Taylor & Francis
Taylor & Francis Group

Journal of Asian Ceramic Societies

(5 @ ISSN: (Print) 2187-0764 (Online) Journal homepage: https://www.tandfonline.com/loi/tace20

Densification of lightweight aluminum borate
ceramics by direct sintering of milled powders

M.F. Hernandez, G. Suarez, C. Baudin, P. Pena Castro, E.F. Aglietti & N.M.
Rendtorff

To cite this article: M.F. Hernandez, G. Suarez, C. Baudin, P. Pena Castro, E.F. Aglietti & N.M.
Rendtorff (2018) Densification of lightweight aluminum borate ceramics by direct sintering of milled
powders, Journal of Asian Ceramic Societies, 6:4, 374-383, DOI: 10.1080/21870764.2018.1539209

To link to this article: https://doi.org/10.1080/21870764.2018.1539209

8 © 2018 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group on behalf of The Korean Ceramic
Society and The Ceramic Society of Japan

% Published online: 08 Nov 2018.

N
C/J Submit your article to this journal &

||I| Article views: 992

A
h View related articles &'

@ View Crossmark data (&

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tace20


https://www.tandfonline.com/action/journalInformation?journalCode=tace20
https://www.tandfonline.com/loi/tace20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/21870764.2018.1539209
https://doi.org/10.1080/21870764.2018.1539209
https://www.tandfonline.com/action/authorSubmission?journalCode=tace20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tace20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/21870764.2018.1539209
https://www.tandfonline.com/doi/mlt/10.1080/21870764.2018.1539209
http://crossmark.crossref.org/dialog/?doi=10.1080/21870764.2018.1539209&domain=pdf&date_stamp=2018-11-08
http://crossmark.crossref.org/dialog/?doi=10.1080/21870764.2018.1539209&domain=pdf&date_stamp=2018-11-08

JOURNAL OF ASIAN CERAMIC SOCIETIES
2018, VOL. 6, NO. 4, 374-383
https://doi.org/10.1080/21870764.2018.1539209

THE CERAMIC [~ THE KOREAN
SOCIETY OF JAPAN

Taylor & Francis
Taylor & Francis Group

& CERAMIC SOCIETY

FULL LENGTH ARTICLE

8 OPEN ACCESS ‘ W) Check for updates

Densification of lightweight aluminum borate ceramics by direct sintering of

milled powders

M.F. Hernandez*®, G. Suarez®®<, C. Baudin¢, P. Pena Castro¢, E.F. Aglietti*® and N.M. Rendtorffer

3Centro de Tecnologia de Recursos Minerales y Ceramica (CETMIC): (CIC-CONICET-CCT La Plata), M.B. Gonnet, Argentina; "Dpto. de
Quimica, Facultad de Ciencias Exactas, Universidad Nacional de La Plata, La Plata, Argentina; “Instituto de Ceramica y Vidrio (ICV),

Madrid, Espafa

ABSTRACT

Dense aluminum borate (Al;gB;O33) materials were processed by simple milling-sintering of
aluminum borate powders obtained by reacting calcined alumina and fine boric acid at
temperatures of around 600-800°C. The effect of milling on the grain size and sintering
behavior of the aluminum borate powders was also determined. Sintering began at around
1000°C and was limited by the thermal decomposition (T > 1300 °C) of the borate in to
alumina and boron oxide, which volatilize at this temperature. Sub-angular and medium
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spherical sintered grain microstructures were developed. A hardness of 6 GPa and bulk
density below 2.5 g/cm® were achieved. The results are accomplished encouraging the

structural applications of borate materials.

1. Introduction

The formation of boron-aluminates (BA: Al;3B4O33)
from alumina and boron oxide occurs at intermediate
temperatures (approx 600-800 °C), with respected to
other alumina binary systems. These materials pre-
sent high refractoriness up to 1300°C, accompanied
by chemical inertness in some environments [1]. The
chemical and physical properties of boron aluminates
are shown in Table 1. The catalytic properties of these
phases for some technological reactions is also
remarkable [2-4]. Low density in comparison with
other similar structural ceramics such as alumina,
zircon, zirconia and mullite, is one of the principal
merits.

