the tem-
perature increases. Al,Cs is easily hydrated [8]. Al,O,C
and ALOC are incongruent-melting compounds in the
AlC3—AlLO; binary system, with decomposition tempera-
tures of approximately 2143 K and 2263 K, respectively;
they also exhibit high thermal conductivity, good thermal
shock resistance, a low wetting angle to liquid steel, better
hydration resistance than Al,C;, and much better oxidation
resistance than graphite and carbon black [9-16]. However,
Al,OC can be stable at high temperatures (>1988 K [11,15])
and in the coexistence of AIN [17]. Although Al,0,C has a
low formation temperature (approximately 1473 K [5]), it is
unstable under ultralow oxygen partial pressures [8,18-20].

TiO, cannot exist stably when coexisting with C or me-
tallic Al and is further reduced to Al-Ti alloy or TiC [21-24].
Compared with Al, Al-Ti alloys have higher melting points,
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and TiC is characterized by a high melting point, high hard-
ness, and good oxidation resistance [25-26]. In the present
study, Al powder, rutile TiO, powder, and brown fused co-
rundum were used as raw materials, thermosetting phenolic
resin was used as a binder, the phase evolution and micro-
structure of Al-ALO; and Al-AL,O;-TiO, composites at
high temperatures under flowing N, were studied, and the
effect of TiO, on Al-Al,0; materials was explored.

2. Theoretical analysis

The melting point of Al is 933 K, and its liquid viscosity
(0.104 Pa-s) is close to that of water at 293 K (0.10 Pa-s).
Liquid Al, with a low viscosity, can hinder both the nitrida-
tion reaction and the carbothermal reaction, further contri-
buting to the inhomogeneity of the reaction product and
weakening the properties of the end product at high temper-
atures. A layer of AIN shell can be formed on the surface of
metallic Al particles when the material is maintained at 853
K under N, conditions [27]. The construction of the AI-AIN
core—shell structure can increase the temperature of metal Al
participating in the reaction. However, the formation reac-
tion of AIN is kinetically difficult at 853 K, and the metallic
Al fluid still exists in the material.

When Al and TiO, are simultaneously present in the sys-
tem, TiO, cannot be stably present. The following reaction
will occur:

(3x+4) Al(1)+3TiO, (s)=2A1,05(s)+3AL, Ti(s) €))

The Al-Ti binary phase diagram (Fig. 1) shows that the
ALTi generated in Eq. (1) includes AlTi;, Al,Ti, AlTi, and
AL Ti. The expressions for the Gibbs free energy of these sub-
stances as a function of temperature are shown in Table 1 [28§],
and the corresponding relationship between the Gibbs free
energy and temperature is shown in Fig. 2. As evident in Fig.
2, the Gibbs free energies of the four Al-Ti binary com-
pounds are negative. Although the Gibbs free energy of
AL Ti is lower than that of AL;Ti, studies have shown that
AL;Ti is the main product of the Al-Ti binary system [29].
Al3Ti is the main product because it is a type-I compound
that can be formed by direct reaction, whereas AL, Ti is a
type-1I compound whose formation requires an AlTi phase
and a series of solid—solid or solid-liquid reactions [30].
Thus, the reaction that can occur between Al and TiO, is
13A1(1)+3TiO, (s)=2Al1,04(s)+3Al,Ti(s) 2)

The metal Al in Al-AL,O;—C systems has been reported
to change according to the process Al — ALC; — ALO,C
— (ALOC)(AIN),_, under N, conditions [6—7]. When Al;Ti
is introduced to form an AI-AL;Ti—C system, the following
reactions will occur in the material [31]:
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Fig. 1. AL-Ti binary phase diagram.

Table 1. Expression of the Gibbs free energy of Ti—-Al-based
intermetallic compounds with temperature [28]

Compound AG/( -molfl)
TizAl —29633.6 + 6.708T
TiAl —37445.1 + 16.974T
AL Ti —43858.4+11.021T
ALTi —40349.6 +10.365T
-5
-10r TiAl
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Fig. 2. Relationship between the Gibbs free energy and the
temperature of Ti—Al intermetallic compounds.

