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A B S T R A C T

Geopolymers represent a distinct class of materials characterised by their X-ray amorphous nature and nano-
porous, nanoparticulate structure. Geopolymers can be conveniently mixed, poured, and cured under ambient
conditions. This makes this class of materials an interesting alternative to ordinary Portland cement for structural
processes. Additionally, the addition of alumina can improve mechanical properties, while the addition of glass
can form an impermeable glaze which could be useful for molten salt containment. Therefore, in this investi-
gation, potassium metakaolin-based geopolymer composites with varying proportions of glass particles and
alumina platelets were fabricated, cured, heat-treated, and analyzed to study the effects of composition on
material properties. Various attributes including rheological properties, densities, mass loss, shrinkage, and
porosities were compared. It was observed that certain compositions exhibited high viscosities, making high
shear mixing challenging, while also displaying significant permeability that would hinder their ability to
contain liquids without leakage. Additionally, certain samples showed reduced densities, suggesting potentially
weaker mechanical properties; however, the investigation did not include a direct assessment of mechanical
properties. The most promising candidates for containing liquids at high temperature contained 50 wt% KGP, 25
or 35 wt% glass powder, and 25 or 15 wt% alumina platelets, respectively. ASH-G slurries required a minimum of
65 vol% KGP to produce a homogenous material compatible with additive manufacturing. The minimum amount
of glass phase to form surface glazes was 16 vol%. Only samples containing more glass phase than alumina phase
produced glazed composites.

1. Introduction

Geopolymers (GP) are a covalently bonded, inorganic polymer con-
sisting of mostly silicon, aluminium, and oxygen that form solid, X-ray
amorphous, ceramic-like materials under ambient conditions [1,2].
Geopolymers are fire and acid resistant, thermochemically stable, able
to immobilise toxic and radioactive materials, have higher compressive
strengths compared to Ordinary Portland Cement (OPC), and can
incorporate a variety of reinforcing or functional phases [3–10]. Syn-
thesis of GPs traditionally requires an aluminosilicate precursor and
alkali activator source, although formation of geopolymers under acidic

conditions is possible [11]. Viable aluminosilicate precursors include a
variety of industrial waste ash, volcanic rock and clay minerals, how-
ever, clay minerals, such as metakaolin, are generally more uniform and
reproducible compared to volcanic rock or industrial ash [12–15].
Geopolymers can be cast at room temperature, into complex molds, and
cured after as early as 24 h at 50 ◦C [16–18]. Geopolymers can also be
further improved through the addition of particles or fibres [19–21]. By
tailoring these additives, useful properties such as increased strength or
toughness can be realised, improving their performance. For example,
geopolymer composites containing alumina platelets have been shown
to have excellent high temperature strength, yet can be made at room
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temperature [21]. Interestingly, using 12.7 mm chopped basalt fibres in
a geopolymer composite not only increased flexural strength after
heating to 1100 ◦C but also exhibited self-healing properties [22]. The
addition of traditional bone ash also revealed to fill microcracks with
glassy phase and future composites had intentional glass phase added
[23].
By the basalt fibres and/or bone ash melting and partially filling

cracks in the geopolymer microstructure the composite is self-healing.
This observed phenomenon inspired the use of glass particulates with
lower melting temperature and higher homogeneity. Studies have also
been investigating additive manufacturing capabilities of geopolymer
composites [24–27]. Other researchers have measured viscosity, yield
stress, and thixotropic index to determine if a material is suitable for
additive manufacturing. For this reason, the viscosities, and thixotropic
indexes of systematically varied geopolymer slurries were measured in
this study.
Due to similar fabrication capabilities and chemical compatibility,

