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ARTICLE INFO ABSTRACT

Keywords: Back shielding gases are important for weld root quality in oxidation-sensitive materials. Metallic backing with
Geopolymer gas venting is effective but heavy, costly, and limited in geometry and length, whereas ceramic backing is more
Refractoriness

suitable for controlling root shape than oxidation protection. Geopolymers offer a promising ceramic substitute
with high thermal resistance and room-temperature processability. However, conventional MK-FA geopolymers
have limited resistance when directly exposed to the intense heat of molten metal, which can be improved by
alumina addition. This research focused on develop a thermally resistant and reusable geopolymer-based weld
backing by tailoring alkali/pozzolan ratios (0.6-1.0) and incorporating alumina powder (0-15 wt%). Geo-
polymer specimens were examined in terms of compressive strength, refractoriness, microstructural develop-
ment, thermal conductivity, and their performance during welding. The 0.6FM80A10 formulation was the best
formula, offering the most balanced combination of properties. Its microstructure showed clear signs of densi-
fication, maintained phase stability even when exposed to temperatures approaching 1200 °C and lowest thermal
conductivity (0.2645 W/m-K). Because of optimum alumina percentage helped tighten the matrix and reduce
pore development, thereby strengthening the material and improving its resistance to high temperatures. After
using 0.6FM80A10 as backing with venting gases in welding, the results showed that it had adequate heat ef-
ficiency, and it remained structurally sound through more than ten welding cycles. This research presented that
the geopolymer with alumina additive could serve as sustainable weld backing with gas venting holes as an
alternative to commercial metallic backing.

Alumina Powder
Ceramic Weld Backing
Potassium Alkali Solution

1. Introduction

Geopolymers are aluminosilicate-based materials that have emerged
as a promising alternative to Portland cement due to their lower carbon
footprint and the utilization of industrial byproducts such as fly ash and
metakaolin [1-3]. In addition to environmental benefits, geopolymers
exhibit excellent mechanical properties, thermal stability, and chemical
resistance, making them suitable for structural and high-temperature
applications [4-6].

One of the outstanding features of geopolymers is their ability to
maintain structural integrity at elevated temperatures higher than
1000°C, outperforming many organic binders and several conventional
ceramics [7-9]. This makes them potential candidates for components
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exposed to direct heat sources, including fireproof panels, thermal
barriers and welding-related applications.

Back shielding gases are important in welding oxidation-sensitive
materials such as stainless steel and aluminum. Normally, the backing
gas is directly applied to the root side, while refractory aluminum foil is
sometimes used in pipeline welding to control gas flow. For plate
welding, metallic backings with gas venting achieve higher weld quality
from more stable gas flow. However, it is short usable length, heavy
weight, rigid geometry, and high cost limit their potential. Ceramic weld
backings have been introduced as alternatives, but most designs remain
solid and lack gas-venting features for controlled purge gas release.
Therefore, the concept of developing a ceramic backing with gas-release
holes is of particular interest. Geopolymers represent a promising
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Table 1
Chemical components of pozzolans.
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Chemical component (wt%)

Pozzolan

SiO, Al,O3 Fe,03 Cao MgO Na,O K,0 SO3 TiOy CO, LOI*
MK 53.81 39.97 1.35 0.02 0.06 0.05 2.25 0.02 0.06 2.24 0.17
FA 67.50 20.04 4.12 1.40 0.53 0.30 1.14 0.26 1.28 1.40 2.03

" Loss on ignition at 1050 °C

20,0 pm
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Fig. 1. Microstructure magnification of (a) kaolin (2000X), (b) fly ash (2000X) and (c) alumina powder (500X).

ceramic alternative due to their high thermal resistance and ease of
fabrication at room temperature. However, typical metakaolin-fly ash
(MK-FA) geopolymers exhibit poor direct contact with molten metal,
which can be improved by alumina addition. Nevertheless, previous
research on alumina-enhanced geopolymers has not fully addressed
their applicability as weld backing nor optimized the combined effects of
alkali-to-pozzolan ratio and alumina content on high-temperature per-
formance [10-12]. In contrast, geopolymer-based weld backing offer
significant advantages. Their excellent properties such as intrinsic
thermal stability, refractory behavior, and ability to dissipate heat
enable them to endure multiple welding cycles without damage
[13-15].

