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Abstract:

A processing strategy for obtaining alumina-spodumene ceramics from fine
commercial powders is presented. In this work, a spodumene addition to calcined alumina
powder was performed and their proportion was explored between 15 and 45 wt%. The
industrial spodumene presented secondary phases, mainly albite and quartz. Mechanical
properties were evaluated. Although they were lower than those of sintered alumina, based on
the achieved values an adequate behavior in structural applications can be assumed,
especially taking into account that the better mechanical behavior was coupled with the lower
thermal expansion. Relatively low thermal expansions( 5 x 107 °C') behaviors were
observed in one of the developed materials. Noncrystalline phases containing lithium were
detected. We assume that all the lithium oxide incorporated through the spodumene is in the
glassy phase after the sintering of the materials. This difference in lithium concentration in
the composition of the resulting glass affected the thermal expansion of the developed
materials. Particularly with low lithium content (30 wt% of additive) the material
performance was enhanced. This, together with the mechanical behavior, encourages
structural applications with high thermomechanical solicitations. With the information
gathered, a wide range of materials with specific properties can be obtained by modulating
the spodumene-alumina proportion only.
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1. Introduction

Composite materials have an important industrial and technological role in advanced
ceramics. The manufacturer’s capability to design properties and behaviors is enhanced by
combining two or more different materials. However, the final properties will not always be
the same as those of the pure material; in fact, in several cases the properties are considerably
improved. The final properties and behaviors will always be related to the actual
microstructural configuration. This relation has to be established for better microstructural
design [1-6].
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Alumina and alumina-based composite materials are a family of ceramics whose principal
constituent is aluminum oxide (Al,03). On a weight basis, these materials have the largest
share of the ceramics world market [1, 5, 7] with multiple applications. Alumina presents high
refractoriness, that is, high melting point (2050 °C) and retention of structural integrity at a
high temperature. In particular, it experiences practically no deformation under compressive
loads at temperatures up to 1200 °C [1]. The additives usually employed for sintering alumina
are kaolinitic clays, calcium carbonate, talc or feldspars (sodic or potassic) [1]. They undergo
different thermal processes that result in the sintering mechanism of the highly refractory
alumina powders and might lead to the formation of a glassy liquid phase or new emerging
phases such as mullite or cordierite [5, 7].

The mullite (M — 3A1,0;.2S510,) ceramics have had and will continue to have a

significant role in the development of traditional and advanced ceramics [8-12]. Mullite is the
only stable crystalline phase in the aluminosilicate system, under normal atmospheric pressure
from room to elevated temperatures. Its chemical composition ranges from 3Al,05—2Si0O, to
approximately 2A1,0;-Si0,. It has received significant attention during the last decades as a
potential structural material for high-temperature applications. Mullite-based composite
structural ceramics have particularly been developed [1,5,9,13-16].
Several studies and applications of these binary ceramic composites have been developed in
the last decades [17-22]. They present good mechanical and thermomechanical properties,
and the firing treatments are usually at lower temperatures than in pure alumina structural
ceramics [1, 5, 17].

The reaction sintering process has been widely employed for sintering refractory
powders. During the thermal treatment, the consolidation process is achieved simultaneously
with one or more chemical processes [1, 5, 6, 23-26].

Lithium is found in very low concentration in igneous rocks. The largest
concentrations of lithium-containing minerals are found in granitic pegmatite. The most
important of these minerals are spodumene (Li,0.Al,0;.4Si0,) and petalite
(Li1,0.Al1,0;.8S510;). Spodumene has a theoretical Li,O content of 8.03 %. Due to its high
lithium content, spodumene is considered the most important lithium ore mineral. A typical
run of mine ore can contain 1-2 % Li,O, while a typical spodumene concentrate suitable for
lithium carbonate production contains 6-7 % Li,O (75-87 % spodumene). Higher grade
concentrates with 7.6 % Li,O and low iron content are used in ceramics and more demanding
industries.