4 Al(1)+3C(s) = AL,C5(s) 3)
3 ALTi(s) + AL,C4(s) =3TiC(s) + 13 Al(1) @)
(ALOC)(AIN),_, is a high-temperature phase that can
exist stably only at temperatures above 1988 K [11,15] and
is therefore not considered. The reaction between Al;Ti and
Al,0,4C can be expressed as
3 ALTi(s,1) + 3 Al,0,C(s) = 3TiC(s) + 13 Al(l) + 4 Al,05(s)
®)
Egs. (4) and (5) can spontaneously occur when the tem-
perature is greater than 994 K and 1132 K, respectively
(thermodynamic data from the NIST-JANAF thermochemical
tables [32] and the Ref. [12]). (Unless otherwise stated, the
thermodynamic data herein are derived from the NIST-JANAF
thermochemical tables [32].) Therefore, the most thermo-
dynamically stable carbon-containing compound in the
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Al-Ti—O-C system is TiC. Al,Cs, ALO,4C, etc., as interme-
diates, are eventually consumed by the reaction to form TiC.

The nitridation reaction of the metal Al can release a
large amount of heat (AH yyg)10.5N, (g)-AINs) = —055.64448

+0.012447,kJ -mol™"). Under a high-purity N, atmosphere

(N, content 99.999v01%), Egs. (4) and (5) become Egs. (6)
and (7), where Al is converted into AIN. The Gibbs free
energies of Egs. (6) and (7) at 1773 K can reach —1760 kJ
and —1727 kJ, whereas those of Egs. (4) and (5) are only
—187 kJ and —153 kJ, respectively.

3 ALTi(s) + AL,C5(s) +6.5N,(g) =3 TiC(s) + 13 AIN(s) (6)
3 ALTi(s,1) +3A1,0,C(s)+6.5N,(g) =

3TiC(s) +13 AIN(s) + 4 Al,05(s)

Therefore, when TiO, is added to the resin-bonded
Al-Al,O; material and sintered under flowing N,, molten
metal Al can be converted into a high-melting-point alloy
phase, Al;Ti, thereby reducing the amount of liquid in the
material. Furthermore, Al;Ti can fix the resin residual car-

@

bon in the material and convert it into a non-oxide reinforc-
ing phase: TiC. According to Eq. (2), the ratio of the raw ma-
terials was determined to be Al: TiO,: C = 13:3:3 (mol%).

3. Experimental process

Raw materials were meticulously weighed and mixed in
the proportions specified in Table 2. Brown fused corundum
(W(ALO;) > 95%), rutile powder (W(TiO,) > 99.4%), and
metal Al powder (W(Al) > 99.3%) were used as the raw ma-
terials, with resin as the binding agent. After being mixed
for 30 min, the aforementioned raw materials were uniax-
ially pressed under a pressure of 300 MPa to obtain a spe-
cimen with dimensions of 40 mm x 40 mm x 120 mm. The
specimen was dried at 473 K for 24 h. Afterwards, the spe-
cimen was placed in a graphite crucible and heated accord-
ing to the following temperature program: the temperature
was increased from room temperature to 853 K at a rate of
10 K/min; maintained at 853 K for 8 h; increased from 853
K to 1273 K at a rate of 10 K/min; increased from 1273 K to
1573 K/1773 K at a rate of 5 K/min; and maintained at 1573
K/1773 K for 3 h. The entire experiment was performed
under a flow of high-purity N, gas (0.101 MPa, N, content
99.999v01%). The samples calcined at 1573 K and 1773 K
were labeled as T0-1573, T1-1573, T0-1773, and T1-1773,
respectively.

