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Abstract Geopolymers with different content of a-Al,O3 particle filler were pre-
pared. The thermo-mechanical and microstructural characterization of the obtained
geopolymers were systematically studied by flexural strength and thermal shrinkage
measurements, TG-DTA (thermogravimetry and differential thermal analysis), XRD
(X-ray diffractometry), and SEM (scanning electron microscopy). The results show
that the addition of a-Al,Os3 particle filler not only increases the onset crystalline
temperature but also reduces the crystalline velocity of the geopolymers. The thermal
shrinkage of the geopolymers increases with increasing heat treatment temperatures
due to the water loss and densification. The flexural strength of the geopolymers
increases with the increase of heat treatment temperatures from RT to 1200 °C, and
shows a sharp increase in the range from 600 °C to 800 °C due to crystallization and
solidification. The increase in content of «-Al, O3 particle filler can clearly reduce the
thermal shrinkage and maintain a higher porosity at high temperatures. However, it
has no distinct influence on the flexural strength after heat treatment. This is mainly
attributed to the higher thermal resistance and strength of «-Al,O3.

Keywords «-Al,Os3 particle - Geopolymers - Microstructural characterization -
Thermo-mechanical behavior

1 Introduction

Due to their intrinsic fire resistance, low curing/hardening temperatures, environmen-
tally friendly nature, and excellent thermal stability at high temperatures, geopolymers
have excellent potential in a variety of applications where high service temperatures
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are anticipated such as engine exhaust systems, offshore drilling platforms, or where
fire safety is a critical design parameter such as the interior of an aircraft [1].

Geopolymers can survive a serious fire, and after a proper reconstruction, they can
continue their service life for many years due to their inorganic network structure
[2]. Therefore, it is useful to study the properties of geopolymers not only in usual
conditions but also after thermal load. Thermal loads lead to physical evolution, phase
transitions, or microstructural development, which are the critical factors in determin-
ing their suitability and performance for applications ranging from construction to
refractories and adhesives [3]. At present, the effects of different Si/Al ratios, alkali
cations, or raw materials on the thermal-mechanical evolution of geopolymers have
been studied [3-9]. In addition, the thermophysical properties of geopolymers can
be optimized by adding different categories and contents of ceramic filler [10, 11]. To
date, however, studies for geopolymers on the effect of a ceramic filler on thermal evo-
lution, mechanical properties, and microstructural characteristics are relatively rare.
Therefore, any measurements of this type would be quite useful for designers and
practitioners.

In this paper, geopolymers with different content of w-Al,O3 particle filler were
prepared, and the effects of the «-Al, O3 particle filler on the thermo-mechanical and
microstructural characterization of obtained geopolymers were systematically studied.

2 Experiments

The geopolymer resin used here has a composition with Si0,/Al,03=R(1.14, 1.6,
2.67, 4, respectively), K»O/SiO, = 0.3, and H,O/K>,O = 11 (mole ratio). The
composition of the mixture for sample preparation is presented in Table 1. A typical
processing route for the geopolymer resin is as follows: a potassium silicate solution
was made by dissolving silica sol (40 mass%) into a KOH solution with a magnetic
stirrer. Kaolin powder (4.08 wm in average diameter) was calcined at 800 °C for 2h to
obtain metakaolin powder. The metakaolin powder was added to the potassium silicate
solution and mixed for 30 min with a high-shear mixer to form a geopolymer resin.
Whereafter, «-Al, O3 particles (0.75 pm in average diameter) were added to the geo-
polymer resin and homogeneously mixed. The mixture was then poured into plastic
containers (7 cm in diameter and 0.8 cm in height). Samples were placed in a sealed
plastic bag and then cured at 50 °C for 48 h. After demolding, the samples were dried
at 50 °C for 24 h. The heating of the samples to the predetermined temperature was
carried out at arate of 5 °C-min~!; then the specimens were left at that temperature for

Table 1 Composition of the geopolymers with and without «-Al, O3 particle filler

Materials KOH (g) Water (ml) Silica sol (g) Metakaolin powder (g) a-AlyOsparticle (g)

A0 25 8 60 44.4 0

Al 25 8 60 44.4 10.2
A3 25 8 60 44.4 30.6
AS 25 8 60 44.4 50.1
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a period of 2h, and finally were slowly cooled. The chosen pre-heating temperatures
were 400 °C, 600 °C, 800 °C, 1000 °C, 1200 °C, and 1400 °C.