A typical pegmatite deposit can contain quartz, sodium-feldspar (albite), spodumene,
lepidolite, petalite, lithiophilite, microcline, and variable amounts of muscovite, and other
accessory phases such as spessartine, biotite, pollucite, amphibole and other minerals (Fe-Ti
oxides, tourmaline, chlorite, apatite) [27, 28].

Spodumene has three crystalline modifications: (i) o-spodumene, which is the
naturally-occurring structure and a member of the pyroxene group [29], is a chain silicate
with Si in a tetrahedral coordination and Al and Li in a sixfold coordination [30]); (ii) B-
spodumene, which is a recrystallized product that forms when a-spodumene is heated at 800—
1100 °C and has interlocked five-membered rings of (Si,Al)O,4 [30]; and (iii) y-spodumene,
which is a metastable phase that has been observed when a-spodumene is heated at 700—
900 °C [31] but converts to B-spodumene as the temperature is raised further.

The a-spodumene phase is known to be refractory and only reacts with chemical agents when
the particles are very fine or when the processing is conducted under a very high pressure
[32].

During the calcination, a-spodumene, which has a monoclinic crystal structure and
specific gravity of 3.15 g/em’, is transformed into B-spodumene, which are a less densely
packed form of the same mineral with a tetragonal crystal structure and specific gravity of
2.40 g/ecm’. The transformation leads to a volumetric expansion of around 30 % that gives
greater accessibility to external reagents to penetrate the mineral structure [32].
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Recently, B-spodumene was studied as structural material [33] employing pure synthetic
spodumene. Spodumene is usually used as secondary fluxing in porcelain formulations
[34,35]. Also B-spodumene and alumina powders of high purity were synthesized by aqueous
sol-gel processing [33]. Recently, cordierite—spodumene composite ceramics haven proposed
and studied for solar heat transmission pipeline [36, 37].

However, in the presence of sodium [38] the thermal behavior will differ

considerably, the possible eutectic formed in the Na,O-Li,0-Si0,-Al,03 systems would occur
at lower temperatures and would present lower viscosities [39-42].
The principal objective of the present work is to obtain alumina-mullite composite materials
from binary mixtures of alumina and an industrial (unrefined) spodumene powder. This study
includes the formulation effect of the sinterability, the developed crystalline phases,
microstructure and technological properties of the resultant materials on the reaction sintering
framework. This will enlighten the design strategies of the alumina and alumina-mullite
structural ceramics with spodumene as sintering aid or secondary raw material. These fine
powder mixtures might be understood as a model of the fine matrix ceramic setting of a
coarse-based castable or other spodumene-containing ceramic composites.

2. Materials and Experimental Procedures
2.1. Materials

Commercial starting powders were employed: calcined Al,O; (a-alumina, A-16SG —
Almatis GmbH, Germany) and a local industrial spodumene [43, 44] (mesh #200). The
chemical and mineralogical composition of the employed spodumene is shown in Table I. The
calcined alumina presents Na,O impurities & 0.07 wt%) and a Ds5y~0.4 um. The amount of
alkali in the spodumene is 7.5 wt%.

Tab. I Chemical and mineralogical composition of the industrial spodumene.

Oxide wt%
Si0O, 71.3
AlLOs 20.4
Li,O 3.0
Na,O 33
K,0 1.2
LOI 0.5
Phase wt%
o- Spodumene 37.3
Quartz 22.2
Albite 28.3
Muscovite 10.3
Kaolinite 1.9
Cookeite Traces

2.2. Formulation and processing

Different alumina-spodumene binary mixtures were studied: AS15, AS30 and AS45
with 15, 30 and 45 wt% of spodumene respectively.
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An initial mixture was carried out in an alumina ball mill (OABM255), with ethanol for 2 h.
The mixed slurry was dried and sieved through a 100-mesh screen. The samples were shaped
by uniaxial pressing at 50 MPa. Thus, 20 x 3 x 3 mm prismatic probes were obtained. These
probes were fired in an electric furnace with a heating rate of 5 °C/min up to 1400 °C with
two-hour soaking and cooling at 10 °C/min down to 300 °C. Maximum temperature was
chosen after a dilatometric study, taking into account previous reports [17, 33].