Recent advances have demonstrated that reinforcing geopolymers
with alumina (Al;O3) which is a refractory oxide with a melting point
above 2000°C further enhances their heat resistance, microstructural
densification, and thermal conductivity control [16-18]. Studies have
shown that alumina-reinforced geopolymers are able to maintain
compressive strength and dimensional stability even after repeated
exposure to high temperatures [19-21]. However, most existing
research has focused on general refractory applications, and little
attention has been given to alumina-modified geopolymers as
weld-backing materials that require both thermal insulation and struc-
tural stability across multiple welding cycles. The present research,
therefore, aims to formulate an alumina-enhanced geopolymer suitable
for weld-backing applications and to evaluate its high temperature
performance and reusability potential for an aspect not addressed yet in
previous research. Additionally, the integration of waste ceramics,
nano-alumina, and fiber reinforcements further augments their me-
chanical integrity and eco-efficiency [22-25]. Moreover, geopolymers
exhibit tailorable chemistry and phase morphology that can be opti-
mized to meet the demands of specific applications, such as localized
heating in welding operations. The ability to modify the SiOy/ AlyO3
ratio, the choice of alkali activators, and incorporation of ceramic fillers
like mullite or fine alumina aggregate allows precise control over ther-
mal conductivity, shrinkage, and mechanical durability [26-28]. These
tunable parameters provide a strategic pathway for designing heat
resistant, cost-efficient, and reusable ceramic weld backing that meet
the rigorous standards required in industrial welding environments [29,
30]. This research investigated the development of a reusable ceramic
weld backing produced from alumina additive geopolymers by opti-
mizing the alkali activator ratio and AlyO3 content. The main assump-
tion of this research was that adding more alumina, together with
selecting an alkali solution to pozzolans ratio that suited the system,

would increase the high-temperature strength, limit firing shrinkage,
and allow the material to withstand repeated welding. Accordingly, the
primary research question focused on whether an alumina modified
geopolymer could deliver sufficient thermal resistance, mechanical
stability, and low thermal conductivity to function as a reusable weld
backing material. To address this, we evaluated compressive strength at
different temperatures, along with the material thermal conductivity,
microstructural changes, and its reusability. The results showed that the
optimized geopolymer offers better refractoriness and higher reusability
than conventional ceramic weld backing.

2. Materials and methods
2.1. Aluminosilicate precursors and alkali activator

This research utilized metakaolin (MK) and fly ash (FA) as alumi-
nosilicate precursors or pozzolans, selected for their high silica and
alumina contents, as presented in Table 1. The kaolin used for meta-
kaolin production was sourced from Mineral Resources Development
Co., Ltd., in Ranong Province, Thailand. It was calcined at 650 °C for 2 h
to transform to metakaolin, which was subsequently dried and ground.
The resulting powder was then milled using a centrifugal ball mill to
achieve a particle size smaller than 45 pm, corresponding to particles
passing through a 325# sieve. Fly ash was provided by the Electricity
Generating Authority of Thailand (EGAT), originating from the Mae
Moh coal-fired power plant in Lampang. Additionally, high-purity
alumina powder (99.40%, laboratory grade) was supplied by Color-
obbia Holding S.p.A., Italy.

Scanning electron microscopy (SEM) (SU3500, Serial No:
351970-04, HITACHI, Japan) images (Fig. 1) revealed that kaolin
exhibited irregular, angular particles with stacked platelet morphology.
In contrast, fly ash particles were predominantly spherical and partly
agglomerated due to combustion processes, while alumina powder
showed rounded particles with rough surfaces forming aggregates.
Furthermore, the chemical compositions of the pozzolanic materials
(MK and FA) were determined by X-ray fluorescence (XRF) analysis
using an XGT-5200 instrument (Horiba, Japan), as summarized in
Table 3. The measured oxide contents were used to calculate the Si-to-Al
and Na-to-Al molar ratios as critical indicators of the pozzolans
reactivity.