Table 2. Proportions of raw materials used in this work wt%

Brown fused corundum

Specimen number

Rutile powder (TiO,, <44 pm) Aluminum powder (<75 um)

53mm 3-lmm <l mm <75 pm
TO 10 40 15 20 — 15
Tl 10 40 15 10 10 15

Note: Extra 3wt% thermosetting phenolic resin was added as the bonding agent.

4. Results and discussion

4.1. Analysis of the phase and microstructure of the spe-
cimen heated at 1573 K

Fig. 3 shows the XRD patterns of T0-1573 and T1-1573.
As evident from the figure, TiC, Al3Ti, AIN, Al,O,C, and
Al4,C; were generated in T1-1573. In comparison, the dif-
fraction peaks of Al4O4C and Al,C; are more intense in the
pattern of TO-1573.
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Fig. 3. XRD patterns of the specimens after sintering at 1573
K for 3 h.

Fig. 4 shows SEM images of T0-1573. The structure of
TO0-1573 is loose, and the pores are interpenetrating. Fine
particles such as AL,Cs, AlO,4C, and AIN are formed because
of the flow mass transfer of metallic Al. The flow of metal Al
leaves a number of regular circular holes in the matrix.

Fig. 5 shows SEM images of T1-1573. The material ma-
trix in the images is compact. Table 3 shows the results of
the EDS analysis conducted at different selected areas in Fig.
5(b), where the Al;Ti alloy is labeled location 1, in which a
small amount of solid solution of Si originates from the
impurities in brown corundum. The bright-white particles
in the alloy are TiC, and the dark-gray particles are Al,Os.
These results demonstrate that TiO, is capable of absorb-
ing metal Al (~933 K) and converting it into a
high-melting-point Al;Ti (~1685 K) at high temperatures.
The reaction process causes the rearrangement of the struc-
ture of the material, and the presence of rigid particles such
as TiC and Al,Os in the alloy phase can further increase its
viscosity and avoid component inhomogeneity of the ma-
terial at high temperatures.
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Fig. 5. SEM images of T1-1573: (a) macro image; (b) partially magnified image. The EDS analysis results corresponding to points

1, 2, and 3 are presented in Table 3.

Table 3. EDS analysis results for the different selected areas

in Fig. 5(b) at%
Points Ti C Al (¢} Si
1 25.88 — 67.89 — 6.23
2 64.11 35.89 — — —
3 — — 50.59 49.41 —

4.2. Analysis of the phase and microstructure of the spe-
cimen heated at 1773 K

Fig. 6 shows the XRD patterns of T0-1773 and T1-1773.
No Al,04C or Al,C; was detected in T1-1773, and the dif-
fraction peak intensities of the TiC alloy and Al;Ti are sub-
stantially larger and smaller, respectively, than those of
T1-1573. Meanwhile, with an increase in the firing temper-
ature from 1573 to 1773 K, the diffraction peak position of
the TiC crystal was shifted to a large angle, demonstrating
that the TiC crystal was converted into a TiCN crystal [33]
(Fig. 7). A new phase, (ALOC)(AIN);-,, was formed in
TO-1773.

1—ALO, 2—CaO(ALO,), 3—AIN 4—Al
5—AI,0,C 6—TiCN 7—ALTi 8—ALOC,
1

TOs 8575] 5
T1

Intensity / a.u.

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20/ (%)

Fig. 6. XRD patterns of the specimens TO and T1 after being
sintered at 1773 K for 3 h.

SEM images of T0-1773 and T1-1773 are presented in
Figs. 8 and 9, respectively. Fig. 8 shows that the structure of
TO0-1773 is still loose, fine particles and that regular circular
holes left by metal Al still exist. By contrast, Fig. 9(a) shows
that the T1-1573 exhibited good sintering properties; TiCN
and ALO; particles in the matrix were tightly bonded to-
gether. The results of the EDS analysis (Table 4) of
bright-white particles in Fig. 9(b) show that the TiCN par-
ticle indeed contains N.
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Fig. 7. Diffraction peak corresponding to the TiC crystal in
the XRD patterns of T1 heated at 1573 and 1773 K.

