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A B S T R A C T

In this article we assess and compare the complex mechanical behavior of two complex microstructure ceramics
material formed within the reaction sintering framework

Two comparable pairs of materials with respectively similar microstructures were obtained by reaction
sintering from boric acid and alumina. Two single phase porous ceramics were compared with two composite
(1:1) porous ceramic. The first and second phases were aluminum borate needles (Al18B4O33) and alumina
(Al2O3).

The four with comparable grain size and analogous apparent porosities: in diameter (≈ 0.7 µm) and in
volume fraction (≈ 45%). The mechanical behavior was studied by means of the diametral compression test at
low displacement rate and explained in terms of the texture, microstructure features evaluated by mercury
intrusion porosimetry and scanning electron microscopy.

Single Al18B4O33 phase porous materials presented higher mechanical strengths than the composite
materials. Within the respective microstructural configurations the whisker thickness did not affect significantly
the mechanical behavior and parameters. A well-defined fragile behavior was observed and described in the
composite material. On the other hand the single Al18B4O33 needle porous material presented a distinctive
behavior with local discontinuities without loss of integrity in the diametral stress behavior, and achieved
strength up to 50% higher than the corresponding composite.

1. Introduction

Composite materials have an important industrial and technologi-
cal role in technological ceramics. The designing capability of the
manufacturer in properties and behaviors is enhanced by combining
two or more different materials. However, the final properties will not
always be between the pure material ones; in fact, in several cases the
properties are considerably improved. The final properties and beha-
viors will always be related to the actual microstructural configuration.
The actual relation has to be established for better microstructural
design.

Porous ceramics present a wide range of characteristics that
result in a wide collection of technological applications, like filtra-
tion, absorption, catalysts and catalyst supports, lightweight struc-
tural components and thermal insulators. Particularly in the present
article we make focus on the microstructure-mechanical behavior
relation.

Different processing routes have been proposed, explored and
established. These include partial sintering, sacrificial fugitives, replica
templates and direct foaming [1]. Depending on requirements, it is also
possible to combine various methods to further fine-tune the char-
acteristics of the porous ceramics [2,3]. The general properties of
porous ceramics were completely reviewed in a recent article by Ohji
and Fukushima in 2012.

The partial sintering, the most conventional technique for making
porous ceramics, has been substantially sophisticated in recent years.
Very homogeneous porous ceramics with extremely narrow size
distribution have been successfully prepared through sintering com-
bined with in situ chemical synthesis. Carefully tailored micro-struc-
ture (size, morphology and even orientation of grains and pores, etc.) of
porous ceramics has led to unique mechanical properties, which cannot
be attained even in the dense materials [2,3].

Alumina and alumina based composite materials are a family of
ceramics whose principal constituent is aluminum oxide (Al2O3). On a
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weight basis, these materials have the largest share of the ceramics'
world market [4] 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 [4].

Boron-aluminate materials (between Al18B4O33 and Al4B2O9) pre-
sent a high refractoriness accompanied by chemical inertness in some
environments [5], the presence of catalytic properties for some
technological reactions is also remarkable [6–8]. These phases present
a strong needle morphology tendency [9–11]. Table 1 compares the
physical properties of alumina and aluminum borate [11,12].

The utilization of aluminum borates needles or whiskers for
aluminum and aluminum based alloys reinforcement are the principal
application of these phases [11]. Reinforcing magnesium alloys was
proposed as well [13]. The mechanical behavior of the material, the
chemical compatibility (low wettability) of the borate phase with
metallic aluminum and the microstructural configuration of the
metal-ceramic composites encourages these particular applications.
The mechanical behavior of the composites is higher than the behavior
of the corresponding metallic materials.

As mentioned, refractory and other structural applications were
reported, these materials were proposed as insulating and filtering
materials as well. Besides the reaction sintering from alumina and
Boric oxide [14–16] some synthetic routes have been proposed and
studied, these include: the flux method [17], crystallization from
molten salts [18], sol-gel routes and chemical precursors [19–22],
combustion synthesis route was studied as well [8]. Besides, alumina or
metallic aluminum was proposed as the aluminum source [23,24].
Vitro-ceramics with aluminum borates as crystalline phase were also
studied and presented technological properties [25]. Electrospinning
routes are also being studied [26].