The alkali activator comprised a 10 M potassium hydroxide (KOH)
solution obtained from Daejung Chemicals & Metals Co., Ltd., and a
commercial potassium silicate solution provided by C. Thai Chemicals
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Table 2
Geopolymer mixtures for heat resistance.
Pozzolan Alkali solution (g) Additive

@ (@)

Formulae Allali: -

Pozzolan MK FA  KOH  KSiOs ALOs
® ® @ (@ e

(8)
0.6FM60 60 40 30 30 0
0.6FM80 0.6:1 80 20 30 30 0
0.6FM100 100 0 30 30 0
0.8FM60 60 40 40 40 0
0.8 FM80 0.8:1 80 20 40 40 0
0.8 FM100 100 0 40 40 0
1FM60 60 40 50 50 0
1FM80 1:1 80 20 50 50 0
1FM100 100 0 50 50 0
0.6FM80A5 80 20 30 30 5
0.6FM80A10 0.6:1 80 20 30 30 10
0.6FM80A15 80 20 30 30 15

Co., Ltd., containing 10.83 wt% K20, 23.31 wt% SiOz, and 65.86 wt%
H:z0.

2.2. Geopolymer paste preparation
The alkali activator was prepared using a commercial potassium

hydroxide solution and a 10 M potassium hydroxide solution, the latter
produced by dissolving potassium hydroxide pellets in deionized water

Pozzolans

Blending process

Geopolymer pastes

Cast into acrylic molds

== |
J| & ;: “..

Geopolymer Specimens
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and allowing the solution to equilibrate for 24 h before use. Both solu-
tions were mixed at 1:1 wt ratio. The alkali-to-solid ratios were varied at
0.6, 0.8, and 1.0 to determine the optimal mix. Once selected, alumina
powder was added at 5, 10, and 15 wt% to enhance the refractoriness.
Geopolymer pastes (Table 2) were formulated using different
metakaolin-to-fly ash ratios (60:40, 80:20, and 100:0), with the Si: Al
molar ratio maintained near 3 for the thermal performance. Each
mixture was stirred to achieve homogeneity and cast into
25 x 25 x 25 mm? acrylic molds (Fig. 2). Four replicate specimens were
prepared for each formulation and each curing age in order to determine
average values and standard deviations (mean + SD). Specimens were
covered with plastic film, cured at room temperature for 24 h. After
demolding, the specimens were again wrapped with plastic film and
subsequently stored in sealed containers until their designated testing
ages.

2.2.1. Compressive strength

The compressive strength of each specimen stored was assessed at
curing age durations of 7, and 28 days using a universal testing machine
(UTM) (H50KS; Hounsfield; England). For each formulation, four
replicate specimens were tested to obtain average values, and the test
speed was controlled at 1 mm/min during compression. The compres-
sive strength was calculated by dividing the maximum load by the cross-
sectional area following ASTM C 109 [31].

2.2.2. Refractoriness
Geopolymer cubic specimens aged for 28 days were heated in the

Alkali solution

-

‘Welding applications

Geopolymer weld backing

Analysis and testing

Equipment

Fig. 2. Experimental procedure for geopolymer synthesis and weld backing application.
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Fig. 3. Schematic illustration of the refractoriness and subsequent characterization of geopolymer specimens.
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Fig. 4. (a) Dimensions and design of the 0.6FM80A10 rectangular geopolymer weld backing (b) Geopolymer weld backing with 12 gas venting holes and a connected

gas hose.
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Fig. 5. Firing profile for organic removal from geopolymer weld backing [11].

