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1. INTRODUCTION

The Ba
1-x

Sr
x
Al

2
Si

2
O

8
 (SBAS) solid solutions are attractive as 

matrixes for ceramic composites for structural applications at 
high temperatures. The SBAS solid solutions can be potentially 
useful for environmental barrier coatings (EBCs) such as those 
employed for Si-based (SiC, Si

3
N

4
) ceramic components in 

the hot section of advanced gas turbine engines (1), as well 
as for X-ray radiation-shielding applications (2) and for the 
fabrication of missile nose cones (radomes) (3), among other 
applications. These materials can be obtained by partial 
substitution of BaO by SrO in BaAl

2
Si

2
O

8
 (BAS) (4,5), or 

alternatively from mixtures of BAS with SrAl
2
Si

2
O

8
 (SAS) (6). 

The formation of SBAS obeys Vegard’s law and it can take 
place over the entire concentration range (0 ≤ x ≤ 1) (5,7). 
Both BAS and SBAS are denominated either as Celsian (or 

Monocelsian) when their crystalline structure is monoclinic, or 
as Hexacelsian when they have a hexagonal lattice structure. 
The monoclinic phase is of particular interest due to its high 
refractoriness, low coefficient of thermal expansion (CTE), 
good resistance to oxidation and to slag attack, and good 
thermal shock resistance (4). However, the hexagonal phase 
is frequently formed first, tending to remain in a metastable 
state at low temperatures. This phase is undesirable due 
to its relatively high CTE and because it might transform 
into an orthorhombic polymorphic form during cooling 
of the material, which causes differential volume changes 
in the latter, leading to the generation of microcracks that 
affect negatively its final mechanical properties (8). Once 
Hexacelsian has been formed, its conversion into Celsian 

Ceramic composites with Ba
0.75

Sr
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AlSi
2
O

8
 (SBAS)/Al

2
O

3
 mass ratios of: 1) 90/10, 2) 70/30, and 3) 50/50, were in situ 

synthesized at 900-1500 °C/5 h from mixtures of fly ash, BaCO
3
, SrCO

3
 and Al

2
O

3
. The green mixtures were mechanically 

activated for 0, 4 and 8 h in an attrition mill. As a result, the solid state reactions were faster and occurred at lower 
temperatures. Only the SBAS and Al

2
O

3
 phases were obtained at 1300-1500°C, with the SBAS present in composition 1 

achieving full conversion from its hexagonal (Hexacelsian) into its monoclinic (Celsian) form, with or without milling. The 
higher nominal SBAS content of composition 1 facilitated in it the mentioned conversion, in comparison with the other two 
studied compositions, which required to be mechanically activated for times that increased with increasing Al

2
O

3
 content, 

in order to attain in them similarly high Hexacelsian to Celsian conversions. The mechanical properties of the synthesized 
materials increased with increasing milling time, sintering temperature and Al

2
O

3
 content. Thus, the best mechanical 

properties were obtained for composition 3 milled for 8 h and sintered at 1500 °C.

Keywords: Mechanical Activation, Ceramic Composites, Celsian, Coal Fly Ash. 

Síntesis por reacción en estado sólido de compósitos cerámicos Ba
0.75

Sr
0.25

AlSi
2
O

8
 - Al

2
O

3
 a partir de mezclas precursoras 

activadas mecánicamente

Compósitos cerámicos con relaciones Ba
0.75

Sr
0.25

AlSi
2
O

8
 (SBAS)/Al

2
O

3
 en masa de: 1) 90/10, 2) 70/30, y 3) 50/50, fueron 

sintetizados in situ a 900-1500 °C/5 h usando mezclas de cenizas volantes, BaCO
3
, SrCO

3
 y Al

2
O

3
. Las mezclas en verde fueron 

activadas mecánicamente por 0, 4 y 8 h en un molino de atrición. Como resultado, las reacciones en el estado sólido fueron 
más rápidas y ocurrieron a menores temperaturas. A 1300-1500°C sólo se obtuvo las fases SBAS y Al

2
O

3
, con el SBAS presente 

en la composición 1 transformado completamente de su forma hexagonal (Hexacelsiana) a la monoclínica (Celsiana), con o 
sin molienda. El mayor contenido nominal de SBAS en esa composición facilitó dicha conversión, en comparación con las 
otras dos composiciones estudiadas, las cuales requirieron ser activadas mecánicamente por tiempos que se incrementaron 
con el incremento en su contenido de Al

2
O

3
, para que pudiesen alcanzar conversiones Hexacelsiana a Celsiana similarmente 

altas. Las propiedades mecánicas de los materiales sintetizados se incrementaron con el incremento en el tiempo de 
molienda, en la temperatura de sinterización y en el contenido de Al

2
O

3
. De esta manera, las mejores propiedades mecánicas 

correspondieron a la composición 3 molida por 8 h y sinterizada a 1500 °C.

Palabras clave: Activación Mecánica, Compósitos Cerámicos, Celsiana, Cenizas Volantes.

03_cera ́micayvidrio_53-3(08-14)_color.indd   121 4/7/14   13:49:10



122 Bol. Soc. Esp. Ceram. Vidr. Vol 53. 3, 121-132, Mayo-Junio 2014. ISSN 0366-3175. eISSN 2173-0431. doi: 10.3989/cyv.162014

M. V. RAMOS-RAMÍREZ, J. LÓPEZ-CUEVAS, J. L. RODRÍGUEZ-GALICIA AND J. C. RENDÓN-ANGELES

mechanically activated in an attrition mill for up to 12 h and 
then sintered in the temperature range of 900-1300 °C. It was 
found that the reaction rate, the apparent density and the 
mechanical properties of the synthesized materials increased 
with increasing milling time and sintering temperature. It 
was concluded that the mineralizing effect caused by the 
mentioned FA impurities aided to overcome the stabilizing 
effect of mechanical activation on the Hexacelsian phase, 
resulting in Hexacelsian to Celsian conversions higher than 
those previously reported by S. Bo  sković et al. (17) for BAS 
materials synthesized from mechanically-activated reagent 
grade raw materials.