2.3. Characterization

The materials obtained after sintering were characterized. Identification and
quantification of crystalline phases were carried out by X-ray diffraction (XRD) (Philips 3020
with Cu-ka radiation, Ni filter, at 40 kV-35 mA). The XRD patterns were analyzed with the
program FullProf (3.0 version June 2015), which is a multipurpose profile-fitting program,
including Rietveld refinement to perform phase quantification [45, 46] and Le Bail approach
to quantify glassy/amorphous phases [47, 48].

The apparent density and open porosity were determined by the Archimedes method
in water. The microstructural analysis was performed by scanning electron microscopy (SEM)
(JEOL, JCM -6000). Two sample preparations were carried out: free fracture analysis and
diamond paste polished samples.

The mechanical properties of the obtained materials were evaluated. The flexural
strength (o;) and the static elastic modulus (Ey) were determined by the three-point bending
test in a universal testing machine INSTRON 4483. The dynamic elastic modulus (E,) was
measured by the impulse excitation technique with a GrindoSonic Mk5 “’Industrial’” model;
at least eight samples were evaluated for each material [49]. Vickers hardness (H,) was
determined with a 1 kgf load and ten-second dwelling time (Buehler IndentaMet, USA); the
average for each material was 10 indentations.

Finally, the thermal expansion coefficients of the obtained materials were determined
by optical differential dilatometry with a heating rate of 10 °C/min up to 1000 °C, in air
atmosphere, using alumina as reference material (Linseis L74). A theoretical thermal
expansion coefficient (0,e,) Was also estimated by a composite law approach from the volume
fractions (V) and the individual thermal expansion coefficients (¢;) in order to compare with
the experimental results. The thermal expansion coefficients of Li,O-SiO,-Al,0; glasses were
systematically studied by Shelby [50] and fall within the 4-16 x 10 °C”' range, as a function
of the lithium content.

3. Results and Discussion
3.1. Textural properties, Archimedes immersion test

Table II compares the textural properties (density and porosity) with the initial
spodumene content of the developed materials. The obtained materials can be considered
dense ones, although some open porosity was observed in the less added sample AS15. There
is an important decrease in the apparent density, which is expectable taking into account the
lower specific gravity of spodumene, mullite and silica-based glass (the expectable phases);
the mineralogical analysis is shown below. Due to the apparent density obtained, this family
of structural materials is classified as relatively light materials if compared with other oxide or
non-oxide structural ceramics [1, 2].
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Tab. II Open porosity and apparent density of samples AS15, AS30 and AS45.

AS15 AS30 AS45
Open porosity (%) 4.0 0.3 0.3
Apparent density (g/cm3) 3.90 3.21 2.96

3.2. Developed crystalline and noncrystalline phases
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Fig.1. XRD patterns of the sintered materials.

Diffraction patterns of the sintered materials are shown in Figure 1. The principal
crystalline phases are a-alumina and mullite. No spodumene or lithium based phase was
detected. The three studied samples present the typical silica-based amorphous phase band
[34, 51]. No crystalline silica (SiO,) phases such as cristobalite or quartz were detected
besides glass.

Tab. III Phase quantification of sintered materials and PDF cards.