extensive comparisons have been made between geopolymers and OPC
for applications in civil and structural engineering [28–31]. Besides civil
and structural engineering, other applications of geopolymer composites
include purification of heavy metals from water, CO2 sequestration,
refractory items, biomedical technologies, synthesis of functional ce-
ramics, thermal energy storage, and molten salt containment, among
others [20,32–38]. Given the need for increasing the capacity of thermal
energy in the future, the containment of molten salt for thermal storage
applications requires further development [39]. A suitable composite for
molten salt containment must have high temperature mechanical
strength, be thermochemically stable, and impermeable to fluids.
Therefore, container materials for molten salts can be metal alloys, ce-
ramics, or refractory composites. Common metal alloys such as stainless
steel 304 and 316 have shown substantial levels of corrosion and require
high purity inert atmospheres to contain molten salts [40–42]. Suitable
alloys are not completely corrosion-proof, use rare metals, and are cost
prohibitive [43,44]. Ceramics are more chemically inert than alloys but
require a longer time and higher energy during formation by comparison
[45]. Refractory bricks are affordable, chemically and thermally stable
but require joins and mortars resulting in more material and higher cost
while risking leakage. An alternative to these proposed solutions is
geopolymer composites as they are relatively low cost, easier to manu-
facture, and require less energy and time to form [46–49].
Previous work has demonstrated the ability to manufacture an

amorphous, self-healing geopolymer (ASH-G) which successfully con-
tained molten sodium and potassium chloride at 800 ◦C for 240 h [36,
50]. This investigation aims to optimise a three-component, potassium
metakaolin-based geopolymer (KGP) containing alumina platelets and
low melting glass frit powder to improve upon said design to contain
molten salts at 800 ◦C. Material properties such as viscosity, shear
thinning index, open and closed porosity, density, thermal mass and
length change, and formation of surface glazing were measured. The
parameters which are to be optimised include identifying the minimum
glass to achieve glaze, minimum geopolymer slurry to maintain ease of
manufacturing, and the alumina-to-glass ratio that results in a uniform
surface glaze. Results were compared by the amount of KGP, alumina,
and glass present to determine which formulations had potential to
contain molten salt. Therefore, in producing such a material, a poten-
tially lower cost, easier-to-manufacture, and longer-life option for
molten salt containment could be realised.

2. Methodology

2.1. Geopolymer composite preparation

Potassium metakaolin-based, geopolymer (KGP) composites con-
taining homogenously dispersed 50-μm alumina platelets and glass frit
powder were synthesised identically to previous work [36,50]. The KGP
chemical reactions can be seen below. First, a potassium alkali-activator

source, commonly known as potassium water glass (KWG) or potassium
metasilicate solution in Equation (1), was prepared over 24 h. Once all
amorphous fumed silica of particle size 5–50 nm from Scott Chemical
Pty Ltd., SiO2, was dissolved into a solution of potassium hydroxide and
water, a homogenous KWG was achieved and mixed with MetaMAX ®
metakaolin. Potassium hydroxide was 85% anhydrous and sourced from
ChemSupply Australia. The resulting mixture, shown in Equation (2),
began to react upon combination and therefore had to be high sheared at
2000 rpm using an IKA® RW 2000 mixer to maximise geo-
polymerisation and avoid unreacted phases.

2KOH+ 2SiO2 + 10H2O→K2O • 2SiO2 • 11H2O (Eq. 1)

Equation (1): Formation of potassium waterglass solution from SiO2,
deionised water, and KOH

[K2O • 2SiO2 • 11H2O] + [Al2O3 • 2SiO2]→[K2O • Al2O3 • 4SiO2 • 11H2O]
(Eq. 2)

Equation (2): Formation of potassium geopolymer from metakaolin
clay and potassium waterglass solution.
Fifty-micrometer, alumina platelets from Micro Abrasives and

10–250 μm glass frit powder from Oceanside Glass and Tile were then
high sheared into the de-aerated, wet geopolymer, respectively, and de-
aerated again using a vibrating table. This wet, composite material can
be called a wet ASH-G. The de-aerated wet ASH-G was then poured into
cylindrical molds (H = 35 mm; ID = 38 mm) with one open end, and
then cured in 100 % relative humidity at 23 ◦C for 7 days as shown in
Fig. 1 below. After one week, ASH-G samples were removed from the
curing chamber and PVC molds. Demolded samples were then placed in
ambient laboratory conditions to bench dry and acclimate to lower
relative humidity, similar to previous methods [50].
Eight potential ASH-G compositions were selected by varying KGP,

alumina platelets, and glass frit amounts. Geometrically measured and
reference bulk densities of individual phases can be seen in Table 1
below. Compositional selections can be seen in Table 2, Figs. 2 and 3. At
least three specimens for each sample composition were used to
approximate material properties and corresponding error.