Al;3B,O33 materials exhibit a typical whisker or
needle morphology (whisker-rod) [5-8]. The utiliza-
tion of aluminum borate needles or whiskers for
reinforcement of aluminum and aluminum-based
alloys is the principal application of these phases
[9]. Reinforcement of magnesium alloys was pro-
posed as well [10]. Forming composites with metallic
elements improves the mechanical behavior of
Al;gB,O33 as well as its chemical compatibility (low
wettability) and microstructural configuration com-
pared with corresponding metallic materials. Vitro-
ceramics with aluminum borates as the crystalline
phase were also studied and presented attractive tech-
nological properties [11].

As mentioned, refractory and other structural appli-
cations were reported, and these were proposed as
insulating and filtering materials as well. Besides

reaction sintering from alumina and boric oxide [6-8]
some other synthetic routes have been proposed and
studied. These include: the flux method [5], crystalliza-
tion from molten salts [12], sol-gel routes and chemical
precursors [13-16]. A combustion synthesis route was
studied [17] for BA materials as well. Beside alumina,
metallic aluminum was also proposed as an aluminum
source [18,19].

Furthermore, much attention has been paid to
production of whiskers as non-monolithic materials
(powders and nano powders) [2-4].

Micro mechanical characterization of the whisker
was carried out by Tao et al. [20], who found that it
presented outstanding properties, encouraging needle
applications.

Orthorhombic boron-aluminate is an important
ceramic material for which two slightly different
compositions have been assumed: Al;BOg
(5AL,05-B,0;) and Al;sB,0s5 (9ALO; - 2B,0;). The
formula Al;3B,O33 (=Aly 1B 0909) was derived from
the results of chemical analysis when crystal structure
data were not yet available. Subsequent structural
investigations indicated an actual Al;BOy composi-
tion [21]. This was concluded after a complete multi-
technique structural characterization.

Several studies have been carried out recently with
respect to the incorporation of boron oxide-containing
compounds in refractory materials, such as alumina,
magnesia and mullite based castables [22-26]. The
boron oxide-containing compounds were proposed as
effective ceramic mineralizers during thermal treatment
of the refractory castables to achieve in situ formation of
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Table 1. Properties of the aluminum borate Al,gB4033 phase [5].
Property

Theoretical density (g/cm3) 2.96
Thermal conductivity (W/m K) 4-6
Young modulus (GPa) 400
Strength (tensile) (MPa) 8000
Hardness (Mohs) 7

Thermal expansion x10 ~6 °C™" =45 (axial) =1.9 (radial)

a new crystalline phase with mechanical behavior
enhancement. This shows the actual potential of boron-
containing materials in the refractory industry.

It is worth pointing out the presumable inherent
difficulty of sintering aluminum borate powders
based on two facts: their whisker-needle morphology
and their thermal decomposition at high tempera-
tures (over 1300 °C). The sintering behavior of alu-
minum borate powders has not been reported, and in
this article we fill this vacancy.

In a recent article [27], we presented a systematic
study of the formation of aluminum borate from boric
acid and calcined alumina (Dsg: 2.5 um). The developed
microstructures and properties by a simple milling-
pressing-sintering processing route were described. A
set of porous ceramic materials was processed and char-
acterized. Both single aluminum borate and alumina -
aluminum borate composite materials were obtained.
The borate phase presented an interlocking needle mor-
phology which could be assumed to affer good mechan-
ical properties. The sintering difficulty of this phase was
established, and based on the needle morphology, the
thermal decomposition and the low-temperature volati-
lization of boron oxide. In a second article, the mechan-
ical behavior was assessed using a diametral compression
test. The observed behavior was explained in terms of the
microstructural features of the porous needle micro-
structure. The results encouraged application of these
materials as well [27,28], especially in porous
applications.