Phases
Sample Alumina | Quartz | Mullite | Glassy phase
Wt%
PDF card or Le Bail approach
ethod 01-075-0782 | 01-078-2315 | 00-015-0776 4 5,??]
AS15 93.5 (0.6) 0.5 (0.1) 1.3 (0.1) 4.7(0.1) *
AS30 74.2 (0.5) 1.0 (0.1) 7.3 (0.3) 17.5(0.2)
AS45 50.5 (0.6) 24.3 (0.6) 25.3(0.3)

*This determination has high uncertainty for values lower than 10% of glassy phase

It is well known that the vast majority of the Al,03-SiO,-RE,O; systems (RE: metal) are
characterized by their glass-forming abilities [52-54]. In this case, both sodium and lithium
present high glass-forming ability. No important results were obtained from the phase
refinements; cell parameters were within the reported ones for both crystalline phases. Table 3
summarizes the evaluated and quantified phases in each material. As mentioned, the silica-
based glass phase was estimated as well. Global estimated standard deviations were derived
from the estimated standard deviation on individual scale factors, for the respective phases,
excluding other error contributions and are also presented in the Table.
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Evidently, the obtained ceramics correspond to alumina materials [1]. The AS15
corresponds to an alumina sample with a small amount of mullite and glass as sintering aid.
On the other hand, AS45 corresponds to a composite with alumina and mullite as principal
phases. AS30 has intermediate proportions.

3.3. Microstructure

The developed microstructure encourages the future structural application of these
composite materials. Figure 2 shows SEM images of the AS materials fired at 1400 °C with
different spodumene initial proportions. Both free fracture and diamond paste polished
samples are shown.

AS15 AS30 AS45
Free fracture

100pm

Fig. 2. SEM images of the AS15, AS30 and AS 45 samples: a, b, ¢, d, ¢ and f images
correspond to free fracture samples and g, h and i to polished ones.

The homogeneous densification can be observed; however, some macropores (=~ 2-10
pum) corresponding to close porosity can be identified, especially in samples AS30 and AS45.
The close porosity evidences a liquid phase sintering mechanism. This might be a
consequence of the inefficient green compaction achieved by the uniaxial press; it could be
decreased if a better forming technique is implemented. Pores are bigger and less in number
as the amount of glass in the materials increases. This is expectable if the glass content is
taken into account. Besides, some small pores (below 1 pum) can be observed in ASI1S,
showing that the additive, at this proportion, is not completely effective for sintering the
alumina grains.
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The composite microstructure consists of a dense distribution of alumina and mullite
grains that are angular or subangular and present a medium sphericity. No elongated mullite
grains can be observed. Grain sizes are around one micron or below. The mullite distribution
is homogeneous. The glass phase imbibes the crystalline alumina and mullite grains.

The Vickers indents on the polished surface of the materials are shown in Figure 3,
revealing the homogeneous microstructure as well; the indents are adequate. The relation
between the indent size and the microstructure shape is adequate to apply the indentation
method; no Palmqvist cracks were observed. Hardness values are listed in Table IV.

Vickers hardness Indents

Fig. 3.Vickers hardness indent of (a) AS15, (b) AS30 and (c) AS45 samples.

3.4. Mechanical behavior

Tab. IV Mechanical properties: Flexural strength, elastic modulus and Vickers hardness of
sintered materials.

Mechanical ASI5 AS30 AS45
Property
Flexural strength
+ + +
or (MPa) 102 =38 181 £56 158 £24
Dynamic Young
modulus 9.6 04 85+0.8 74+1.0
E (GPa)
Hv (MPa) 826 + 45 931 +£48 833 +45

The mechanical behavior of the sintered materials was studied by three tests: the
quasi-static flexural strength, the dynamic elastic modulus by the impulse excitation
technique, and Vickers hardness. They provide three mechanical parameters (o E and Hv)
(Table IV). The achieved results encourage the structural applications of these materials[1, 2,
4]). The evaluated dispersion is within the typical values for structural materials [55].