The main objective of this work was to study the 
dependence of the phase composition, and physical and 
mechanical properties of the synthesized composite materials, 
on their SBAS/Al2

O
3
 weight ratio as well as on the conditions 

employed for the prior mechanical activation given to the 
precursor mixtures and temperature used for their posterior 
reactive sintering.

2. EXPERIMENTAL PROCEDURE

2.1. Preparation of the precursor mixtures

Three Ba0.75
Sr

0.25
AlSi

2
O

8
 (SBAS) - Al

2
O

3
 composite 

compositions, with SBAS/Al
2
O

3
 mass ratios of: 1) 90/10, 2) 

70/30, and 3) 50/50, hereinafter referred to as compositions 
1, 2 and 3, respectively, were in situ synthesized by reactive 
sintering, from precursor mixtures prepared using the 
following raw materials: Coal fly ash (FA, silicoaluminous 
byproduct of a Mexican coal-burning power plant); Al

2
O

3
 

(with purity of 99.99 wt. % and particle size <1 μm, SASOL 
HPA-0.5, USA); BaCO

3
 (with purity of 99.43 wt. % and particle 

size of ~3 μm, Alkem, México), and SrCO
3
 (with purity of 

97.83 wt. % and particle size of ~4 μm, Solvay, México).
Except for the FA, all the other raw materials were used 

as received. After milling for 1 h in a ball mill, the FA was 
subjected to a manual wet magnetic separation process, 
using for this a neodymium magnet with an intensity of 
12,300 Gauss, which reduced in ~45 wt. % the original 
content of iron oxides of this material. This was carried out 
in order to minimize the formation of iron-rich low-melting 
point secondary phases during reactive sintering of the 
materials. The chemical composition of the conditioned FA, as 
determined by semiquantitative short wavelength dispersive 
X-Ray Fluorescence (XRF) spectroscopy using a S4 PIONEER 
BRUKER apparatus, was (wt. %): 64.48 % SiO2

, 27.28 % Al
2
O

3
, 

2.33 % Fe
2
O

3
, 2.44 % CaO, 0.64 % MgO, 0.62 % TiO

2
, 0.28 % 

K
2
O, 0.18 % Na

2
O and 0.19 % of other oxides (ZrO

2
, MnO

2
, 

SrO, PbO and P
2
O

5
). Thermogravimetry (TGA) revealed 

that this material contained also 1.73 % of free C. All TGA 
analyses were carried out up to a maximum temperature of 
1400°C, employing a PERKIN ELMER Pyris Diamond TG/
DTA apparatus, platinum crucibles and heating rate of 10°C/
min in still ambient air. The particle size of the conditioned 
FA was ~30 μm. All particle size determinations were carried 
out by laser diffraction using a Coulter LS-100 apparatus. 
X-Ray Diffraction (XRD) indicated that the conditioned FA 
was mainly composed by α-quartz and Mullite (Al6

Si
2
O

13
) 

crystalline phases. All the XRD studies were carried out 
using a Philips X-PERT 3040 equipment and Cuk

α
 radiation, 

tends to be difficult and sluggish, especially in the case of BAS, 
since the presence of SrO facilitates this conversion in SBAS. 
D. Long-González et al. (5) recommended employing SBAS 
compositions containing SrO in the range of 0.25 ≤ x ≤ 0.375, 
in order to obtain Celsian with optimum properties.

The stabilization of Celsian in BAS, and presumably 
also in SBAS, can be achieved by doping the material with 
mineralizing agents such as Li2

O, NaF, CaO, TiO
2
, MgO, 

SrF
2
, BeO and Cr

2
O

3
 (9,10). The efficiency of this method 

depends on the nature and amount of the added mineralizer. 
The stabilization of Celsian also depends on the nature of 
the employed initial raw materials (11-15), as well as on 
the conditions used for the synthesis of BAS (5,16,17). For 
instance, the formation of Hexacelsian is usually favored by 
a diminution in the particle size of the precursor materials. 
It is known (17) that while Celsian tends to nucleate in the 
bulk, Hexacelsian tends to do it at the surface of the precursor 
particles. Mechanical activation of the precursor mixture 
is a well-known way to promote the surface nucleation of 
Hexacelsian. It has been hypothesized that the very fine 
particles with fresh surfaces created by the milling process 
provide the necessary conditions for the surface nucleation of 
Hexacelsian.

On the other hand, it is known that Al2
O

3
 and BAS, 

as well as Al
2
O

3
 and SAS, are chemically compatible (i.e., 

they are chemically stable in the presence of each other) at 
subsolidus temperatures, since a tie line exists between Al

2
O

3
 

and BAS (18,19), as well as between Al
2
O

3
 and SAS (19-21), 

in the corresponding ternary phase equilibrium diagrams. In 
consequence, in the solid state, both BAS and SAS are able to 
coexist at equilibrium with Al

2
O

3
 over a broad temperature 

range. Taking this into account, solid Al
2
O

3
 is also very 

likely to be chemically compatible with solid SBAS over 
a broad temperature range, but further research work is 
needed in order to verify this experimentally. Except for 
some preliminary results previously reported by us (22), no 
additional information was found in the published literature 
regarding studies involving the synthesis and characterization 
of SBAS-Al2

O
3
 ceramic composites.

SBAS-Al
2
O

3
 composites in which SBAS was present as 

Celsian were of particular interest for us. Driven by the lack 
of published information on this system, as well as by their 
potential structural applications at high temperatures, we set 
out to study the in situ synthesis of SBAS - Al

2
O

3
 composites, 

with SBAS having a composition of Ba
0.75

Sr
0.25

Al
2
Si

2
O

8
, by a 

solid state reaction of precursor mixtures composed of fly ash 
(FA, byproduct of a coal-burning power plant), BaCO

3
, SrCO

3
, 

and Al
2
O

3
, with the precursor mixtures subjected to prior 

mechanical activation. Typically, FA is composed mainly by 
SiO

2
-rich glassy phase plus α-quartz, mullite (Al

6
Si

2
O

13
), iron 

oxides (FeO, Fe
3
O

4
, Fe

2
O

3
), alkaline and alkaline-earth oxides, 

as well as some heavy metal and transition metal oxides (23). 
It is worth mentioning that only in some previous instances 
FA has been used as a raw material for the synthesis of 
either BAS or SBAS (5,24-26), despite the fact that it has been 
observed (5,24) that some of the FA impurities (Na

2
O, CaO, 

TiO
2
 and MgO) could act as mineralizers that enhance the 

Hexacelsian to Celsian conversion in these materials, with 
or without prior mechanical activation of the corresponding 
precursor mixtures. C.M. López-Badillo et al. (24) synthesized 
BAS by a solid state reaction process, using FA, BaCO

3
 

and Al
2
O

3
 as raw materials. The precursor mixture was 
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of the precursor mixtures decreased from 21.6 to 6.3μm for 
composition 1, from 17.7 to 3.9μm for composition 2, and from 
13.7 to 2.8μm for composition 3.