The principal objective of the present article is to
obtain densified aluminum borate ceramics and to eval-
uate some of their technological properties. For this, an
aluminum borate powder (Al;gB,O3;) obtained from a
stoichiometric alumina-boric acid mixture fired at 1200°
C and subsequently attrition milled was employed as
starting powder. The milling procedure and the starting
powders properties are firstly described. The thermal and
sintering behaviors are then analyzed together with some
of the technological properties of the resulting ceramics.

2. Experimental procedure
2.1. Starting powder

The aluminum borate (Al;3B4O33) studied was
obtained from a thermal reaction of calcined alumina
(A2G; Amatis, USA) and commercial boric acid
(Borax Argentina SA, Argentina) with 99.8%
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H;BOs, (56.2% B,05), CAS No.: 10043-35-3. The
boric acid was dry-milled in a disc and ring mill
(Herzog HS-100). The starting powders were milled
in isopropyl alcohol and calcined at 1200°C for
60 min with 10°C/min of heating rate.

The obtained powder was attrition milled in a
100 ml jar with 1/3 of the total volume occupied by
1 mm diameter 3 mol% Y,O;-stabilized zirconia balls
in isopropyl alcohol at 880 rpm.

The particle size evolution with milling time was
analyzed by Laser Diffraction Particle Size
Distribution Analyzer (Malvern Hydro 2000G, UK);
this technique permits particle size distribution ana-
lysis in the 0.01-3500 um range. The starting powder
and milled powder were analyzed by X-ray diffraction
(XRD PW 3710-, Philips, The Netherlands, with Ka:
Cu as incident radiation and Ni filter) in the range 20
between 10 and 70° in order to evaluate the effect of
milling time on crystallinity. The particle shape and
morphology were analyzed as well by scanning elec-
tron microscopy (SEM-JEOL JMS —6000, Japan).

2.2. Thermal behavior of the milled powder

The thermal behavior of the milled powder was studied
by thermogravimetry (TG, Rigaku Evo plus II, Japan),
differential thermal analysis (DTA Rigaku Evo plus II,
Japan) and dilatometry (TMA Rigaku Evo Plus II,
Japan). All the thermal analyses were carried out at a
heating rate of 5°C/min in air up to 1400°C.

The crystalline phases at intermediate tempera-
tures (200, 400, 600 and 1200°C) were analyzed in
powder samples heated and quenched in an electric
furnace in alumina crucibles by X-ray diffraction
(XRD) under the same conditions as mentioned
above. The same characterization was carried out
for the sintered samples.

2.3. Shaping and sintering

The milled powders (180 min) were dried (24 h at
110°C) and sieved (above 63 microns) then die-
pressed uniaxially (100 MPa) in to disc-shaped sam-
ples with 10 mm diameters and =2 mm heights.

The samples were thermally treated in an electric
furnace in air with both heating and cooling rates
of 5°C/min up to different final temperatures
between 1250 and 1500°C and a dwelling time of
120 min. For 1300°C, the soaking time was also
explored as a processing variable, with materials
fired for 300 and 600 min compared to those trea-
ted for 120 min.

2.4. Characterizations of the samples

The materials, characterization were determined by
XRD analysis (under the mentioned conditions for
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Table 2. Pore structure and b parameter relationships [29].

Pore structure (rice 1996) b
Cylindrical pores in cubic stacking 1.4
Spherical pores in cubic stacking 3
Solid spheres in cubic stacking 5
Solid spheres in rhombohedral stacking 9

the starting powder). The Archimedes method was
employed to evaluate the apparent density and open
porosity. The resulting microstructures were analyzed
by scanning electron microscopy (FEI Quanta200 20
Kv and electrodispersed electron detector) for both
fracture surfaces and surfaces polished with diamond
paste (down to 1 pum) as well as chemically etched
(HCI 10%, 3 min) and gold-coated surfaces.

Vickers hardness was determined with a 1 kgf load
and 10-second dwelling time (Buhler IndentaMet,
USA); the average for each material wasl0
indentations.