4.3. Phase evolution process analysis

Under the conditions of low oxygen partial pressure,
TiO, itself will deoxidize to form suboxides. The reaction

equations are as follows:

6TiO,(s) =2Ti;05(s) + O (g) ®)
4Ti305(s) = 6 Ti,05(s) + 0,(g) )
2Ti,05(s) =4TiO(s) + O, (g) (10)
2TiO(s) =2Ti(s) + O,(g) 1n

The stability of titanium oxides in the temperature range

fo, ) vs. T'in Fi
70 . g.
10. Under the condition of a low oxygen partial pressure
caused by the reaction 2C(s)+0,(g) =2CO(g) (oxygen
B 11672.19
) =—14.55-————"),
) =)
TiO, will gradually decompose according to the process
TiO, — Ti;05 — Ti,0; as the firing temperature increases.
Under this condition, the formation process of A;Ti in the
material can be expressed as

10002000 K is shown in the plot of 1g(

partial pressure is given by 1g(

Fig. 9. SEM images of sample T1-1773: (a) macro image; (b) partially magnified image.

Table 4. EDS analysis results for the bright-white particles in

Fig. 9(b) at%
Ti Al C N (0]
49.39 1.8 31.62 10.93 6.26

4 A1)+ 3TiO, (s) = 3Ti(s) + 2 AL, O5(s) (12)
10 Al(1) +3Ti;05(s) = 9 Ti(s) + 5 AL, O (s) (13)
2 Al(1) + Ti,04(s) = 2 Ti(s) + Al O5(s) (14)

3 Al(l) + Ti(s) = AL, Ti(s) (15)
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The AI-Ti binary phase diagram (Fig. 1) shows that,
when the firing temperature is raised to 1773 K, ALTi is
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converted into liquid Al-Ti alloy. The activity of Ti in Al-Ti
alloy was calculated by Kostov et al. [34]; their results are
shown in Table 5. The data in Table 5 were fitted using the
Origin software; the relationship between the activity of Ti
(ar;) and the composition of Al-Ti alloy is shown in Eq.
(16):

ap =3.515x107 +0.3052 X1, —2.052X2 +

6.963X73; —4.222.X7,

The partial pressure of Ti(g) in the Al-Ti alloy is given by

(16)

Py, = Py, xarp; , where Py, is the saturated vapor pressure of

P | —23472.08
P

pure titanium (lg( +5.53). Under the
condition of a low oxygen partial pressure caused by the
reaction of C(s) and O,(g), the relationship between the par-
tial pressure of Ti(g) and the composition of Al-Ti alloy is
expressed as

Table 5. Activity of Ti in Al-Ti alloy at 1773 K [34]

Xri 0 0.1 0.2 0.3 0.4

0.5 0.6 0.7 0.8 0.9 1

ari 0 0.015141 0.032151 0.064489

0.12757

023813 040118  0.59423  0.77232 090274 1

lg( P ): 7.7+0.434In(3.515x 10~ +
PO (17)

0.3052X 1 —2.052.X7; +6.963X7; —4.222X7,)

When O,(g) is present in the system, Ti(g) can be con-
verted into TiO(g) and TiO,(g):
Ti(g)+0.50,(g) = TiO(g) (18)

Ti(g) +0,(g) = TiOy () (19)
The relationship between the gas partial pressures of
Ti(g), TiO(g), and TiO,(g) and the Al-Ti alloy composition
was plotted; the results are shown in Fig. 11. The gas-phase
mass transfer of elemental Ti in the material is mainly car-
ried out in the form of Ti(g) and TiO(g). The formation of
fibers on the surface of TiCN particles in sample T1-1773
indicated the gas-phase mass transfer of Ti (Fig. 12).

o
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Fig. 11. Relationship of gas partial pressure of Ti(g), TiO(g),

and TiO,(g) with Ti content in Al-Ti alloy.