In this study, the bulk density and open porosity were determined from the following
equations:

v MM 1)
o1
Yo = w1 )
° Vo
_ma
p=" 3)

where mgq is the mass of the dry sample, m,, is the mass of the water saturated sample,
and m, is the mass of the immersed water saturated sample. V, p, and ¥, are the
volume, density, and open porosity of the sample, respectively. p; is the density of
water.

The thermal analysis was performed by means of TG-DTA with a heating rate of
10°C - min~!. The constitution phases of the obtained geopolymers were determined
by XRD. The thermal shrinkage of the geopolymers subjected to different tempera-
tures was obtained from the volume of the geopolymers before and after sintering.
Flexural strength measurements were conducted on specimens (4 x 3 x 36 mm?)
using a three-point-bending fixture with a span length of 30 mm at a crosshead speed
of 0.5mm - min~!. Six specimens were tested under each test condition. Imaging of
the geopolymers was undertaken by SEM.

3 Results and Discussion

TG-DTA curves of A3 and AQ geopolymers show a similar trend despite a little dif-
ference in the peak situation, as shown in Fig. 1. This indicates that the addition of
a-Al, O3 particle filler has little influence on the thermal evolution of the geopolymers
at high temperature. The exothermic peaks in Fig. 1 clearly correspond to crystalli-
zation of the geopolymers. The exothermic peak moves to the right with «-Al,O3
particle addition, probably due to the fact that the distribution of @-Al>,O3 particles in
geopolymers decreases the viscosity of the geopolymers at high temperature. A large
endotherm appears from ambient temperature until approximately 300 °C in AO and
A3 specimens. The endotherm can be attributed to evaporation of free water and is
also observed for Na-geopolymer [2]. The loss of mass from the geopolymer can be
assumed to be entirely from water loss, by either evaporation of free water or con-
densation of hydroxyl groups [3]. The addition of «-Al,O3 particle filler indirectly
reduces the content of water in geopolymers. Therefore, the mass loss of A3 geopoly-
mers is slightly less than that of A0 geopolymers as shown from changes of TG in
Fig. 1.

The typical XRD traces of AO and A3 geopolymers treated at different temperatures
are shown in Fig.2. The A0 geopolymers (Fig.2a) show a characteristic amorphous
hump at ~ 28° in 26 between RT and 600 °C, and a sharp major reflection of quartz is
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Fig.1 TG-DTA curves of (a) A0 and (b) A3 geopolymers

present until 1000 °C. The sharp diffraction lines corresponding to leucite (KA1Si>Og¢)
are found as the broad amorphous background feature disappears at 800 °C, and under-
goes no further change until heating to 1400 °C. This indicates that A0 geopolymers
crystallize fully to leucite at 800 °C. However, for A3 geopolymers (Fig. 2b), the sharp
diffraction lines of leucite are found at 1000 °C despite the leucite phase is also found
at 800 °C. The crystalline velocity of A3 geopolymers is obviously less than that of
A0 geopolymers. Therefore, the addition of o-Al, O3 particle filler into geopolymers
not only increases the onset crystalline temperature but also reduces the crystalline
velocity. The distribution of o-Al,O3 particles in a geopolymer matrix probably gen-
erates the “inserted effect” in the amorphous structure of geopolymers and reduces the
viscosity of geopolymers at high temperatures, which maybe results in retardance of
the onset crystalline temperature and crystalline velocity. The onset crystalline tem-
peratures, indicated by TD-DTA curves, are obviously higher than that indicated by
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Fig.2 XRD of (a) A0 and (b) A3 geopolymers treated at different temperatures

XRD patterns due to the fact that the holding time at high temperature, 2 h, is so long
before XRD tests that the geopolymers crystallize at relatively low temperatures.