The minimum solid area models (MSA) were
developed In 1996 by Rice et al. [29]. The experi-
mental values of the determined properties (hardness,
stiffness, strength, etc.) were related to the porosity
and the pure dense value according to the following
exponential relationship (Equation 1):

Hv = Hv,.exp(—b.P) (1)

In this case, Hv is the Vickers hardness; Hv, is the
pure dense value of the hardness and P the pore
fraction; and b is a parameter determined by the
character of the porosity. This expression has been
widely used for porosity studies in the past, first for
studies conducted on an empirical basis, and then for
studies conducted on an analytical basis for different
stacking of spherical particles [29]. The various pore
structures studied are listed in Table 2.

Intermediate values can be understood as pore struc-
tures corresponding to a combination of each model.

3. Results and discussion
3.1. Aluminum borate attrition milling effect

Figure 1 shows the particle size evolution as a func-
tion of time for the Al;sB4Os; starting powder. The
initial powder exhibited a bimodal distribution cen-
tered on =35 and 1-2 um. Some large agglomerates
(D = 100 um) were also detected.

After 60 min, the largest agglomerates disappeared
and the 35 pum fraction evolved to smaller particle
sizes, with the distribution centered around 10 pum.
This change was also accompanied by an important
increase in the 1 pm fraction. The smallest detected
particle sizes are around twenty times the detection
limit (0.01 um). After 120 min, the maximum particle
size is around 2 microns with a small amount
approaching an =7 um size fraction.

a.u

0,1 1 10 100 1000
Particle size (um)

Figure 1. Particle size distribution of the aluminum borate
Al1gB4033 starting powder for different attrition milling times.

After 180 min treatment the particle size distribu-
tion is apparently monomodal and centered at 2 pm.
The distribution can be explained as Dy = 0.3;
Dso = 1.1 and Dgy = 10 microns.

Further milling treatment (240 min) did not affect
the particle size distribution. For this reason, a
180 min milling time was chosen as the optimal
milling time for the powder in this sintering study.

Figure 2 shows the XRD patterns of the milled
(180 min) and unmilled aluminum borate powder. In
both cases the principal peaks of a aluminum borate
(Al;gB4O33) are observed (PDF: 00-032-0003), accompa-
nied by a small reflection corresponding to the Al,B,Oq
phase (PDF: 00-029-0010). No important changes in the
peak shapes or widths were observed, indicating that the
milling process did not affect crystallinity. After milling
treatment a small zirconia reflection was observed. This
evidences slight contamination by the milling media, and
it is assumed that this amount of zirconia contamination
does not affect the sintering process.

Figure 3 shows an SEM image of 180 min attrition
milled aluminum borate powder. In general, the
observed particle size is consistant with the laser
scattering results (Figure 1). The initial borate pow-
der consisted of whiskers with a 1 pum diameter and
an aspect ratio of over 20 [27]. The milled powder
particles exhibited rod shapes with aspect ratios
between 1 and 4. The rod extremes are irregular.
The observed shapes suggest whisker breakage of
the fragile transversal mechanism during milling.
No particles below 0.1 um were detected, which is
consistent with the laser scattering results as well.

3.2. TG-DTA

Figure 4 shows the TG-DTA curves of Al;sB,O3; pow-
der. Four mass losses can be observed (<100 °C; =337 °
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Figure 2. XRD patterns of the un-milled (a) Al;gB4033 and milled (b) powders.
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Figure 3. SEM image of the 180-min milled aluminum borate powder (a). The image at left is digital enlargement of the SEM

image (b).

C; 540 °C and >1250°C). In order to understand the
processes associated with these thermal effects, isother-
mal stages of the TG-DTA results were observed. For
these, the starting powders were fired and air quenched
at different temperatures (200, 400, 600 and 1200 °C),
labeled Q200, Q400, Q600 and Q1200, respectively,
and analyzed by XRD. The XRD patterns are shown
in Figure 5, and the identified phases are labeled.