2.3. Reactive sintering

Prior to the solid state reaction process, a portion of all 
precursor mixtures were uniaxially pressed into 1.5g-cylinders 
with dimensions of 1.2 cm (diameter) x 0.5 cm (height), applying 
a load of 4 Ton. The rest of the powders of all compositions 
were uniaxially pressed into prismatic bars with a length of 
7 cm, a width of 3 cm, and a height of 5 cm, applying a load 
of 7 Ton. In both cases a CARVER INC 4350 press was used. 
Then, the cylinders and the prismatic bars were sintered using 
a Thermolyne 46120-CM-33 high temperature electric furnace, 
at a temperature range of 900-1500°C, in steps of 200°C, with 
heating and cooling rates of 2 and 5°C/min, respectively, with 
a holding time at temperature of 5 h in the case of the cylinders, 
and of 8 h for the prismatic bars. In all cases, the furnace was 
turned off after completion of the reactive sintering treatment, 
allowing the samples to cool down to room temperature in a 
natural way inside the furnace.

2.4. Phase composition of the sintered materials

All sintered materials were analyzed by XRD and 
SEM/EDS, using for the latter technique a JEOL-6300 SEM 
apparatus, with an acceleration voltage of 15 kV and working 
distance of 8 mm. For microstructural analysis, the sintered 
cylinders were cross-sectioned by using a diamond saw. This 
was followed by mounting one half of each sample in cold-
cure epoxy resin and then by grinding its cut surface using 
SiC papers with successive grit sizes from 80 grit to 2400 
grit. The ground surface was then polished to a mirror finish 
using diamond particles with successive sizes of 3, 1 and ¼ 
μm, and then graphite-coated using a JEOL JEE-400 vacuum 
evaporator. For the XRD analysis, the remnant halves of the 
sintered cylinders were crushed using a synthetic sapphire 
mortar and pestle, until a particle size of 25-75 μm was 
achieved. The JCPDS cards no. 381451, 881048 and 751865, 
were used for the identification of the XRD reflections of 
Celsian, Hexacelsian, and Al2

O
3
 phases, respectively, in the 

sintered materials.
XRD was also used in order to quantify the phases detected 

in the sintered samples, with the aid of the XPowder 2004.04 
software, which uses non-linear least squares methods and 
weighting achieved by means of the normalized RIR method 
described by F.H. Chung (28). The Hexacelsian to Celsian 
conversion fraction (f, %) was calculated using the weight 
percentages determined by XRD for both phases, together 
with the following expression:

 (1)

2.5. Evaluation of the relative density of the sintered 
materials

The relative density (ρr
, g/cm3) of the sintered materials 

was determined by using equation 2. The real density (ρ
R
, g/

cm3) of the powders that were obtained after crushing one 

with a scanning speed of 0.03° /s, in the 2θ interval from 2° 
to 60°. Dissolution of the conditioned FA with HF acid (5) 
allowed us to estimate that it also contained ∼70 wt. % of a 
silicoaluminous glassy phase. It is worth mentioning that the 
presence of this glassy phase in the employed FA could aid the 
sintering process of the ceramic composites by the generation 
of a small amount of a transient liquid. On the other hand, 
since the used FA had a content of SiO2

 + Al
2
O

3 
+ Fe

2
O

3
 

higher than 70 wt. %, it was determined that it belonged to 
the F type, according to the ASTM C618 standard (27). In the 
case of the other raw materials employed, the corresponding 
phase composition and low level of impurities were only 
qualitatively verified by XRD.

Only the conditioned FA was used for the preparation 
of the precursor mixtures required for the synthesis of the 
studied SBAS-Al2

O
3
 composite compositions, according to 

the stoichiometric proportions of the employed raw materials 
shown in Table I. 

TABLE I. STOICHIOMETRIC COMPOSITIONS (WT. %) OF THE PRECURSOR MIXTU-
RES USED FOR THE SYNTHESIS OF THE STUDIED SBAS-AL

2
O

3
 COMPOSITES.

Composition FA Al
2
O

3
BaCO

3
SrCO

3

1 39.6 20.80 31.52 8.12

2 38.80 38.40 24.52 6.40

3 22.00 56.00 17.60 4.40

It is worth mentioning that the employment of FA provided 
by other coal-burning power plants, which was generated 
using coal with different mineralogical characteristics, would 
result in a variation in the chemical and phase composition 
of this raw material with respect to that used in the present 
work. In order to try to counteract the effect of the mention 
variation on the chemical and phase composition of the final 
ceramic products, as well as on the properties of the latter, we 
offer the following recommendations to the potential readers 
of this paper who could be interested in reproducing any 
part of the experimental work reported in it: 1) stick to the 
use of F type FA, which contains less than 20 wt. % of CaO; 
small variations in the content of the latter oxide could be 
acceptable, since the levels at which it is usually present in 
the F type FA facilitates the Hexacelsian to Celsian conversion 
(5), 2) subject the FA to a magnetic separation process until it 
achieves a level of iron oxides similar to that achieved in the 
FA employed by us, and 3) determine accurately the chemical 
composition of the conditioned FA, since it would be the basis 
for the calculation of the relative proportions of BaCO3

, SrCO
3
 

and Al
2
O

3
 required for the synthesis of ceramic materials with 

the desired chemical composition.