2.2. Workability measurement

De-aerated geopolymer composite slurries from Table 2 were mixed
to homogeneity according to the method mentioned earlier. Samples
were then taken and placed in a Netzsch Kinexus Pro+® rheometer
using a parallel plate configuration as shown in Fig. 4. An upper plate
with a diameter 20 mm was used as the ASH-G slurry has a relatively

Fig. 1. Wet ASH-G in cylindrical molds before curing for 7 days. Only the
largest cylinders were used.
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high viscosity [54]. Additionally, a measuring gap of 2.5 mm was
selected which is 10 times larger than the largest particle, in this case the
glass frit of 250 μm. This was done to remove any particle-particle
jamming or interfering effects [55,56].
Homogenous ASH-G wet slurries of KGP, alumina platelets and glass

frit from Table 2 were placed on the bottom plate of the Kinexus
rheometer and top plate lowered into position. Next, any extra slurry
was carefully removed using a spatula. Once the correct amount of
sample (~5 g) was loaded, the shearing profile began [57]. Slurries were
subjected to a shear rate of 1.0 sec− 1 for 120 s followed by 10 sec− 1 for
60 s and finally 1.0 sec− 1 for 120 s. Fig. 5 below shows the previously
described shear profile as a function of time. The profiles were selected
to mimic an additive manufacturing extrusion process. Data points were
taken every 0.1 s. Average viscosities were measured for low and high
shear sections. Shear thinning indices of ASH-G samples were calculated
using Equation (3) below [57–59]. All tests were done under ambient
conditions. A temperature controlled lower plate was kept at 22 ◦C to
minimise temperature effects.

Shear Thinning Index=
ηLow Shear
ηHigh Shear

Equation 3

Equation 3. Shear thinning indices comparing average viscosity at
low and high shear rates.

2.3. Heating/sintering

Cured composites were demolded and acclimated to ambient hu-
midity for 48 h before being placed into an electric muffle furnace using
an air atmosphere. Composites were then heated to 900 ◦C for 5 h using
heating and cooling rates of 1 ◦C/min, respectively. Heat-treated sam-
ples were removed from the furnace and labelled.

2.4. Mass/length change, density and open porosity

Geopolymer composite weights, heights and diameters were
measured using a mass balance accurate to 0.01g and calipers accurate
to 0.01 mm. Measurements were taken before and after heat treatment.
Heat-treated, sample densities and open porosities were measured using
the Archimedes method outlined in ASTM C20. Deionised water at 24 ◦C
was used as the reference fluid. Samples were dried at 120 ◦C for 24 h

Table 1
Densities of alumina-glass-geopolymer phases.

Phase Reference bulk density (g/
cm3)

Measured bulk density (g/
cm3)

KGP 1.47 [51] 1.86 ± 0.1
Glass Frit 2.5 [52] 2.47 ± 0.1
Alumina
Platelets

3.97 [53] 3.88 ± 0.1

Table 2
Compositions of ASH-G samples.

Weight percent Sample Set Volume percent

KGP Al2O3 Fusing Glass KGP Al2O3 Fusing Glass

50 35 15 1 70 18 12
40 40 20 2 60 22 18
40 20 40 3 56 10 33
45 35 20 4 65 18 17
55 30 15 5 73 15 12
55 25 20 6 72 12 15
50 25 25 7 68 12 20
50 15 35 8 66 7 27

Fig. 2. Compositional ternary diagram of ASH-G composites (weight %).

Fig. 3. Compositional ternary diagram of ASH-G composites (volume %).

Fig. 4. Kinexus Pro + rheometer used to measure yield stress and viscosity. The
bottom and top plates are not included in this photo.
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and weighed, denoted by WDry. Next, samples were submerged in
boiling water for at least 2 h to fill all open pores with fluid. Once cooled
for at least 12 h and still submerged, suspended samples were weighed to
offset buoyant force, WSub. Finally, surfaces of saturated samples were
wiped of free water and weighed, WSat. Equation (4) through Equation
(8) below show how to calculate open porosity and bulk density using
described sample weights.