It is well known that these parameters are strongly related to the microstructure of
materials [5, 55] and simultaneously, in multiphase ones, they are correlated with the phase
proportions [14, 56-57]. The actual applicability of the structural materials will be achieved
only if the mechanical parameters are appropriate. Erosion resistance and other mechanical
behaviors are strongly related to these parameters [5]. Sintered alumina can achieve 400-500
MPa flexural strength [1, 54] only if a fully densified microstructure with restricted grain
growth develops. This is decreased by the glassy sintering phase and other defects such as
porosity.
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Although the high specific strength of alumina materials is one of their merits, in some
applications lower mechanical performances are adequate. The observed behavior is clearly
defined: AS30 presents the highest values for the evaluated mechanical properties (o and
Hv). It is followed by AS45 and finally, AS15 presents the lowest values. This might be
explained by the presence of pores in AS15. Moreover, the increase in the glass content (see
Table III) of AS45 explains the decrease in the mechanical behavior at this proportion. Glass
presents lower strength in comparison to alumina and mullite [54].

The dynamic stiffness exhibits a different behavior; it gradually decreases with the
increase in the initial spodumene content. This is expectable, the glass stiffness €70 GPa) is
considerably lower than the obtained crystalline phase values: 400 and 220 GPa for alumina
and mullite respectively [9, 58-59]. And as shown in Table 3, the amount of glass is
proportional to the spodumene proportion.

3.5. Thermal expansion behavior of the developed composite materials

The developed materials show a complex thermal expansion behavior, which is
expectable taking into account the complex (multiphase) microstructure. They are
undoubtedly important for the specific engineering application [1, 5, 54]. Some applications
are below 200 °C, others below 400 °C, and other applications involve higher thermal
conditions (up to 1000 °C). For severe thermomechanical solicitations, a lower expansion
behavior is required [5, 60-61]. The dilatometric curves in the RT-1000°C range are plotted in
Figure 4. Estimated thermal expansion values are shown in Table V. The expansion
coefficients were calculated from the slope of the fitted linear curve taking into account all the
experimental dilatometric data in the specified temperature range. The fitting was good in all
the analyzed curves (R*above 0.98 in all the cases). Besides, a theoretical thermal expansion
coefficient (o4ne,) in the RT-1000°C range was calculated assuming the composite law [13].
The volumetric fraction evaluated by the Rietveld refinement and literature thermal expansion
values (alumina: 8.0 10 °C™'; mullite: 4.5 10° °C™; glass: 6.94 107 °C™ for AS15; 6.18 107
°C™! for AS30, and 5.5107 °C™" for AS45) [50, 54] were employed. The predicted expansion
coefficients follow the AS45<AS30<AS15 sequence; however, at low temperature the
sequence AS30<AS45<AS15 was observed instead.
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Fig. 4 Dilatometric curves in the RT-1000 °C range.

The high alumina material (AS15) presents the highest expansion behavior, which is
similar to that of alumina polycrystalline ceramics, as expected if the phase proportion is
taken into account [1]. On the other hand, for the composites AS30 and AS45 the thermal
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expansion coefficients are lower. In fact, below 400 °C, the AS30 material presents 5.73 107
°C'. This might be advantageous in some severe thermomechanical applications.
Remarkably, for this material the experimental value is similar to the theoretical prediction.
The AS45 materials present more than 20 wt% of glass phase, which might influence the
expansion behavior, especially if the transformation temperature is exceeded. In the same
material, at lower temperature the amount of lithium in aluminosilicate glass affects the
thermal expansion behavior, and as demonstrated by Shelby et al., if the lithium oxide
proportion in the glass is high, the thermal expansion coefficient is comparable to the one of
alumina oxide [50]. Finally, the high amount of mullite also lowers the thermal expansion
values [10]. All this explains the failure of the composite law.

Tab. V Thermal expansion coefficients of sintered materials.

Temperature range Thermal expansion coefficient
0 (10° °C?
AS15 AS30 AS45
Oltheo (25-1000°C) 7.09 5.82 4.64
50-200 7.66 5.73 7.82
200-400 8.74 5.83 6.05
400-1000 9.04 8.83 7.89

4. Conclusion

— Alumina—mullite composites were successfully obtained from fine commercial
powders and characterized. For this purpose, spodumene was added to calcined
alumina powder, and their proportion, explored between 15 and 45 wt%, was the
principal processing variable. The chosen spodumene presented secondary phases,
mainly albite and quartz.