2.2. Mechanical activation of the precursor mixtures 

The stoichiometric precursor mixtures were homogenized 
and subjected to a high energy milling in a Teflon-lined closed 
chamber laboratory attrition mill operated at 1700 rpm, for 
times of 0, 4 and 8h, employing 8 mol. % MgO-partially-
stabilized ZrO2

 balls as milling media, with a balls to load 
mass ratio of 5:1, and using ethylic alcohol as dispersion 
medium. All precursor mixtures, with or without mechanical 
activation, were analyzed by XRD, TGA and particle size. 
It was found that after 8h of milling, the mean particle size 
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samples were ground and polished following the procedure 
mentioned before. The Young’s modulus of the materials 
was determined from the slope of the elastic region of the 
corresponding stress-strain curves, employing equation 5 
(33):

 (5)

where E(MT) = Young’s modulus (GPa) determined by 
four-point flexural strength test, P = applied load (N), L = 
distance (mm) between support points, b = sample width 
(mm), d = sample height (mm), and D = sample deflection 
(mm).

The MOR of the sintered materials was alternatively 
determined from the slope of the elastic region of the stress-
strain curves, employing equation 6 (31):

 
  

 (6)

where σ = maximum fracture strength (Pa), P = applied 
load (N), L = distance between support points (mm), b = 
sample width (mm), and d = sample height (mm).

The K
IC

 values were determined by employing notched 
specimens and equation 7 (34):

  (7)

where K
IC

 = critical stress intensity factor  or fracture 
toughness (MPa·m1/2), Y = dimensionless parameter which 
depends on the size and geometry of the sample and of the 
sample’s notch, as well as on the load application mode, a = 
length of the sample’s notch (m), h = height of the sample’s 
notch (m), and σ

f
 = maximum stress applied for crack 

propagation (N). 
Lastly, the Vickers microhardness (HV) of the polished 

halves of the sintered cylinders was determined by using a 
Wilson Tukon 300-FM apparatus, applying a load of 5 Kgf for 
5 s and employing a square-based diamond pyramid indenter 
with an apical angle of 136°. The measurements were made 
in ten randomly selected points per each sample; the mean 
values of these measurements are reported in this work. The 
indentations were measured by using an Olympus VANOX 
optical microscope coupled to an image analysis system fitted 
with the Image-Pro Plus software. The Vickers microhardness 
was determined based on the ASTM E384-99 standard, using 
equation 8 (35):

 
 (8)

where HV = Vickers microhardness (Kg/mm2), P
 
= 

applied load (Kgf), and a = diagonal length of the indentation 
(mm).

half of each one of the sintered cylinders was determined by 
picnometry at room temperature (~25 °C), using equation 3. 
The theoretical density (ρT

, g/cm3) of the nominal composite 
compositions was calculated using the Rule of Mixtures 
(29), employing a density of 3.314 g/cm3 for monoclinic 
Ba

0.75
Sr

0.25
Al

2
Si

2
O

8
 taken from the JCPDS card no. 381451, as 

well as a density of 3.97 g/cm3 reported by the supplier of the 
employed Al

2
O

3
. 

 (2)

 (3)

In these equations: ρ
t 
= density of the liquid (Toluene) used 

to carry out the picnometric determination, and ρ
a
 = density of 

air (0.001 g/cm3), both of them at the temperature of the assay; 
m = weight of the dry picnometer (g); m

1 
= weight of the dry 

picnometer + weight of the dry sample (g); m
2 
= weight of the 

dry picnometer + weight of the dry sample + weight of the 
liquid (Toluene) (g), and m

3 
= weight of the dry picnometer + 

weight of the liquid (Toluene) (g).

2.6. Evaluation of mechanical properties of the sintered 
materials

The Young’s modulus of the sintered prismatic bars was 
evaluated by using two alternative techniques: a) Pulso-echo 
ultrasonic inspection technique, and b) Four-point flexural 
strength test. A Panametrics-NDT™ EPOCH 4 apparatus was 
used for the pulse-echo ultrasonic inspection technique. In this 
case, the Young’s modulus was determined by measuring the 
speed of sound propagating through the materials as well as 
with the aid of equation 4 (30):

 (4)

where E(U) = Young’s modulus (GPa) determined by the 
pulse-echo ultrasonic technique, ρ = apparent density of the 
material (Kg/m3) determined by the Archimedes’ principle 
in distilled water at room temperature, and V

L
 = longitudinal 

speed of the ultrasonic wave propagating through the material 
(m/s).

Once E(U) was obtained, the sintered prismatic bars were 
cut by using a Struers Accutom-5 cutting machine fitted with 
a diamond disc, with a cutting speed of 0.015 mm/s, and 
employing water as lubricant. This was carried out in order 
to obtain specimens with dimensions specified by the ASTM 
C1161-02 standard (31) for the evaluation of the modulus 
of rupture (MOR), as well as specimens for the evaluation 
of the fracture toughness (KIC

), according to the ASTM 
STP601 standard (32). In both cases, four-point flexural 
strength tests were employed, using a MTS 810 mechanical 
testing machine with a 10-ton load capacity, employing a 
rate of load application (crosshead speed) of 0.05 mm/s 
until fracture of the specimens, as well as distances between 
support points of 40 and 20 mm for the inferior and superior 
sample faces, respectively. Prior to mechanical testing, in 
order to avoid surface defects, all the cut surfaces of the 
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crystallinity caused by mechanical activation, implying that 
the milled green materials underwent a partial amorphization. 
However, the characteristic “hump” associated with the 

3. RESULTS AND DISCUSSION

3.1. Thermal analysis of the precursor mixtures

The TGA curves of Figure 1 show that all samples started 
losing weight since the very beginning of the heating stage, 
which was probably due to the release of water adsorbed 
on the surface of the particles. In all cases, with increasing 
milling time the rate of weight loss increased. At the same 
time, the temperature at which the main weight loss stage 
ended (Tf

) was shifted toward lower values and the total 
weight loss decreased. The latter phenomenon was likely due 
to a partial decomposition of the BaCO

3
 and SrCO

3
 carbonates 

during the milling stage, whose extension was proportional 
to the duration of this operation. All these effects were more 
pronounced with increasing carbonate content in the precursor 
mixtures, which suggests that BaCO