VBulk =
(WSat − WSub)

ρWater
Equation 4

Equation (4). Bulk Volume

VOpen Pores =

(
WSat − WDry

)

ρWater
Equation 5

Equation (5). Open Pore Volume

VMatrix=
(
WDry − WSub

)

ρWater
Equation 6

Equation (6). Apparent Volume

ρ Bulk =
WDry

VBulk
=

WDry ∗ ρWater
(WSat − WSub)

Equation 7

Equation (7). Bulk Density

Open Porosity=
VOpen Pores

VBulk
=

WSat − WDry

WSat − WSub
Equation 8

Equation (8). Open Porosity.
Beside the Archimedes method of determining density, the rule of

mixtures and geometric methods were also used. The calculated method
involved the summation of individual volume percents multiplied by
corresponding density as seen in Equation (9). Geometric densities were
calculated by dividing the mass of a sample by the volume of the sample,
Equation (10). Finally, densities calculated by the Archimedes method
relied on displaced reference fluid and difference of buoyant force and
sample mass as described previously in Equation (7).

ρComposite=
∑n

i=1
[Volume Fraction i ∗ ρi] Equation 9

Equation (9). Calculated Density via Rule of Mixtures

ρComposite=MassSample
/
VolumeSample Equation 10

Equation (10). Geometric Density.

2.5. Microcharacterisation

Heat-treated samples were wet cut using a Brillant 240 saw and
polished on a Struers Tegra grinding system using silicon carbide paper
of 180, then 1200 grit, respectively. Further polishing was done on a
Presi Mecatech 250 polishing system down to 6 μm, using diamond
paste. A benchtop Hitachi TM4000 SEMwas used to collect micrographs
of uncoated polished cross sections. Surface glaze as well as internal,
closed porosity percentages were averaged using ImageJ software.
ImageJ software successfully identified closed pores based on grey scale
micrographs. At least four, 6.25 mm2, non-consecutive micrographs
were used to determine closed porosity. Surface glaze thicknesses were
based on at least two non-consecutive sections, each approximately 1
mm in length and from random heights along the cylinder.

3. Results and discussion

Geopolymer composites containing 50-μm alumina platelets and
glass particulates, as seen in Fig. 6, were manufactured, cured for seven
days, and heated to 900 ◦C for 5 h. The high angularity of these particles
allowed for a relatively high average free space among particles [60]. It
is hypothesized that this high average free space among particles
allowed for molten glassy phase to flow throughout the composite more
easily.
The packing density of alumina platelets and glass frit particles were

assumed to be relatively homogenous and no phase separation present in
room temperature samples was found.
ASH-G samples were cylindrical in shape and can be seen in Fig. 7

Fig. 5. Shear profile for determining rheological properties of ASH-G slurries.
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below. Average cylindrical diameters and heights were approximately
38 mm and 35 mm, respectively. Initial sample weights and dimensions
were recorded after demolding and acclimating to ambient humidity.
Weights and dimensions of samples after heating to 900 ◦C for 5 h were
also recorded. The mass loss and shrinkage of multiple samples can be
seen in Fig. 12 in a later section.

3.1. Rheological properties

As mentioned, shear stress and corresponding viscosities were
collected every 0.1 s. The profile was selected to emulate an additive

manufacturing extrusion process [61]. When a material is at rest or
waiting to be pumped through a nozzle, little to no shearing occurs.
Once a material is pumped and extruded, high shear rates are present.
After deposition, the feed material is again in a low shear rate state. It
has been demonstrated that metakaolin based geopolymer composites
are thixotropic and experience reversible shear thinning [25,26,62].
It has been hypothesized and confirmed that the viscosities of ASH-G