The mass loss below 100°C is around =1% wt.
(Figure 4) and can be associated with water loss. A
small loss can be observed later at which is attribu-
table to some residual boric acid thermal decomposi-
tion (=0.5 wt. %), presumably occurring after the
hydration of some active boric oxide from atmo-
spheric humidity or during the ethanol milling treat-
ment. An important mass loss of 2% wt. with the
maxima at 540 °C can be detected at T > 470 °C,
attributable to the eutectic B,0;-AlB,0y melting at

1135°C

(%) oL

T T T T T T T
200 400 600 800 1000 1200 1400
Temperature (°C)

Figure 4. TG-DTA curves of the Al,gB4033 milled powder in
an air atmosphere.

449 °C to form a B,Os-rich liquid phase, in agree-
ment with Guzalla et al. [30].
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Figure 5. XRD patterns of the isothermally treated (200, 400,
600, 1200 °C; Q200, Q 400, Q600 and Q1200, respectively)
and quenched powders.

An incongruent melting of a small amount of
Al B,0y into Al;B,O3;3 and a B,0j3-rich liquid occurs
at 1035°C with a gradual mass loss which starts at
T > 1000°C, probably due to the B,Os-rich liquid
decomposition.

The two intermediate processes (eutectic H3BO3 -
AlB,0y fusion and incongruent Al;B,Oy melting)
are accompanied by exothermic peaks in the DTA
curve [31]. The amount of boron oxide loss at 520°C
corresponds to an initial Al;B,Og content of approxi-
mately 10% in the milled starting powder.

Continuing mass loss was observed at T > 1200°C,
suggesting a decomposition reaction. Significant
amounts of a-Al203 were found in the resulting
product indicating the weight loss to be caused by
loss of the B,O3 gas phase by a vaporization process
of the B,Oj;-rich liquid phase. Thermal analysis indi-
cates incongruent melting of the Al-rich aluminum
borate phase.

3.3. Evolution of densification, shrinkage and
porosity with thermal treatment

Figure 6 shows the shrinkage curve and its derivatives
(TMA and dTMA). These clearly show that the pow-
der starts sintering at =900°C. It is clearly gradual up
to 1200°C and 5% relative shrinkage. Subsequently, a
constant shrinkage rate (=-3.5 10 ~3/°C) can be
observed at between 1200 and 1290°C. The shrinkage
rate decreases gradually from ~—3.5 to —2.7 (10 —*/°C)
at 1350°C. At this temperature, borate decomposition
becomes significant (see Figure 4), and the shrinkage
rate remains constant up to 1400°C. The shrinkage
stops abruptly at this temperature. This range lacks
interest because the decomposition is significant. The
borate sintering range must fall below these
temperatures.

or = {00
o -5 _J
o=
= [ 4-0.1
_|°-10 r <
I3 | >
<
L o lo2ls
g |
F 20}
- 1-03
25+
-30

0 200 400 600 800 1000 1200 1400
Temperature (°C)

Figure 6. TMA and dTMA curves of the milled powder.

Finally, a small peak can be observed in the
dTMA curve, centered at 540°C. This corresponds
to the exothermic DTA peak (Figure 4) associated
with the residual AlB,0y decomposition into
Al;sB4O33 and B,0; [31].

3.4. Shrinkage and textural evolution. aluminum
borate stability as a function of sintering
temperature

The sintering behavior was also assessed by batch
test. Three disc-shaped samples were fired and ana-
lyzed under each set of sintering conditions.
Archimedes test results are shown in Table 3.

Figure 7 shows the open porosity (P) and apparent
density (D) as functions of the sintering temperature.
The achieved sintering grade (P = 10%) is significant
especially when compared to the densification
attained by the reaction sintering route
[27] (P = 45%).

Figure 8 shows the effect of soaking time at 1300°
C. An advance of sintering with soaking time is
expected for isothermal temperatures. Nevertheless,
10-h  treatment presented higher porosities.
Apparently, the two processes of sintering and dis-
sociation with boron oxide evaporation occur simul-
taneously at this temperature. For shorter times,
sintering is more significant, causing overall the
final effect of densification. But at longer than 5 h,
the evaporation gains significance, as observed from
the increments of the porosity. In spite of this, the
final porosity after 10 h is still lower than that
obtained by the reaction sintering route [27], which
is also plotted in Figure 8.