3
 and SrCO

3
 were the 

most affected by mechanical activation, in comparison with 
the other components of the precursor mixtures. It is known 
that mechanical activation of both carbonates decreases both 
the temperature and the activation energy required for their 
thermal decomposition, increasing at the same time their 
reactivity toward other compounds mixed with them (36). After 
8h of milling, Tf

 was shifted from ~1033°C to ~883°C (ΔT = 
150°C) for composition 1, with a corresponding total weight loss 
decreasing from 11.1 % to 9.1 % (Δm = 2 %). For composition 2, 
T

f
 was shifted from ~1020°C to ~920°C (ΔT = 100°C), with a total 

weight loss decreasing from 9.4 % to 7.6 % (Δm = 1.8 %). Lastly, 
for composition 3, T

f
 was shifted from ~1013°C to ~923°C (ΔT = 

90°C), with a total weight loss of ~6.4 % (Δm ~ 0 %). Since the 
observed weight losses were mostly caused by the release of 
CO

2
 associated with the occurrence of the solid state reactions, 

the obtained results mean that these reactions took place at 
lower temperatures, and at faster rates, in the mechanically 
activated precursor mixtures, in comparison with the non-
milled materials. This could be attributed to the high degree 
of disorder introduced into the crystalline structure of BaCO

3
 

and SrCO
3
 by the high-energy milling, as well as to the high 

degree of homogeneity and small particle size achieved in the 
precursor mixtures as a result of the milling process.

Despite the fact that BaCO
3
 and SrCO

3
 that are present 

in the precursor mixtures do not decompose at the same 
temperatures at which they usually do it individually and 
separately, both carbonates can be considered as adequate 
references to justify the TGA results obtained in the present 
work, especially taking into account the fact that the main 
weight losses suffered by the materials were caused by the 
release of CO2

 from both carbonates participating in the solid 
state reactions, as already mentioned. 

3.2. Phase composition of the green and sintered samples

The XRD patterns obtained for all the green samples (not 
shown), with or without mechanical activation, revealed only 
the presence in them of the original raw materials (BaCO3

, 
SrCO

3
, Al

2
O

3
, and α-quartz contained in the FA). The partial 

decomposition of both carbonates likely occurring during 
the milling process, as suggested by the TGA analyses, was 
not detected by XRD, probably due to its small extent. It was 
observed that the reflections of all detected crystalline phases 
tended to become broader and less intense with increasing 
milling time. This was attributed to a small loss in their 

Figure 1. TGA curves obtained for precursor mixtures of compositions 
1 (A), 2 (B) and 3 (C), milled for: a) 0 h, b) 4 h and c) 8 h. T

f
 = Tempera-

ture at which the main weight loss stage ends in the materials.
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Figure 2 shows the XRD patterns obtained for the samples 
sintered at either 900 ºC or 1500 ºC, with or without mechanical 
activation. As it can be seen in the XRD patterns A, C and E, 

appearance of amorphous phases in the mechanically-activated 
materials were not clearly detected in the corresponding XRD 
patterns. 

Figure 2. XRD patterns obtained for compositions 1 (A and B), 2 (C and D) and 3 (E and F), milled for: a) 0 h, b) 4 h, and c) 8 h, and then sintered 
at either 900 °C (A, C and E) or 1500 °C (B, D and F), where: ▲BaSiO

3
, Ba

2
SiO

4
, BaAl

2
O

4,
 Al

2
O

3,
 Celsian, and Hexacelsian.
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microstructure, which was more accentuated in the case of 
the non-mechanically activated materials, as it can be seen 
in micrographs A, C and E of Figures 3 and 4. This was 
probably due to unfinished solid state reactions combined 
with a poor densification of the samples achieved at such 
low sintering temperature. It was observed that the main 
effect of mechanical activation at this temperature was a 
somewhat increased degree of consolidation of the samples 
with increasing milling time.

At 1500°C a well-defined microstructure constituted by 
two phases was observed, as it can be clearly seen in 
micrographs B, D and F of Figure 4. These phases were: 1) 
Dark grey platelet and blocky-shaped Al2

O
3
 grains, and 2) 

light-colored SBAS (Hexacelsian + Celsian) polyhedral grains. 
These phases were identified in the micrographs with the aid 
of the corresponding EDS spectra (Figure 5). The grain size of 
both phases ranged from ∼5 to ∼10 μm, with the smallest grains 
found in composition 3. While in the case of compositions 1 and 
2 the Al2

O
3
 grains were heterogeneously dispersed in the SBAS 

matrix, in composition 3 both phases were homogeneously 
distributed throughout the microstructure, which is likely 
associated with the smallest grain size achieved by this 
composition. In all cases, a large number of intergranular 
microcracks was formed in the SBAS matrix during cooling 
after sintering of the materials, probably due to a mismatch 
existing in the CTE values of Hexacelsian, Celsian and Al2

O
3
 

phases. For instance, the CTE value reported in the literature 
for Celsian is 2.3x10-6 °C-1 (16), while that for alumina is 8.4x10-6 

all of which correspond to samples sintered at 900 °C, at this 
temperature Hexacelsian was the predominant phase in all 
compositions, independently of milling time. Minor amounts 
of BaSiO

3
, BaAl

2
O

4
, Al

2
O

3 
and Ba

2
SiO

4
 were also detected in 

these samples; the latter phase was found only in non-milled 
composition 1. It was observed that BaSiO

3
 disappeared in 

all compositions milled for 8 h, while BaAl
2
O

4
 disappeared 

in compositions 1 and 2 milled for 4 h and in composition 3 
milled for 8 h. This indicates that at 900 °C the persistence of 
the BaAl

2
O

4
 phase increased with increasing Al

2
O

3
 content 

in the precursor mixture, and thus, under these conditions 
increasingly longer milling times were required in order 
to achieve full elimination of the mentioned phase. This is 
consistent with the results reported by K.-T. Lee and P.B. 
Aswath (16), who mentioned that BaAl

2
O

4
 is difficult to 

eliminate once it is formed during the synthesis of BAS, due to 
its pretty low reaction rate with SiO

2
 to form Hexacelsian. 