samples were inversely proportional to the amount of liquid phase
present, i.e., composites with more KGP were less viscous (Fig. 10). The
degree of shear thinning was determined by comparing average vis-
cosities of final, low shear segments with high shear segments. Example
data can be seen in Figs. 8 and 9. Pure KGPwithout additives had amuch
lower average viscosity than ASH-G samples which contained additives.
All samples exhibited time-dependent viscosities when beginning a
segment. For high shear segments, viscosities gradually decreased and
for final, low shear segments, viscosities gradually increased. This
gradual, time-dependent increase is called thixotropic behaviour.
The trend for initial, low-shear segments to have such high viscosities

can be attributed to several factors. Intermolecular forces such as elec-
trostatic potentials, dipole-dipole interactions, and even hydrogen
bonding have been known to affect metakaolin-based geopolymer
rheology [63]. The loss of water due to surface wetting of solid additives
also increases viscosity [64]. When high sheared, agglomerates and
partially formed long range networks in the geopolymer phase are dis-
rupted, reducing the viscosity [63]. More significantly, the orientation
of high aspect ratio platelets and particulates are random before high

Fig. 6. Glass particles as received (left), alumina platelets as-received (right).

Fig. 7. Side view of cylindrical ASH-G samples after sintering at 900 ◦C for 5 h.

Fig. 8. Viscosity of pure KGP 10 min after initial mixing.
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shearing, trapping water in voids and increasing viscosity. After high
shearing, platelets are more likely to orient parallel to the direction of
flow and flatten, allowing more water to become available, ultimately
reducing viscosity. After this change in platelet and particulate orien-
tation, the apparent viscosity at low shear rates is less than the original
viscosity in which platelets were randomly oriented, causing a thixo-
tropic effect as seen in Fig. 9.
Fig. 10 below compares the average viscosity of composites after

mixing for 10 min, similar to sample preparation in the methodology
section. Initial low shear segments possessed the highest viscosities,
followed by final low shear segments and lastly, high shear segments in
all cases. These results indicated that all wet ASH-G slurries were non-
Newtonian fluids, including pure KGP. Additionally, because viscos-
ities were lower at higher shear rates compared to lower shear rates, the
slurries were a shear thinning fluid.
As mentioned, the shear thinning index was calculated by comparing

the average visocities of the second low shear segments with high shear
segments. Tabulated viscosites and shear thinning indices are displayed
in Table 3 below. While the shear thinning index was an important value
to estimate pumpability and flow properties, the viscosities were equally

important. ASH-G samples 2, 3 and 4, due to their high solid loading
content, were diffcult to mix initially using a high shear impeller and
often exhibited a solid-like behaviour, as illustrated in Fig. 11. Samples
with a minimum KGP content of 65 vol % could be mixed with a high
shear impeller without the chopping phenomena in Fig. 11. Therefore, it

Fig. 9. Example viscosity results of ASH-G #6, 10 min after initial mixing.

Fig. 10. Averaged viscosities of ASH-G composites. Shearing indices were determined from high shear and 2nd low shear data.

Table 3
Viscosities and shear thinning indices of ASH-G samples.

2nd Low Shear
Viscosity (Pa•s)

High Shear
Viscosity (Pa•s)

Shear
Thinning
Index

ASH-G
Sample

KGP
(vol%)

339.0 90.2 3.76 3 56.4
337.9 90.9 3.72 2 60.2
242.3 77.2 3.14 4 64.6
212.7 55.0 3.87 8 65.7
121.2 40.6 2.98 7 67.7
79.2 31.6 2.51 1 69.8
46.6 22.2 2.10 6 72.4
44.9 23.3 1.93 5 73.5
7.3 2.5 2.87 Pure KGP 100
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can be concluded that samples containing at least 65 vol% KGP could
have additive manufacturing capabilities.