The developed crystalline phases of the sintered
samples were also studied and are shown in Figures
9 and 10. The only crystalline phase detected is the
aluminum borate (Al;3B,O33) phase for the samples
fired at 1250 and 1300°C soaked for 2 h.

When fired at 1350°C or higher temperatures,
Al1gB4O3; is accompanied by corundum (Al,O3)
evidencing a partial or full (1500°C) incongruent
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Table 3. Textural properties: apparent density, porosity and qualitative crystalline phase content of the sintered samples. +++

+major, ++abundant, +minor.

Density
Sample name and sintering temp (°C) Soaking time (h) (g/cm’) Open porosity (%) Al1gB4033 Al,O3
1250 2 2.24 + 0.06 20.53 £ 0.76 ++++ -
1300 2 233 + 0.08 17.54 £ 3.74 ++++ -
1300 5 2.52 + 0.02 1091 = 1.09 ++++ -
1300 10 248 = 0.02 16.52 + 0.47 ++++ +
1350 2 242 + 0.01 13.99 + 2.30 ++ ++
1400 2 249 + 0.05 13.10 = 0.42 - ++++
1500 2 2.59 + 0.02 14.09 = 1.20 - ++++
3»0 T T T T T T 50
% —m=— Density :Ak:':;% 4
—o— Porosity r AI,:Bzzvg '
2,8 —o— RS (Previous work)| ] 40
E 26 i 130 O g . !
g R g 3 i |
o + o © 1500 °C | 8
2 54 ﬁ/ 420 2 o ’[ | |
= 2 5\%<{>\%,’46 il £ laovc A L I
S 10
8 22 %/ T 10 = g s
’ = 1300 °C
20 I L I L I I l&@iQ_Ju__,M\_A_MJ\‘A\_,‘,N
' 1250 1300 1350 1400 1450 1500 i e Gl &

Sintering temperature (°C)

Figure 7. Apparent density and porosity of the sintered
materials as functions of sintering temperature with 2 h
soaking. RS stands for ‘reaction sintered material’, and its
results are taken from a previous work [27].

50 T T T T T
% RS (Previuos work)
40| 1
<)
S 30| ]
=
8 20} e ]
o]
a 1 gt
10} g it ]
0 1 1 1 1 1
0 2 4 6 8 10

Soaking Time (hours)

Figure 8. Apparent porosity of the sintered materials at
1300°C as a function of the sintering temperature (bold
circles) for different soaking times. RS stands for ‘reaction
sintered material’, and its results are taken from a previous
work [27].

decomposition of Al;gB4O33 (0.5 Al;3B,Os;
(s) = 4.5 AlL,O;(s) +B,O; (g). Thus, the boron
oxide is vaporized at these temperatures.

These experiments confirm the decomposition
temperature reported by Scholze et al. [32] and pre-
viously observed in the TG (Figure 5) and is expected
when the Al,03-B,0; phase diagram is taken into
account [33].

20 30

20 ()

10 15 25 35 40 45 50

Figure 9. XRD patterns of the sintered samples effect of the
sintering temperature with 2 h of soaking.

1300 °C

Intensity (a.u.)

T v T ' T ¥ T L) T ¥ T

25 30 35 40 45 50
20 ()

Figure 10. XRD patterns of the sintered samples; effect of the
soaking time for borate sintered at 1300°C.

Porosity and density were proportional to the sin-
tering temperature (porosity decreased and density
gradually increased with the sintering temperature
in the 1200-1350°C range; the sintering study loses
at above this temperature interest because the borate
thermal decomposition is significant (Figure 9).

The obtained results showed that samples sintered
at 1350°C presented partial decomposition and that
after processing at higher temperatures the decom-
position is almost complete.

The soaking time was then studied for the sample
sintered at 1300°C (Figure 10). Very low dissociation
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was observed for the 5-h procedure; and dissociation
remained became more evident but still low for the
10-h procedure.