In contrast, only SBAS (Hexacelsian and Celsian) and Al
2
O

3
 

phases were found in the materials of all compositions sintered 
at either 1300°C or 1500°C. At both sintering temperatures, 
Celsian was the predominant phase in all samples, as it can be 
seen in Figure 2 for the case of the composites sintered at 1500 
°C (XRD patterns B, D and E). 

3.3. Microstructural evolution in the sintered samples

For all compositions and milling times employed, 
the materials sintered at 900°C showed a poorly-defined 

Figure 3. SEM micrographs taken in the Backscattered Electron Imaging (BEI) mode for 
samples without mechanical activation of compositions 1 (A and B), 2 (C and D) and 3 (E 
and F), and then sintered at either 900 ºC (A, C and E) or 1500 ºC (B, D and F). Key: 1) Al

2
O

3 

and 2) SBAS phases. 
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for all the studied compositions. In the case of compositions 
1 and 2, the effect of the latter factor was clearly evident 
at a sintering temperature of 1100 °C, while in the case of 
composition 3 it could be clearly noted in the temperature 
range of 1100-1500 °C. In all cases, a value of f ≅ 0 was 
obtained at a sintering temperature of 900 °C, independently 
of milling time. On the other hand, composition 1 achieved 
a nearly constant value of f, which was very close to 100 %, 
independently of both milling time and sintering temperature, 
in the temperature range of 1300-1500 °C. A similar situation 
was also observed in the case of composition 2 milled either 
for 4 h or 8 h, as well as for composition 3 milled for 8 
h. Thus, with decreasing nominal content of SBAS in the 
composites, a longer milling time was required in order 
to obtain a value of f close to 100 % in the temperature 

°C-1 (37). Again, at a sintering temperature of 1500 °C and for 
all the studied compositions, it was observed that the degree 
of consolidation of the samples increased with increasing 
milling time. It was also observed that the SBAS crystals 
changed from a needle-like shape in the non-mechanically 
activated materials to a polyhedral morphology for the case of 
the samples mechanically activated for 8 h. This morphology 
change occurring in the SBAS crystals can be clearly noticed in 
Figures 3B and 4B, as well as in Figures 3D and 4D.

3.4 Hexacelsian to Celsian conversion fraction (f) in the 
sintered samples

As it can be seen in Figure 6, f increased with increasing 
sintering temperature, as well as with increasing milling time, 

Figure 4. SEM micrographs taken in the Backscattered Electron Imaging (BEI) mode for 
samples milled for 8 h of compositions 1 (A and B), 2 (C and D) and 3 (E and F), and then 
sintered at either 900 ºC (A, C and E) or 1500 ºC (B, D and F). Key: 1) Al

2
O

3 
and 2) SBAS 

phases.

Figure 5. Typical EDS spectra obtained for the phases observed in the SEM micrographs. 
Key: 1) Al

2
O

3
 and 2) SBAS phases.
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decreased in the composites, and that this difficulty could 
be overcome by mechanical activation of the corresponding 
precursor mixtures. Composition 1 seemed to have the 
strongest intrinsic tendency toward the achievement of 
full Hexacelsian to Celsian conversion, among the studied 
compositions, in such a way that compositions 2 and 3 were 
the most dependent on the mechanical activation of the 
precursor mixtures in order to achieve the same goal.

The tendency toward an easier Hexacelsian to Celsian 
conversion shown by composition 1 could be explained based 
on the combined effect of three factors: 1) this composition had 
the highest content of BaCO3

 and SrCO
3
 among all the studied 

materials, and these carbonates were the components of the 
precursor mixtures that were the most affected by mechanical 
activation, which significantly increased their reactivity toward 
other compounds mixed with them; 2) composition 1 also had 
the highest proportion of fluxing agents such as BaCO

3
 and 

SrCO
3
, as well as the highest proportion of FA, and some of 

the impurities contained in the latter material, such as alkaline 
metal oxides (Na

2
O and K

2
O), alkaline-earth metal oxides (CaO 

and MgO) and iron oxides, are also powerful fluxing agents; 
K. H. Sandhage et al. (38,39) mentioned that the formation of 
Celsian from BAS glass precursors is facilitated by the presence 
in them of a fluxing agent or by Celsian seeding, and that the 
formation of a transient liquid during sintering of the materials 
enhances the Hexacelsian to Celsian conversion in them, which 
is likely due to a dissolution/reprecipitation mechanism, and 
3) some of the FA impurities (Na2

O, CaO, TiO
2
 and MgO), of 

which composition 1 also had the highest proportion, seem 
to have a mineralizing effect that facilitates the Hexacelsian 
to Celsian conversion in the materials, as suggested by D. 
Long-González et al. (5); the ∼70 wt. % of a silicoaluminous 
glassy phase contained in the conditioned FA could also have 
contributed to the formation of the transient liquid during 
sintering of the materials.

The synergistic effect of the previously discussed factors 
with the mechanical activation of the precursor mixtures 
could help us to explain the seemingly contradictory results 
obtained in this work, with respect to those previously 
reported by S. Bosković et al. (17) for BAS materials synthesized 
from mechanically-activated reagent grade raw materials, 
who found that mechanical activation promoted the surface 
nucleation of Hexacelsian under the particular experimental 
conditions employed by them. As already mentioned, in this 
work under certain circumstances the Hexacelsian to Celsian 
conversion was promoted by an increased milling time, i.e, by 
a decreased particle size achieved in the precursor mixtures. 
In this sense, our results are more in line with those reported 
by C.M. López-Badillo et al. (24), who employed the same raw 
materials and milling conditions used by us for the synthesis 
of BAS materials.