Several studies had been recently carried out respect to the incorpora-
tion of boron oxide containing compounds in refractory materials, like
alumina, magnesia and mullite based castables [27–32]. The boron oxide
containing compounds were proposed as effective ceramic mineralizers
during thermal treatments of the refractory castables achieving the in situ
formation of new crystalline phase with mechanical behavior enhance-
ments. This shows the actual potentiality of the boron containing
materials in the refractory industry.

In a recent article a series of porous (≈45%) refractory materials
from the Al2O3-B2O3 system were developed. The processing strategy
resulted in materials with BA: Al18B4O33 as the main phase accom-
panied by alumina or unique crystalline phase. Needle grains with
diameters between 0.2 and 1 µm and an aspect ratio over 20:1 were
obtained [33]. The developed monoliths obtained by direct reaction
sintering of boric acid and calcined alumina presented almost 50% of
porosity.

The mechanical resistance, stiffness and the overall mechanical
behavior of materials ought to be described if the application of a
selected material is proposed. This is the case of aluminate needle
borate based monolithic porous materials, especially for structural
applications.

In this article we intend to assess and compare the complex
mechanical behavior of two complex microstructure ceramics material
formed within the reaction sintering framework; and to understand
this behavior with the microstructural features of the studied set of
materials. And will provide information for further microstructure
design strategies and technological applications.

Particularly two pairs of materials with respectively comparable
microstructures were processed by reaction sintering from boric acid
and alumina; two single phase porous materials with aluminum borate
as unique crystalline phase (AB: Al18B4O33) were compared with two
alumina – aluminum borate composite ceramics.

The four materials present comparable grain size and comparable
apparent porosities: in diameter (≈ 0.7 µm) and in volume fraction (≈
45%).

2. Experimental procedures

2.1. The materials

A set of four porous ceramic materials were studied, labels and their
properties are shown in Table 2. Calcined alumina (alumina A2G,
ALCOA) and boric acid (Borax Argentina SA) were employed as
starting powders. Intimate mixtures were obtained by ethanol mixture.
Dried powder was then pressed in disc shape samples that were fired
with a 5 °C/min heating rate, in air atmosphere, up to 1200 and
1300 °C with 120 min soaking. A wider description of the starting
powders, processing conditions, the actual thermal formation and

Table 1
Physical properties of the studied phases.

Thermal Conductivity Density Young modulus Strength Hardness Thermal expansion
λi (g/cm3) (GPa) (MPa) (Mohs) × 10 −6 °C−1

(W/m K)

Alumina 18–25 3,95 300 300 9 ≈ 8
(Al2O3)

Aluminum borate 4–6 2,96 400 8000 7 ≈ 4.5 (axial) ≈1.9 (radial)
(Al18B4O33)

Table 2
Principal characteristics of the studied materials.

Sample label Microstructural
configuration

Firing
temperature (°C)

Initial
B2O3

Volumetric
Density

Open
Porosity

Crystalline phases content Effective thermal
conductivityaIn weight basis (wt%)

Al2O3 Al18B4O33 Al4B2O9 λ
(wt%) (g/cm3) (%) (W/m K)

CPM1200 Porous Composite 1200 13.0 1.93 43.5 55.8 43.1 1.1 6.4
CPm1300 1300 1.91 39.3 58 42.0 Traces 6.9

SPPM1200 Porous 1200 26.0 1.78 47.0 5 93.3 1.7 2.9
SPPM1300 single phase 1300 1.75 45.4 0.7 97.4 1.9 2.7

a Calculated using Eq. (1).
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other properties can be found elsewhere [33]. While the first material,
CPM, can be described as an alumina –aluminum borate porous
composite, the second one (SPPM) can be described as a single phase
aluminum borate porous body. The achieved porosity is within
40–45%. The apparent density is around 1.9 g/cm3 for composite
materials CPM1200 and CPM1300 and around 1.8 g/cm3 for the SPPM

materials.
Fig. 1 presents the powder X-ray diffraction patterns of the studied

materials, this confirms the aluminum borate (Al18B4O33) presence as
the principal crystalline phase for SPPM, and this was only accompanied
by corundum (Al2O3) diffractions, marked in CPM. The evaluated phase
content is shown in Table 2; no amorphous phase can be observed. The
quantification was performed by the Rietveld method [33]. The slight
stoichiometric discrepancies might be explained by the non-stoichio-
metric nature of the borates [23,24] and the accuracy of the Rietveld
refinements employed for evaluating the crystalline phases content.
Table 2 also presents the principal properties of the studied materials
together with the initial boric acid employed in the synthesis and the
used labels. The thermal conductivity (λ) of the developed porous
materials was estimated by a simple mixing rule calculation, employing
the volumetric fractions (Vi) evaluated by the Rietveld method.
Employing the following equation:

∑λ λ V= .
i

n

i i
(1)

Where λi corresponds to the thermal conductivity of each crystalline
phase.

The calculated thermal conductivities of the materials (Table 2) are
similar within the microstructural configuration. It is worth to point
out that the single phase porous materials presents a lower thermal
conductivity due to the lower thermal conductivity of the borate in
comparison to the corundum (Table 1).

2.2. Characterizations and techniques

Porosity is relevant in ceramic microstructural properties and
involves mechanical resistance (strength, hardness, stiffness); electrical
and thermal conductivity; chemical erosion; permeability; adsorption;
and refractoriness properties. For this, mercury intrusion tests were
performed by using a Porosimeter 2000 Carlo Erba and pressures
ranging from 1 to 2000 kg/cm2 [34]. The developed microstructures
were evaluated by scanning electron microscopy (SEM-JEOL JMS-
6000, Japan). A particle size analysis was carried out.

The diametral compression test, also known as “splitting test” or
“Brazilian test”, has usually been employed in the mechanical evalua-

tion due to several advantages: simpler piece preparation, simple
geometry and quickness of testing, independent data with regard to
surface finish and no edge effects [35–38]. In this case, the 15 mm
diameter and 5 mm thick disc-shaped samples were diametrically
compressed in a universal mechanical testing machine (INSTRON
5985, USA), at a constant strain rate of 0.1 mm/min, with steel plates.
Lubricant paste was applied on the platen surfaces in contact with the
disc to reduce the effect of friction; white and carbon papers were
placed together between each platen and the disc for load distribution
(padding material). The initial diameter was used for the calculation,
and L was employed for the final maximum load of samples. For this
method, the mechanical strength and displacement can be calculated
with the following equations:

σ L
πDT

= 2
d (2)

ε d
D

= ∆
(3)

Where L is the final load, D is the initial diameter, T is the thickness of
the disc-shaped sample and Δd is the universal testing machine
displacement.

At least 8 samples were evaluated for each material. The differences
between probes dimensions were below 2%. This assumption is implicit
in the theoretical treatment of the diametral compression loading case
[35,37,39,40]. From the experimental load versus displacement curve,
the stress (σd) versus strain (ε) curves were obtained. The following
parameters were determined: mechanical strength (σd) using the
maximum peak load and the apparent Young modulus (Ed) as the
slope of the final portion of the stress-strain curve before the sudden
collapse. The final 25% of the curve before the sudden breakage was
employed for calculating this parameter.

3. Results and discussions

3.1. Porosimetry (DP50)

The evaluated pore size distributions can be observed in Fig. 2.
Table 3 shows the pore size percentiles. The mean pore size is the same
for the four studied materials (≈ 700 nm). This fact sustains the whole
behavior comparison hypothesis carried out in this study. The achieved
distribution width is higher for the single phase (SPPM) materials.
SPPM1200 distribution is slightly narrower than SPPM1300, almost
below the micron. It is worth to point out that the porosity size is in all
the cases over the 100 nm. This brings important information for
possible microfiltration applications.

On the other hand the appearance of some macropores (2–5 µm)
fraction can be observed in the SPPM: 20% for the SPPM1200 10% for

Fig. 1. XRD patterns of the studied materials.

Fig. 2. Open pore size distribution of the studied materials by Mercury Intrusion
Porosimetry.
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SPPM1300. From this it can be inferred that the further thermal
coalescence (thickening) of the AB needles results in a decrease in
the macroporosity. There are no important differences between
CPM1200 and CPM1300.