3.2. Mass and length change after sintering

Of the three phases found in an ASH-G, only KGP experienced mass
loss upon heating to 900 ◦C. This was due to the high amount of water
found in KGP which was released primarily below 250 ◦C [65]. Potas-
sium metakaolin-based geopolymer also experienced an appreciable
amount of linear shrinkage when heating to 900 ◦C with the onset of
shrinkage occurring at 140 ◦C due to water removal. This was followed
by another regime of shrinkage due to crystallization into leucite
beginning at 875 ◦C [66].
Alumina platelets are inert to this temperature and previous XRD

results showed no interactions among the three phases [50]. Glass frit
powder, while not chemically reacting or changing mass after heating,
did experience melting and ultimately a small amount of length change.
Therefore, most length changes and nearly all mass changes shown in
Fig. 12 can be attributed to the KGP phase. Minimal linear length change
is important because it reduces the amount of uneven three dimensional
shrinkage which occurs during sintering, causing cracks and failure of
the structure [21].

3.3. Densities and open porosity

Density measurements were averaged, and reported errors where

available are seen in Fig. 13. Values ranged from 2.17 to 2.56 g/cc,
which is a difference of approximately 16.5 %. Alumina platelets were
the phase which was found to have the most direct effect on sample
density. Even though alumina did not undergo length or mass change
after heating to 900 ◦C, alumina was already a relatively dense material,
~4.00 g/cc [53], increasing the density of the composite. Secondly, KGP
underwent densification upon sintering at ~900 ◦C [50]. Glass frit
powder did not have a grain density increase after heating to 900 ◦C but
any voids were filled by molten glass, increasing the bulk density. Sin-
tering of KGP and the presence of liquid molten glass particles operated
simultaneously and the effect was analogous to liquid phase sintering.
The Archimedes method mentioned in the previous section was also

used to measure accessible, or open, porosity of ASH-G samples shown in
Fig. 14. The amount of liquid a material can contain is closely related to
how permeable the material is. Each phase in an ASH-G sample affected
open porosity. Alumina platelets had a very low porosity but did not
pack densely, resulting in many angular open channels which can be
seen in Fig. 15 below [21]. Glass frit powder also had low open porosity,
but a higher packing fraction preventing the possibilities of air entrap-
ment during mixing [60]. Potassium GP had the highest open porosity of
the three phases in an ASH-G, yet had the highest packing fraction, as it
was the only liquid phase during formation. The highest amount of open
porosity after heat treating ASH-G samples occurred in samples with the
least amount of glass frit powder. The migration of molten glass in an
ASH-G during heat treating also resulted in the formation of a surface
glaze as shown in the next section, and greatly affected open porosity.

Fig. 11. ASH-G samples 2, 3 and 4 behaved more as a solid than a liquid (left). Instead of flowing, samples would tear upon mixing with a high shear impeller (right).

Fig. 12. Mass and length changes of ASH-G samples heated to 900 ◦C in order of increasing KGP content.
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Fig. 13. Densities of ASH-G samples using rule of mixtures, geometric, and Archimedean methods in order of increasing alumina content. Pure KGP had a density of
2.0481 g/cm3.

Fig. 14. Open porosity of ASH-G samples measured using the Archimedes method in order of increasing glass content.

Fig. 15. Example SEM micrograph of ASH-G sample 4 (left) used by ImageJ (right) to determine closed porosity.
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The relatively high open porosity in Sample 3, which contained little
alumina platelets, could be attributed to destabilised shape change
during sintering and internal cracking/swelling.

3.4. Closed porosity and glaze thickness

Closed, or inaccessible, porosity was measured using polished cross
sections, microscopy, and image analysis software. Analysis using
ImageJ separated out pores as areas based on relative contrast. Fig. 15
below is an example of how closed porosity was identified. ImageJ
software was also used to measure glaze thickness of a given section,
again based on grey scale contrast.
Closed porosity in ASH-G samples was attributed to several factors.