3.5. Evaluation of relative density of the sintered materials

As it can be seen in Table II, in general the relative density 
of the composite materials tended to increase with increasing 
sintering temperature and milling time. The relative density 
also increased with increasing content of BaCO3

, SrCO
3
 and 

FA, i.e. with decreasing content of Al
2
O

3
, in the precursor 

mixtures. This coincided with the conditions under which 
the highest values of the Hexacelsian to Celsian conversion 
tended to be obtained. In this way, the maximum relative 

range of 1300-1500 °C. Once this goal was achieved, the 
sintering temperature made no significant difference in 
the value of f, within the mentioned temperature range. 
This suggests that the Hexacelsian to Celsian conversion 
was more difficult when the nominal content of SBAS was 

Figure 6. Hexacelsian to Celsian conversion fraction as a function of 
milling time for: A) composition 1, B) composition 2, and C) composi-
tion 3, sintered at 900 °C ( ), 1100 °C ( ), 1300 °C ( ) and 1500 °C 
( ).
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must be used for that. In most cases, the particulate phase is 
harder and stiffer than the matrix, and the reinforcing particles 
tend to restrain the movement of the matrix phase when a 
mechanical stress is applied to it. However, the particulate 
composites usually contain a great deal of coarse particles that 
do not block slip effectively. Thus, an effective reinforcement 
requires the presence of small particles evenly distributed 
throughout the matrix. The degree of improvement of their 
mechanical properties depends mainly on the strong bonding 
at the matrix-particle interface. Lastly, certain properties of 
these materials, such as density, elastic modulus, electrical 
conductivity and thermal conductivity, depend only on the 
relative amounts and related properties of the individual 
constituents, allowing us to use the Rule of Mixtures to 
accurately predict the value of those properties for a given 
composite composition.

These results also suggest that the mechanical properties 
of the composite materials synthesized in this work were 
more affected by the reinforcing effect of the Al2

O
3
 particles 

than by the relatively small differences in relative density 
observed between our composite compositions milled for 
8 h and sintered at 1500 °C, see Table II, all of which had a 
predominantly Celsian matrix.

3.6.1. YOUNG’S MODULUS 
According to Table III, in many cases the values of the 

Young’s modulus that were obtained by four-point flexural 
strength tests (E(EM)) were lower than those determined 

density (~1) was achieved for composition 1 milled for 8 h and 
sintered at 1500 °C.

3.6. Evaluation of mechanical properties of the sintered 
materials

All the evaluated mechanical properties of the synthesized 
materials increased with increasing milling time, sintering 
temperature and Al2

O
3
 content. This could be related to 

several factors. On the one hand, Al
2
O

3
 has better mechanical 

properties than SBAS. On the other hand, in the case of all 
compositions sintered at 1500 °C, which had a predominantly 
Celsian matrix, the polyhedral morphology shown by the 
grains of this phase in the samples milled for 8 h, instead 
of the needle-like shape shown by these grains in the non-
mechanically activated samples, together with the highest 
degree of consolidation achieved by the former materials, 
could lead to a better distribution of the applied stresses 
between the matrix and the reinforcement phase in those 
materials, and this resulted in the attainment of the best 
mechanical properties in them.

The fact that the mechanical properties of the synthesized 
composites increased with increasing Al2

O
3
 content, suggests 

that the particles of the latter phase acted as reinforcements, in 
such a way that the materials showed a behavior that is typical 
of particulate composites (29). In this kind of composite 
materials, the particle-matrix interaction cannot be treated at 
the atomic or molecular scale and thus continuous mechanics 

TABLE II. RELATIVE DENSITY OF THE SYNTHESIZED SBAS-AL
2
O

3
 COMPOSITES, AS A FUNCTION OF MILLING TIME AND SINTERING TEMPERATURE. 

Composition ρ
T
 

(g/cm3) Milling time (h)
Sintering temperature (ºC) 

900 1100 1300 1500

1 3.37

0 0.66 0.70 0.80 0.90

4 0.76 0.79 0.83 0.97

8 0.79 0.80 0.96 1.00

2 3.49

0 0.69 0.70 0.72 0.86

4 0.71 0.78 0.80 0.89

8 0.75 0.79 0.82 0.92

3 3.61

0 0.66 0.71 0.74 0.76

4 0.68 0.72 0.76 0.79

8 0.69 0.75 0.80 0.95

TABLE III. VALUES OF YOUNG’S MODULUS (GPA) OBTAINED FOR THE STUDIED COMPOSITIONS AS A FUNCTION OF MILLING TIME AND SINTERING TEMPERATURE. 
THE STANDARD ERROR IS GIVEN FOR ALL THE REPORTED MEASUREMENTS. KEY: E(U) = YOUNG’S MODULUS DETERMINED BY AN ULTRASONIC INSPECTION TECHNI-
QUE, AND E(MT) = YOUNG’S MODULUS DETERMINED BY MECHANICAL TESTING.

Composition Milling time
(h)

Sintering temperature (°C)

1100 1300 1500

E (U) E (EM) E (U) E (EM) E (U) E (EM)

1

0 1.90 ± 7.64 --- 2.63 ± 0.15 2.04 ± 0.07 10.86 ± 1.73 12.10 ± 1.75

4 3.68 ± 4.02 3.94 ± 0.43 6.48 ± 1.00 9.09 ± 2.70 16.04 ± 0.58 18.98 ± 0.34

8 8.23 ± 1.41 6.90 ± 0.03 12.76 ± 0.70 10.03 ± 1.20 31.45 ± 0.98 25.50 ± 2.77

2

0 4.91 ± 0.86 3.44 ± 0.31 8.11 ± 0.78 7.12 ± 0.69 17.40 ± 1.15 25.10 ± 3.66

4 5.67 ± 1.75 4.66 ± 0.45 14.19 ± 1.00 12.91 ± 0.27 35.67 ± 3.24 32.98 ± 3.25

8 9.09 ± 1.23 8.91 ± 0.71 18.16 ± 4.91 19.58 ± 1.32 76.48 ± 1.38 72.79 ± 5.27

3

0 6.70 ± 0.11 --- 19.30 ± 0.58 11.43 ± 1.35 32.92 ± 0.71 18.33 ± 1.47

4 8.32 ± 0.56 6.08 ± 1.03 27.0 ± 2.00 17.36 ± 1.25 43.78 ± 0..41 39.27 ± 5.91

8 13.93 ± 2.10 10.27 ± 0.93 53.56 ± 1. 34 25.76 ± 0.80 93.07 ± 1.45 82.09 ± 2.38
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for composition 3 milled for 8 h and sintered at 1500 °C.

3.6.3. FRACTURE TOUGHNESS (K
IC

)
The values of K

IC
 obtained for the sintered materials are 

shown in Table V. As it can be seen, a maximum K
IC

 value of 
6.17 ± 0.01 MPa•m1/2 was obtained for composition 3 milled 
for 8 h and sintered at 1500 °C.