3.2. Microstructural characterization of the studied materials by
SEM

The open porosities are comparable: ≈ 40% for the CPM and ≈ 45%
for the SPPM materials. Fig. 3 shows the SEM images of materials
CPM1200, CPM1300, SPPM1200 and SPPM1300 at two different magni-
fications. Free fracture, gold coated, observations were performed. The
whisker or nano-rod morphology can be identified in the four
materials. The effect of the initial alumina: boron ratio is evident;
some important amount of unreacted rounded alumina particles are
imbibed in a whisker matrix for the CPM materials. In fact, there's a half
of alumina in terms of volume fraction. After the Rietveld phase
quantification, together with the open porosity figures, the volume
fraction composition of the studied materials was estimated, this is
compared in Fig. 3 as well. These were estimated assuming theoretical

Table 3
Pore size diameters of the studied materials.

Sample d10 d50 d90

(nm) (nm) (nm)

CPM 1200 960 643 300
CPM 1300 1230 736 250
SPPM 1200 4960 643 110
SPPM 1300 3120 694 250

Fig. 3. SEM images (×3000 and ×5000) and volume fraction composition of the SPPM and CPM materials.
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densities of 3.95 g/cm3 and 2.95 g/cm3 for the alumina and the
aluminum borate respectively. The observed results are in concordance
with the observed microstructure.

In Fig. 4, whisker thickness was assessed from the SEM images,
shown in Fig. 3. Neither alumina grains’ nor needles’ length were
possible to evaluate accurately. SPPM needle diameters (around 0.6 µm)
are equivalent for the two performed thermal cycles. CPM needle
diameter is around half of the SPPM materials needle diameter. The
whisker thickness after this particular thermal treatment was enhanced
by the thermal cycle maximum temperature in CPM.

The alumina grain size in the CPM is in the 2–5 µm range which is
within the starting alumina particle size range [33], showing that the
unreacted alumina particles are not involved in the chemical formation
of the borate needle.

The whisker diameter as a function of the mean pore size distribu-
tion is plotted in Fig. 5. It is well known that in ceramic microstructures
the mean pore size is generally correlated with the particle size
distribution. This is definitively the case for the SPPM materials, where
the needle thickness is equivalent to the pore size distribution
evaluated by mercury intrusion (Fig. 2). Apparently this is not
correlated with the needle length, which is at least twenty times bigger
than the diameter. On the other hand the CPM borate and alumina grain
sizes differ in one magnitude order, showing the effect of the presence
of the unreacted alumina rounded particles of 2–5 µm.

From the performed microstructural – textural analysis (Sections
3.1 and 3.2) it can be held that the microstructural parameters are
equivalent for the two antagonistic microstructural configurations (CPM

and SPM).

3.3. Diametral compression behavior

Typical stress–strain curves for CPM and SPPM materials are shown
in Fig. 6. Values of mechanical strength and apparent Young modulus
are shown in Table 4.

The initial region of stress–strain curves (see Fig. 6) showed a
nonlinear segment that could be related to several factors: the
arrangement of the specimen in the load system, the load distribution
in the load contact region, and/or elastic strains of the load system
[37,40]. This initial ε region was up to 0.0025 for materials fired at
1200 °C and up to 0.0125 for materials fired at 1300 °C.

For both the CPM materials after this first region, an almost linear
response was observed up to the sudden fall of the load due to the
brittle behavior in which the specimen failed. Therefore, porous
interlocking needle-rounded alumina grains composite microstructure
presents a brittle behavior, like alumina ceramics [41–45]. The
achieved strength was almost 7 MPa for both studied samples fired at
1200 and 1300 °C. The observed dispersion values were within the
typical ones and slightly higher for the CPM1300 material. From these
measurements it can be stand that the mechanical strength of this CPM

is equivalent within the experimental error. This might be explained by
the similar microstructure of these materials described above. The
achieved values encourage the structural application of these compo-
sites.