Table 3

Welding parameters.
Parameters Values
Distance between steel (root opening) (mm) 2.6
Travel speed (cm/min) 35-40
Current (A) 80-140
Voltage (V) 16.5-22
Ar gas flow rate (1/min) 10-15

furnace for 1 h at 800°C, 900°C, and 1200°C, with four replicate spec-
imens tested per formulation at each temperature, using a controlled
heating rate of 10 °C/min. After heating, the specimens were cooled to
room temperature before high-temperature characterization. By
comparing the size of the specimens before and after firing, the char-
acteristics of the fired samples were examined, including compressive
strength, XRD, FTIR, microstructure, and shrinkage (Fig. 3).

2.2.3. Morphological analysis

Scanning electron microscopy (SEM) was used to characterize the
microstructures of raw materials, geopolymers, and other components in
order to observe the morphology of the geopolymer matrix and the other
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Fig. 6. Geopolymer weld backing in use, positioned beneath two stainless steel
plates prepared for welding.

components of the structure developed. The SEM analysis was employed
under 10-15.0 kV of accelerating voltage and 2000X magnification.

2.2.4. Identification of crystalline phases and IR spectrum

The crystalline phases of the geopolymer specimens were identified
using X-ray diffraction (XRD) with a CuKa radiation source operated at
40 kV and 35 mA. The analysis was conducted with a step size of 0.02°, a
counting time of 0.4 s per step, and a scan range of 5°~80° 20, resulting
in a total scan duration of 45 min. The measurements were performed
using an X'pert diffractometer (Philips, the Netherlands). In addition,
fourier-transform infrared spectroscopy (FTIR) was carried out to
investigate the functional groups present in the geopolymer matrix,
using an Alpha-E instrument (Bruker, USA). The analysis was conducted
in attenuated total reflection (ATR) mode with a wavenumber range of
500-4000 cm ™, a spectral resolution of 4 em™!, and 64 scans collected
for both the sample and the background. The resulting spectra were
recorded in transmittance mode.

2.2.5. Coefficient of thermal expansion

A dilatometer was used to test the thermal expansion of geopolymer
by heating the material through the volume and calculating the change
in length as the temperature increased. The specimens were prepared
into 0.5 x 0.5 x 2.5 mm® bar with a smooth tip. Each specimen was
positioned horizontally and aligned parallel to the axis of length. The
specimen was heated between 25 and 800 °C at a rate of 5 °C per minute

Next Materials 11 (2026) 101926

in order to clarify the coefficient of thermal expansion (CTE). It was also
possible to determine the transition temperature (Tg) and the softening
temperature (Ts). Equation was used to determine the CTE of each
specimen, as defined in Eq. (1) [32].

AL = aLoAT (€]

where Ly is the original length
AL is the change in length
AT is the change in temperature
a is the coefficient of linear expansion

2.2.6. Thermal conductivity

Thermal conductivity (K), expressed in W/(m-K), indicates the rate
at which heat transfers through a material, as defined in Eq. (2). A lower
K value is desirable for ceramic-based materials such as geopolymers,
especially for thermal insulation applications. In this research, the
thermal conductivity of geopolymer specimens was measured using a
thermal conductivity tester consisting of two plates at different tem-
peratures. The specimen, with dimensions of 160 x 160 x 25 mm? at
age of 7 days, were evaluated using three replicates per formulation to
obtain average thermal conductivity values. Each specimen was posi-
tioned between the plates, and measurements were carried out at room
temperature.

dT

q= - K& 2)
whereq is the heat flux (W/m?)

K is the thermal conductivity (W/m-K)

% is the temperature gradient (K/m)

2.2.7. Welding applications

The 0.6FM80A10 geopolymer was fabricated into a rectangular
ceramic weld backing designed for welding applications, with di-
mensions of 300 x 60 x 18 mm?®. A central groove with a 12.34 mm
radius and 2 + 0.5 mm depth was machined along the length to facili-
tate gas flow. Twelve gas venting holes, each 6 mm in diameter and 25
+ 0.5 mm apart, were drilled along the groove to ensure uniform gas
distribution. A 6 mm gas-inlet hole was positioned at one end of the
plate. The design is shown in Figs. 4 and 5.