Fig. 12. Fibrous forms on the surface of TiCN particles in
sample T1-1773.

The cubic TiC exhibits deviations in stoichiometry over a
wide range of homogeneity, from TiC,4; to TiC,, as a result
of vacancies in the carbon sublattice. As the vacancy con-
centration in the TiC, crystal increases, the structure of TiC,
does not change [35] and the lattice constant becomes
smaller [36]. The XRD results show that the lattice constant
of TiC, generated in T1-1573 is 0.4327 nm, which is less
than that of stoichiometric TiC (0.4329 nm). The C vacan-
cies in the TiC, crystal structure provide a channel for the
diffusion of N at high temperatures; the formation of TiCN
in the material can be expressed as
Ti(g)/ TiO(g) + N, (g) + TiC, (s) = TiCN(s) (20)

On the basis of the aforementioned results and analyses,
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the phase transformation process of the Al-TiO,~AlLO3
composite at high temperatures under flowing N, is ex-
plained as follows: After the specimen is heated to 853 K
and held for 8 h under flowing N,, the thermosetting phe-
nolic resin is converted into carbon and the Al metal reacts
with N, to form an AI-AIN core—shell structure. As the fir-
ing temperature increases, the molten Al loses the protection
of the AIN shell and flows through the pores of the material.
Because of the strong reducibility of the metal Al, TiO, is
reduced to Al;Ti alloy and then Al;Ti reacts with C and oth-
er carbides (Al4C; and Al404C) to form TiC, (x < 1); Ti(g)
and TiO(g) are produced after A;Ti is converted into a lig-
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uid phase. Under N, conditions, Ti(g) and TiO(g) are further
nitrided and solid-dissolved into the TiC, crystal to form a
TiCN solid solution.

Both Al,0; and TiCN are rigid compounds, and the for-
mation of these rigid particles in the alloy phase reduces the
flowability and prevents the composition of the material
from becoming uneven at high temperatures. A special
structure of plastic alloy that toughens the rigid composite
and rigid particle-reinforced plastic alloy is formed in the
material. The phase and microstructure evolution of
Al-ALO; and AI-TiO,—-Al,O; composites during the firing
process are shown in Fig. 13.

ALO,C and ALOC,

g
Ok

AIN Shell

1500°C {r—

—=

2f

1300°C "

(D Specimen without TiO, addition

ALTi alloy

1500°C [y

@) Specimen with TiO, addition

Fig. 13. Phase and microstructure evolution of AI-Al,O; and Al-TiO,—Al,O; composites during the firing process.

5. Conclusions

The metal Al exhibits good fluidity at high temperatures,
which is detrimental to the performance of Al-containing re-
fractories. In this study, TiO, was used to consume the Al
generated in the Al-Al,O; composite under high-temperature
and N, conditions. The phase and microstructure of the
Al-TiO,—Al,05 composites after sintering were studied. The
results are summarized as follows:

(1) During the firing of the Al-TiO,—~AlL,O; composite,
TiO, can absorb the metal Al fluid and transform it into a
high-temperature plastic phase, Al;Ti, which causes the
structure of the material to rearrange, enhancing the com-
pactness of the material. The microstructure of the
Al-TiO,—Al,05 composite after sintering at 1773 K for 3 h
under N, is dense; by contrast, the Al-Al,O; composite ex-
hibits a loose structure.

(2) A novelty phase, TiCN, is produced in the fired
Al-TiO,—Al,05 composite at 1773 K under flowing N,. The

mechanism of formation of the TiCN is explained as follows:
TiO, reacts with Al to form AlL;Ti alloy. The ALTi then
reacts with C and other carbides (Al,C; and Al;0,C) to form
TiC,, whereas Ti(g) and TiO(g) are produced after Al;Ti is
converted into a liquid phase. Under N, conditions, Ti(g)
and TiO(g) are further nitrided and solid-dissolved into the
TiC, crystals to form a TiCN solid solution.
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