The apparent porosity achieved was around 10%,
taking into account the fact that the initial compac-
tion grade was 55-60%; in general, the powders were
sintered without significant dissociation. The appar-
ent density values were below the theoretical borate
specific gravity (2.96 g/cm®), as expected. This is the
first sintering study report on aluminum borate. The
shaping processes could be optimized: for example, a
higher uniaxial pressure or isostatical press could be
employed. Colloidal processing such as slip casting
can also be used to improve shaping compaction and
enhance the final sinterization processes.

In summary, based on these results the sintering
procedure could be optimized, and materials showing
higher apparent density were achieved at 1300°C with
the 5-h dwelling for both densification and the borate
thermal stability.

3.4.1. Resulting microstructures: SEM as a function
of sintering temperature

The resulting microstructures encourage the develop-
ment of future structural applications for these
Al;§B4O53; materials. Figure 11 shows SEM images
of the aluminum borate materials fired at 1300°C
with different soaking times: 2, 5 and 10 h. Three
magnifications were employed: x500, x5000 and
x10000.

In the x500 images homogeneous densification can
be observed, and macro-pores (=5-15 pm) can be
identified in the three observed materials. This
might result from the inefficient green compaction
achieved by the uniaxial press (100 MPa); it could be
decreased if a better forming technique were
implemented.

The present microstructures consist of dense dis-
tributed aluminum borate grains. The sintering pro-
cesses are advanced. Only some of the grains present
the typical rod or whisker morphology [17]. The
other grains are angular or sub-angular and present
a medium sphericity. The appearance of rod-like
grains is lower for the 10-h treatment, showing that
during the soaking the rod grains are sintered and
transformed in to more rounded grains. Incipient
borate decomposition was observed for this material
by XRD, revealing that the resultant alumina phase
presents a finer grain size (Figure 10). The grains size
distribution is larger than the starting grain size
(Figure 1), suggesting that with these thermal treat-
ments, the compacted milled powders undergo sin-
terization accompanied by growth of smaller grains.

The grain size would also affect the mechanical
behavior [34]; the observed grain size range is
assumed to be similar for the obtained sintered mate-
rials (Figure 11), and this fact was taken into account
in the mechanical behavior analysis (section 3.4.2).

Finally, the microstructures developed, considered
together with the phase evolution during the thermal

BAM-1300-2h

BAm — 1300 — 5h

S 2 i

Figure 11. SEM images of Al;gB4O33 sintered at 1300°C with different soaking times (2, 5 and 10 h) for the respective columns.
Three magnifications (x500, x5000 and x10000) for the respective rows are shown. Polished, etched and gold-coated samples

are shown for the x5000 and x10000 images.



treatment of the starting powders, might enlighten
the utilization of boron sources as a setting phase
for intermediate (800-1200°C) temperature alu-
mina-based and/or spinel-based castables [26]. In
such work the boron-alumina phases (different alu-
minum borates) are proposed as the setting phase for
the castables mentioned, which are similar those stu-
died in the present work.

3.4.2. Mechanical properties of the sintered
aluminum borate materials, vickers hardness (Hv)
The present work is, to our knowledge, the first bulk
hardness report sintered aluminum borate
(Al;3B4O33). The hardness values of Al;3B4O5; wires
were measured to be 12.8 GPa [20]. It was found that
Al1gB,O33 nanowires have higher hardness than
Al B,04 nanowires. It is generally accepted that whis-
kers exhibit higher stiffness and strength than bulk
materials. Their strength is close to the maximum
theoretical value derived from the theory of elasticity
[5]; this hardness was assumed to be the Hv,. This is
because whiskers are nearly free from internal flaws
owing to their small diameters. In this case, the bulk
hardness is approximately half that of the reported
nanowire hardness; nevertheless, structural applica-
tions are encouraged. The porosity effect should
also be taken into account; the presence porosity in
the developed materials will certainly reduce this
property.