The most significant was entrapped air during curing. The previous
rheological results indicated that samples 2,3 and 4 behaved like a solid
during the mixing phase. The amount of entrapped air was directly
related to the viscosity of wet ASH-G slurries. Air bubbles were more
likely to be trapped in a tortuous path found in ASH-G samples con-
taining high amounts of additives. Additionally, high aspect ratio ad-
ditives such as alumina platelets were more of an obstacle to air bubbles
than lower aspect ratio additives [67].
Closed porosity results are shown in Fig. 16 below. During sintering,

alumina platelets had little to no mobility, which did not directly affect
ASH-G closed porosity [21]. The dehydration and restructuring of KGP
at 900 ◦C led to a more dense amorphous geopolymer. The incorporation
of alumina platelets, however, partially prevented this densification
[21]. The glass particulates began to soften at ~600 ◦C and by 900 ◦C
were less viscous [50,68]. Concurrently, capillary pressures and local-
ised stresses on molten glassy phase during KGP sintering caused voids
to be filled. The average distance between inert alumina platelets and
glass particulates is critical to the ASH-G self-healing mechanism. In
some cases, glass phase migrated to free surfaces, resulting in a ho-
mogenous impermeable glaze which greatly affected open porosity and
apparent density, as shown in Figs. 17 and 18.
Table 4 below summarizes rheological and material properties as

well as sintering behaviour of ASH-G composites by components. The
mass loss and linear shrinkage after sintering was primarily due to the
KGP phase with a minor effect from the glass frit softening during sin-
tering. As expected, density was primarily attributed to densified
alumina content. In nearly all cases, both open and closed porosity and
glaze thickness were determined by the amount of glass frit content.
Furthermore, the need for correct weight ratio of KGP:alumina:glass was

easily seen when comparing open and closed porosities. A 50:15:35
composite was able to produce a surface glaze and have little to no open
porosity. Alternatively, a 40:20:40 composite, which had relatively
more glass and should be less porous had a higher open porosity. This is
most likely due to rapid gas release and/or uneven heating during sin-
tering. The viscosity and shear thinning index are directly attributed to
KGP content as it is the only liquid phase.

4. Conclusions

The suitability of potassium metakaolin-based geopolymers con-
taining alumina platelets and glass particulates to contain molten salts
was previously investigated [36]. Material properties of composites
before and after sintering included slurry viscosity, shear thinning index,
mass and length changes, open and closed porosity, density, and pres-
ence of surface glaze were determined. The metastable balance among
KGP, alumina platelets, and low melting glass particulates to form
ASH-G bodies has a compositional tolerance as outlined below.
Samples with KGP:alumina:glass ratios of 50:25:25 and 50:15:35 are

both recommended to be container material of molten salt. The ease of
manufacturing, low starting materials cost and sintering temperature
indicate these formulations are a readily available solution to containing
molten salt. Samples containing 25 wt% alumina and 25 wt% glass frit
had a higher amount of alumina implying more crack deflection, as well
as enough self-healing phase to produce an impermeable glaze after
sintering.
From the study it could be concluded that.

1. Wet ASH-G slurries require a minimum of 65 vol% KGP to produce a
homogenous material by high shear mixing.

2. Homogenous ASH-G slurries have a large enough shear thinning
index to potentially be used in additive manufacturing.

3. The amount of alumina platelets significantly affected linear
shrinkage (5–8%) and density (2.16–2.56 g/cm3). Samples with
higher amounts of alumina platelets underwent less linear shrinkage
and averaged higher densities before and after heating to 900 ◦C.

4. The minimal amount of glass phase to form surface glazes was 16 vol
%.

5. Only samples containing more glass phase than alumina phase pro-
duced glazed composites.
Future work includes evaluation of mechanical properties at a vari-
ety of temperatures, feasibility of additively manufactured ASH-G

Fig. 16. Closed porosity of ASH-G samples using imaging software in order of increasing glass content.
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composites to contain molten salt, estimates of tortuosity from
rheological data, and other possible additives such as silicon carbide
for rapid microwave heating.
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Fig. 17. Micrographs of ASH-G sample without (left; ASH-G 4) and with (right; ASH-G 6) a uniform glaze.

Fig. 18. Surface glaze of ASH-G samples using imaging software in order of increasing glass content.

Table 4
Summary of components on material properties.

Property KGP Alumina Platelets Glass Frit

Mass loss after heating ↑ ↓ ↓
Linear shrinkage after heating ↑ ↓ ↑
Density ↓ ↑ –
Open porosity ↑ – ↓
Closed porosity ↑ – ↓
Surface glaze ↓ ↓ ↑
Viscosity ↓ ↑ ↑
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