Figure 3 shows variations of the thermal shrinkage of the geopolymers treated at
different temperatures. The thermal shrinkage of AO geopolymers quickly increase
at heat treatment temperatures ranging from 400 °C to 800 °C. Especially for 800 °C,
the thermal shrinkage value reaches 42.4 %. Beyond 800 °C, the thermal shrinkage
gradually increases to 46.5 % for 1400 °C. With the addition of «-Al>O3, the thermal
shrinkage of the geopolymers, especially for A3 and A5, has a sharp decrease despite
they have a similar trend as that of AO geopolymers. The thermal shrinkage of A3
geopolymers reaches 28.4 % and 34.6 % at 800 °C and 1400 °C, respectively, which
is obviously less than that of AO geopolymers.
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Fig. 3 Variation of thermal shrinkage of the geopolymers treated at different temperatures

The thermal shrinkage of the geopolymers below 600 °C is attributed to a region of
capillary strain resulting from large fractional mass loss [12]. A geopolymer matrix
after curing retains about 15 mass% water, including free water and hydration water
[5]. The free water is lost at low temperatures; however, the hydration water is either
bound tightly or less able to diffuse to the surface, and continues to evolve gradually
until about 500 °C and beyond [5]. The loss of water reduces the density and increases
the porosity of the geopolymers, to some extent, as shown in Fig. 4. Beyond 800 °C, the
thermal shrinkage of the geopolymers is mainly attributed to structure densification.
The microstructure of a geopolymer matrix has nanoparticulate features and pores
which are of the order of Snm to 10nm [13]. The addition of «-Al,O3 particles into
composites indirectly reduces the content of water and nanopores due to the fact that
a-Al>O3 has no water and nanopores. Otherwise, the thermal resistance of a-Al,O3
is far higher than that of the geopolymer matrix. Therefore, the increase in content of
a-AlL O3 particles (samples A3 and AS5) clearly reduces the shrinkage and keeps the
volume stable at high temperature, especially for 800 °C to 1400 °C. Corresponding
to the change of thermal shrinkage, the A3 and A5 geopolymers also have relatively
lower density and higher porosity than that of AO geopolymers for 800 °C to 1400 °C,
as shown in Fig.4.

Variation of the flexural strength of geopolymers with respect to the heat treatment
temperature and content of «-Al,O3 particle is shown in Fig. 5. The flexural strength
of the geopolymers gradually increases with increasing heat treatment temperatures
from RT to 600 °C (Fig. 5a), although the porosity of the geopolymers increases due
to water loss. After heat treatment from 600 °C to 1200 °C, the flexural strength has
a sharp increase, especially at 800 °C, which corresponds to the sharp decrease of
porosity and increase of density as shown in Fig.4. The changes in flexural strength
are consistent with that of thermal shrinkage. However, the flexural strength of the
geopolymers has an unexpected decrease at 1400 °C. This might be attributed to the
grain growth. The content of o-Al,O3 particles has little influence on the flexural
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Fig. 4 Density (a) and open porosity (b) of the geopolymers after heat treatment at different temperatures

strength of the geopolymers as shown in Fig. 5b. With an increase of the content of
a-Al,Os, there is a little increase in the heat treatment range of RT to 600 °C; however,
the change of the flexural strength of the geopolymers is complex and small after heat
treatment from 800 °C to 1400 °C.

Figure 6 shows the microstructure of A3 geopolymers after heat treatment at dif-
ferent temperatures. Specimens at RT exhibit a loose microstructure; however, the
change in the microstructure appears dramatic before and after heat treatment. Speci-
mens show largely homogenous binder containing some isolated pores a few microns
in size after heat treatment. The loss of free water and hydration water undoubtedly
results in an increase of the open porosity of the specimen as shown in Fig. 6b, although
the specimens have little shrinkage from RT to 400 °C as shown in Fig.3. With the

@ Springer



Int J Thermophys (2009) 30:1568-1577

1575

80

70

Flexural strength, MPa
N (@] [e)]
o o o

w
o

Flexural strength, MPa
w B [6)] (o] ~ (o] ©
o o o o o o o

N
o

10

(a)

L | L | L | L
200 400 600 800 1000 1200 1400
Treatment temperature, °C

- (b)

—=—RT —0—400°C
—4—600°C  —v—800°C

T —&— 1000 °C —<— 1200 °C
<4
e -~ —>—1400 °C
%Aﬁ £
N

’

—
i/

0 10 20 30 40 50
Content of a-Al,O,

Fig. 5 Variation of flexural strength of the geopolymers with respect to (a) heat treatment temperature and
(b) content of «-Alp O3 particles

increase of the heat treatment temperature, there is a decrease in the observed porosity
on the surface of the specimen. This is consistent with the change of thermal shrinkage.