On the other hand both SPPM materials presented a different
feature. These present a deviation from the linear brittle behavior.
Particularly, these presented several discontinuities even at lower
stresses. The tests were carried out at a relatively slow constant
displacement rate; the effect of the rate was not studied. The measured
discontinuities might be explained by the local collapse of the inter-
locked needles; which are micron size, described in Section 3.2. The
global integrity of the disc samples was kept up to the final sudden
collapse. After each discontinuity, a slight decrease in the strains stress
slope was observed. This loss of stiffness confirmed the local deteriora-
tion. From this it can be concluded that the behavior would be
definitively not reversible. No important effect of the firing temperature
and whisker thickness was observed. The achieved values are similar or
within the experimental error. However the maximum stress evaluated
was higher in all the cases if compared with the other microstructural
configuration. The achieved strength for the SPPM materials was at
least 30% higher than the CPM materials, particularly 50% higher for
materials fired at 1300 °C. The observed deviations were below 11%
showing the goodness of this mechanical characterization. This fact
coupled with the lower thermal conductivity (Table 2) would encourage
the insulating applications of this particular type of material.

It is worth to point out that although the stress strain behavior was
not strictly linear, the final slope was possibly calculated; the last

Fig. 4. Whisker diameter distribution of the studied materials.

Fig. 5. Mean whisker diameter (WD) as a function of the mean pore diameter (PD); the
WD = PD lines is plotted in dashes.

Fig. 6. Examples of the diametral stress strain curves of the SPPM and the CPM studied
materials.
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section (25%) of the stress strain curve was employed for the slope
estimation.

In general the evaluated stiffness (Ed) presents very low values in
comparison with other ceramic materials; this distinctive result is
explained by the present porosity, described above combined with the
interlocked whisker microstructure. The evaluated Ed for both the CPM

materials is, as the strength, equivalent for the two evaluated materials.
This is expected due to the equivalent phase composition and micro-
structure. The reported single crystal stiffness of the Al18B4O33 crystal
is 400 GPa [12], and alumina young modulus is ≈300 GPa. These are
around 5.105 times the stiffness of the present complex interlocked
needle porous microstructure. The calculated stiffness of the SPPM is
slightly higher than the alumina containing composite (CPM) materials.
However under short displacements it can be easily observed that the
slope might be higher for the SPPM. As already described this
subsequent discontinuities are accompanied by decreases in the local
stress strain slope. The observed dispersion values for Ed are also
eloquent; while the slope dispersion is below 15% for the brittle CPM it
is almost 40% for the non-brittle SPPM needle porous materials,
showing the complexity of the behavior.

Finally there is a direct linear correlation between the two evaluated
mechanical parameters Ed and σd. Fig. 7 shows the linear fitting plot
between the evaluated parameters for both materials fired at two
different temperatures. Roughly the stiffness value is one hundred
times the diametral strength of this disc shape samples. The actual
value of the performed linear fitting can be found within Fig. 7.

4. Conclusions

Two pairs of materials with respectively similar microstructures
were processed by reaction sintering from boric acid and alumina. Two
single (Al18B4O33) phase porous whisker ceramics were compared with
two Al2O3-Al18B4O33 composite porous ceramic (1:1). The four showed
comparable grain size and comparable apparent porosities, in diameter
(≈0.7 µm) and in volume fraction (≈45%). Whisker thickness was in
the 0.3 – 0.6 µm range. The aspect ratio was above 20 in all cases.

In general, the mechanical behaviors were well defined for both

microstructural configurations. No important effect was observed for
the firing temperature employed.

Single Al18B4O33 phase porous materials presented high mechan-
ical strengths, especially taking into account the developed porosities,
reaching the 10 MPa for the SPPM1300. This was 50% higher than the
composite, which was below 7 MPa in both studied cases; which is also
adequate. Taking into account that both materials presented low
thermal conductivities the structural application is encouraged.

Within the respective microstructural configurations the whisker
thickness did not affect significantly the mechanical behavior and
parameters.

A well-defined fragile behavior was observed and described in the
composite material. On the other side the single Al18B4O33 needle
porous material presented a distinctive behavior with local disconti-
nuities with no loss of integrity in the diametral stress behavior and
higher strength than the other configuration.

A very low apparent stiffness was clearly evaluated for the
composite material (≈ 600 MPa). A more imprecise value was achieved
for the single phase material, averaging 900 MPa. These values are
remarkably lower than the constituent phases stiffness (around 300–
500 GPa).

Finally, as a rule of a thumb the stiffness value is one hundred times
the diametral strength of this disc shape samples of the present type of
materials.
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