— Developed phases were established, dense ceramics were obtained, and complex
microstructures were described. The materials presented a multiphasic interlocked
grain microstructure with glass phase as sintering phase from the Li,O-Na,O-Al,0Os-
Si0, system.

— After the thermal treatment, mullite formation was observed. Secondary chemical
processes associated with spodumene and albite transformations and fusion were
found. New phase development was determined. A sintering liquid mechanism was
observed, which enhanced the material sinterization that was also completed.

— Mechanical characterization was evaluated. Although the mechanical properties were
lower than those of sintered alumina, based on the achieved values an adequate
behavior in structural applications can be assumed, especially taking into account that
the better mechanical behavior was coupled with the lower thermal expansion.

— A relatively low thermal expansion &5 x 10~ °C) coefficient was observed in one of
the developed materials. The lithium concentration in the sintering glass phase
affected the expansion behavior. The lithium concentration in the sintering glass
phase affected the expansion behavior; with low lithium content (30 wt% of additive)
the material performance was enhanced. This, together with the mechanical behavior
detected, encourages structural applications with high thermomechanical solicitations.

— With the information gathered, a wide range of materials with specific
thermomechanical properties can be obtained by modulating the spodumene-alumina
proportion only.
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Cadpocaj: 'Y o6om pady nmpedcmasmena je cmpamezuja npoyecuparsa aryMuHa-cnooymen
Kepamuke 00 ¢punux Komepyujarnux npaxosa. Cnooymewn je dooam y KATYUHUCAH NPAX
anymMuHe U UCMpAdCusana je oodama Koauuuna usmehy 15 u 45 wt%. Hunoycmpujcxu
CNOOYMeH npedcmasba ceKyHoapHy ¢azy, yenaguom anbum u keapy. Mepena cy mexanuuxa
ceojcmea. Haxo cy epednocmu Hudice 00 4ucme CUHMEPOBAHe AlyMUuHe, Ha OCHO8Y 00OUjeHux
BPEOHOCU MOJiCE Ce NPEONnOCMABUMU NOHAWALE Y CIMPYKMYPHUM RPUMEHAMA, NOCEOHO aKo
ce y3me y 003up 0a je 60be MEXaHuyko NOHAuLAre KYWI08AHO €4 HUCKUM MEPMATHUM
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Koehuyujenmom excnansuje. Peramugeno Huzax mepmanuu xoeguyujenm excnausujes§ x
10" °C") je dobujen 3a npouseedene mamepujane. [Jemkmosane cy namokpucmaine gaze
Koje caopace aumujym. Ilpemnocmasmamo 0a ce cas tumujym oKcuo yepaouo Kpo3 cnooymeH
V cmakaacmoj @azu Hakou cunmeposarsa. Paznuxa y xonyenmpayuju aumujyma y cacmagy
Gunannoe npouszeooa ymuye Ha MepMaiHy ekcnausujy oodujenoz mamepujara. Ca maiom
Koauwurnom aumujyma (30 wt% aoumusa), nodosuwana cy ceojcmea mamepujaia. 3ajedno ca
MEXAHUYKUM CBOJCBUMA, 080 NPEOCMAB/bA NODOLUIATLE KOO CIMPYKINYPHUX aNIUKAYU]a.

Ca o6um npuxynmweHum noOayuma, WUpoK pare mMamepujand ca cneyupuyHumM ce0jcmeuma
Modice bumu dobujen, camo sapupajyhiu 00HOC CHOOYMEH-ANYMUHA.

Kauyune peuu: cmpykmypna xepamuxa, arymuna, cnooymeH, npoyecupare.
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