The fracture surface of geopolymers with different «-Al, O3 particle additions after
heat treatment at 1000 °C is shown in Fig. 7. With the increase of content of «-Al; O3,
the fracture surfaces of the geopolymers become rough with an increase in pores. This
indicates that the increase in content of o-Al, O3 particles has a negative influence on
the densification of the geopolymers at high temperature. However, the influence is
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Fig. 6 SEM micrographs of A3 geopolymers after heat treatment at (a) RT, (b) 400 °C, (c) 800 °C, and
(d) 1200°C

very helpful for reducing the thermal shrinkage and keeping the size of the specimen
stable at high temperature.

4 Conclusions

Geopolymers fully crystallize to leucite (KAISi;Og) with and without o-Al,O3 par-
ticle filler, and undergo no further change until 1400 °C. However, the addition of
a-Al,O3 particle filler into geopolymers increases the onset crystalline temperature
and reduces the crystalline velocity. The thermal shrinkage of geopolymers increases
with an increase in the heat treatment temperature due to water loss and densification.
The increase in content of «-Al,O3particles can clearly reduce the thermal shrinkage,
and maintain a relatively lower density and higher porosity than that of geopolymers
with no o-Al,Oszparticle filler at high temperature due to the higher thermal resistant
and strength of a-Al,Os3. This is very helpful for keeping the size of the specimen
stable at high temperature. The flexural strength shows an increase after heat treat-
ment from RT to 1200 °C, especially for 600 °C to 800 °C due to crystallization and
densification of geopolymers, and an unexpected decrease at 1400 °C. The increase
in content of «-Al,O3 particles has no distinct influence on the flexural strength after
heat treatment despite an increase in the porosity of geopolymers.
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Fig. 7 Fracture surface of the geopolymers after heat treatment at 1000 °C: (a) A0, (b) Al, (¢) A3, and
(d) AS

Acknowledgments This work was supported by Program of Excellent Team in Harbin Institute of Tech-
nology and the Science Fund for distinguished young scholars of Heilongjiang Province.

References

1.

(3]

—_

J. Giancaspro, PN. Balaguru, R.E. Lyon, in Proceedings of the Thirteenth (2003) International
Offshore and Polar Engineering Conference Honolulu, ed. by The International Society of Offshore
and Polar Engineers, pp. 263-270.

. P. Duxson, J.L. Provis, G.C. Lukey, S.W. Mallicoat, W.M. Kriven, J.S.J. Deventer, Colloids Surf.

A 269, 47 (2005)

. P. Duxson, G.C. Lukey, J.S.J. Deventer, J. Non-Cryst. Solids 352, 5541 (2006)
. P. Duxson, G.C. Lukey, J.S.J. Deventer, J. Non-Cryst. Solids 353, 2186 (2007)

A. Riessen, J. Mater. Sci. 42, 3117 (2007)

. V.EE Barbosa, K.J.D. MacKenzie, Mater. Lett. 57, 1477 (2003)

. P. Duxson, G.C. Lukey, J.S.J. Deventer, J. Mater. Sci. 42, 3044 (2007)

. D.L. Kong, J.G. Sanjayan, K. Sagoe-Crentsil, J. Mater. Sci. 43, 824 (2008)

. D.L. Kong, J.G. Sanjayan, K. Sagoe-Crentsil, Cement Concrete Res. 37, 1583 (2007)
. V.EE Barbosa, K.J.D. MacKenzie, Mater. Res. Bull. 38, 319 (2003)

11.
12.
13.

L. Zuda, Z. Pavlik, P. Rovnanikova, P. Bayer, R. Cerny, Int. J. Thermophys. 27, 1250 (2006)

H. Rahier, H. VanMele, J. Wastiels, J. Mater. Sci. 31, 80 (1996)

W.M. Kriven, M. Gordon, J.L. Bell, Geopolymers: nanoparticulate, nanoporous ceramics made under
ambient conditions (2007), http://kriven.mse.uiuc.edu/recent/recent.htm

@ Springer


http://kriven.mse.uiuc.edu/recent/recent.htm

	Thermo-mechanical and Microstructural Characterization of Geopolymers with -Al2O3Particle Filler
	Abstract
	1 Introduction
	2 Experiments
	3 Results and Discussion
	4 Conclusions
	Acknowledgments


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