Table 4 shows the evaluated Vickers hardness (Hv)
of the borate materials for different sintering proce-
dures; highly decomposed materials were not evalu-
ated. The achieved hardness values were between 4
and 7 GPa. The uncertainty is below 10% in all cases.
The higher evaluated hardnesses correspond to more
densified materials. This, together with the developed
microstructures, encourages structural application of
these materials. The best hardness was achieved for
materials fired at 1300 with 5- and 10-h soaking. The
former was optimal in terms of densification and
thermal decomposition of borate.

MSA model analysis was carried out in order to
understand the hardness/porosity/sintering relation-
ships (Figure 12). Different experimental hardness
results are plotted together with the exponential rela-
tionships. The obtained values are within the 4-7

Table 4. Vickers hardness of the sintered aluminum borate
materials and individual wire nano hardness.

Sintering conditions

Temperature (°C) Soaking time (h) Vickers hardness (GPa)

1250 2 421 + 0.41
1300 2 453 +0.19
1350 2 6.95 = 0.26
1300 2 453 +0.19
1300 5 6.12 =+ 0.25
1300 10 6.56 + 0.14
Borate nano hardness [20] 12.8 + 0.4
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Figure 12. Vickers hardness as a function of open porosity;
different corresponding heating procedure are labeled. MSA
models are plotted as well (for b parameters b: 4, 5, 6 and 7);
the Hv, value is the nano hardness: 12.8 GPa [20].

range for the b parameter (Table 2). The upper 5
values correspond to polyhedral open pores in solid-
sphere stacking structures; the lower 3 correspond to
spherical pores. The former are typical under-sin-
tered structures, like the one observed by SEM
(Figure 11).

The 1250-2h, 1300-2h and 1300-5h series, particu-
larly correspond to the transition of the b parameter
from 5 to 7, which might be understood as a more
effective solid-sphere stacking form. On the other
hand, 1300-10h and 1350-2h present b values of 4
and 4.5, respectively. The corresponding pore struc-
ture would be a combination of solid-sphere stacking
and spherical pores. This could be associated with the
partial decomposition of the borate with boron oxide
volatilization that could result in spherical pores
around the residual alumina (detected by XRD).

Denser microstructures might present higher
hardness, which is wire hardness (12.8 GPa) in all
the cases below; a more refined processing route
should be carried out for this purpose.

4. Conclusions

Fairly dense aluminum borate (Al;3B,O3;) materials
were obtained by a simple milling-sintering route
from aluminum borate powders obtained by thermal
reaction of calcined alumina and fine boric acid. The
attrition milling was demonstrated to be adequate for
milling the initially whisker shape borate powder. An
almost complete loss of the whisker-shaped was
achieved after 180 min grinding.

The starting milled powder presented some
AlB,0Oy content (=10%), which decomposed in to
Al;gB,O33 and B,0; at low temperature (=540 °C).

The sintering characteristics of the powder were
determined. This starts at around 1000°C and is



382 (&) M.F. HERNANDEZ ET AL.

limited by the thermal decomposition (T > 1300°C)
of the borate to alumina and boron oxide, which
volatilize at this temperature. Sub-angular and med-
ium spherical sintered grain microstructures were
developed in which some macro-porosity was
observed but relatively dense materials were achieved
(10% porosity).

The Vickers hardness of ~6 GPa represents the
first hardness report on bulk density aluminum
borate material. The values are related to the sinter-
ing grade achieved.

The bulk density is below 2.5 g/cm’, which is low in
comparison with other structural materials such as
alumina.

The hardness-porosity-sintering relationship was
explained in terms of the minimum solid area
model; the samples sintered at 1250°C-2h; 1300°C-
2h; 1300°C-5h present a solid-sphere stacking form,
and, on the other hand, the 1300°C-10h and 1350°C-
2h present a combination of solid-sphere stacking
and spherical pores.

All the analyses of this system encourage the struc-
tural application of borate materials sintered at up to
1300°C. The results also reveal important information
on the thermal behavior of the Al,0;-B,0; system
that is being proposed as a setting (bonding) phase at
intermediate temperatures (800-1200°C) of high alu-
mina and/or spinel refractory castables.
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