3.6.4. VICKERS MICROHARDNESS (HV) 
The values determined for the Vickers microhardness 

(HV) are given in Table VI. In this case, a maximum HV value 
of 819.68 ± 6.79 Kg/mm2 was obtained for composition 3 
milled for 8 h and sintered at 1500 °C.

by using the ultrasonic technique (E(U)), which was more 
pronounced in the case of compositions 2 and 3. The instances 
in which this was not the case could be explained based on the 
fact that the ultrasonic method does not take into account the 
distribution of defects in the materials. The maximum values 
were obtained for composition 3 milled for 8 h and sintered 
at 1500 °C, which were 93.07 ± 1.45 GPa according to the 
ultrasonic technique, and 82.09 ± 2.38 GPa according to the 
four-point flexural strength tests.

3.6.2. MODULUS OF RUPTURE (MOR)
The measured MOR values are shown in Table IV. As it can be 

seen, the maximum MOR value (169.49 ± 8.18 MPa) was obtained 

TABLE IV. VALUES OF THE MODULUS OF RUPTURE (MOR, MPA) DETERMINED FOR THE STUDIED COMPOSITIONS AS A FUNCTION OF MILLING TIME AND SINTERING 
TEMPERATURE. THE STANDARD ERROR IS GIVEN FOR ALL THE REPORTED MEASUREMENTS.

Composition Milling time (h)
Sintering temperature (°C)

1100 1300 1500

1

0 −−− 11.25 ± 0.63 32.45 ± 5.21

4 14.91 ± 1.30 68.78 ± 6.96 130.06 ± 9.95

8 33.17 ± 6.59 95.34 ± 5.88 156.94 ± 0.06

2

0 12.80 ± 3.57 18.42 ± 3.91 32.82 ± 2.94

4 14.12 ± 2.19 29.81 ± 1.03 146.93 ± 8.11

8 16.46 ± 2.72 31.88 ± 8.65 168.99 ± 7.76

3 

0 −−− 43.74 ± 4.75 59.33 ± 2.76

4 21.54 ± 4.07 55.38 ± 6.47 106.52 ± 1.53

8 25.13 ± 3.03 47.47 ± 4.85 169.49 ± 8.18

TABLE V. FRACTURE TOUGHNESS (K
IC

, MPA•M1/2) DETERMINED FOR THE STUDIED COMPOSITIONS AS A FUNCTION OF MILLING TIME AND SINTERING TEMPERATURE. 
THE STANDARD ERROR IS GIVEN FOR ALL THE REPORTED MEASUREMENTS.

Composition Milling time (h)
Sintering temperature (°C)

1100 1300 1500

1
 

0 --- 0.45 ± 0.05 1.22 ±0.05

4 0.49 ± 0.09 1.01 ± 0.05 2.42 ± 0.02

8 0.89 ± 0.04 2.05 ± 0.06 3.46 ± 0.05

2

0 --- 0.75 ± 0.02 1.22 ± 0.02

4 0.38 ± 0.09 0.89 ± 0.01 2.78 ± 0.04

8 0.60 ± 0.04 0.94 ± 0.07 3.19 ± 0.06

3

0 --- 1.52 ± 0.04 2.08 ± 0.02

4 0.83 ± 0.09 1.68 ± 0.03 2.26 ± 0.02

8 0.96 ± 0.09 1.86 ± 0.02 6.17 ± 0.01

TABLE VI. VICKERS MICROHARDNESS (HV, KG/MM2) DETERMINED FOR THE STUDIED COMPOSITIONS AS A FUNCTION OF MILLING TIME AND SINTERING TEMPERA-
TURE. THE STANDARD ERROR IS GIVEN FOR ALL THE REPORTED MEASUREMENTS.

Composition Milling time (h)
Sintering temperature (°C)

1100 1300 1500

1

0 −−−  54.23 ± 0.36 303.23 ± 2.71

4 9.59 ± 1.18 210.70 ± 3.25 540.72 ± 8.95

8 31.57 ± 7.59 318.09 ± 12.58 576.53 ± 10.95

2

0 32.7 ± 6.14  80.99 ± 6.42 145.05 ± 1.15

4 7.64 ± 0.04  139.92 ± 2.53 539.80 ± 11.51

8 114.13 ± 7.76 255.46 ± 9.70 774.09 ± 12.16

3

0 12.65 ± 4.55 40.75 ± 6.15 511.39 ± 12.26

4 19.29 ±1.58 53.48 ± 3.28 713.27 ± 4.15

8 28.33 ± 3.40 60.43 ± 3.11 819.68 ± 6.79
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4. CONCLUSIONS

Mechanical activation of the precursor mixtures enhanced 
the solid state reactions, in such a way that these took place at 
lower temperatures and at faster rates, in comparison with the 
non-milled materials. Only SBAS (Hexacelsian and/or Celsian) 
and Al2

O
3
 phases were formed in the materials sintered 

at 1300-1500°C. At this temperature range, composition 1 
achieved a Hexacelsian to Celsian conversion very close to 
100 %, independently of milling time. However, the other 
two investigated compositions required to be mechanically 
activated, with duration of the milling process increasing with 
an increased Al2

O
3
 content in them, in order to attain similar 

Hexacelsian to Celsian conversions. It was hypothesized that 
due to its higher nominal SBAS content, composition 1 had 
the strongest intrinsic tendency to attain a full Hexacelsian to 
Celsian conversion, among the studied compositions. Lastly, 
the mechanical properties of all synthesized materials increased 
with increasing milling time, sintering temperature and Al2

O
3
 

content. Thus, the best mechanical properties were obtained for 
composition 3 milled for 8 h and sintered at 1500 °C, which were: 
Young’s modulus of 93.07 ± 1.45 GPa (ultrasonic technique) and 
82.09 ± 2.38 GPa (four-point flexural strength tests); MOR of 
169.49 ± 8.18 MPa; K

IC
 value of 6.17 ± 0.01 MPa•m1/2, and a HV 

value of 819.68 ± 6.79 Kg/mm2.
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