The specimens were incubated at room temperature for 24 h, then
unwrapped and cured for 7 days. Then, thermal treatment was per-
formed as followed: drying at 80 °C for 24 h, calcining at 100 °C for 1 h,

90.00 - 45
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= 0 /\\// I
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£ ] - N | H
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Fig. 7. Variation in compressive strength and Si/Al ratio of alumina additive geopolymers with different Fa/MK and alkali/pozzolan ratios at multiple firing
temperatures.



P. Kittisayarm et al.

Next Materials 11 (2026) 101926

. After firing at After firing at After firing at

Formulae  Before firing R00°C 1000°C 1200°C

Note Stable Stable Stable Cracked
0.8FMS0 .

Note Cracked Broken

1FM80
Stable Cracked Cracked Broken
Addition of aluminum powder
0.6FM&0
A5

Note Stable Stable Stable Cracked
0.6FM&0

Al10

Note Stable Stable Stable Stable
0.6FMS&0

AlS

Note Stable Stable Stabl Stable

Fig. 8. Physical appearance of geopolymer specimens before and after refractoriness test at different temperatures with varying alumina contents Remarks: The

evaluation was limited to macroscopic surface observation.

heating to 300 °C for 1 h, and firing at 500 °C for 4 h with a ramp rate of
5 °C/min to remove moisture and organic matters (Fig. 5).

Welding was performed using the parameters listed in Table 3, with
travel speed of 35-40 cm/min and current between 80-140 A. The
ceramic backings with gas-venting holes were used multiple times for
different welded specimens on the same backing until either the ceramic
fractured or oxidation appeared on the weld root. Three ceramic plates
were tested in this study.

Before the welding test, the specimen was cured at 80 °C for 1 h, then

aluminum tape was applied to the entire surface of the specimen to
achieve good thermal conductivity and conduction of the specimen. The
prepared specimen was positioned as a weld backing for tow stainless
steel 304 plates used in the test. Steel specimens were prepared as butt
joints with a single V-groove (75 x 300 x 6 mm). A root face of 3 mm
and a root opening of 2 mm were maintained, with a groove angle of
60°. Filler metal AWS A5.9 ER308L (@ 0.8 mm) was used, as shown in
Fig. 6.
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Table 4
ANOVA results and P-values for differences in compressive strength between
geopolymer formulations.

Comparative summary of precursor materials and mechanical performance in

recent geopolymer refractory research.

Difference Level of
between ratio P values (P y) e Summary of difference
of significance
FA/MK
oomeoms P s SOy
0.6FM80)
0.6FM80 = 0.001843 (P < 0.05) than 0.6FM60.
Alkali /Pozzolan (FM80)
The 0.6 ratio shows
P0.6,0.8) Significant significantly higher
0.6and 0.8 =0.001273 (P < 0.05) compressive strength
compared to 0.8.
Compressive strength
0.8 and 1 P.8,1.0) Significant decreases further when the
: = 0.000013 (P < 0.05) ratio increases from 0.8 to
1.0.
Table 5

Topic

Precursor

Mechanical
performance

This research

Comparative assessment of
calcium aluminate
cement and potassium
metakaolin-based
geopolymer as binders in
high-alumina
refractories [41]

Advanced solid
geopolymer
formulations for
refractory applications
[36]

Geopolymers: a viable
binder option for ultra-
low-cement and cement-
free refractory castables
[371?

High-alumina refractory
castables bonded with
metakaolin-based
geopolymers prepared
with different alkaline
liquid reagents [42]

Effect of elevated
temperatures on the
performance of
metakaolin
geopolymer pastes
incorporated by cement
kiln dust [43]

Controlling the thermal
stability of kyanite-based
refractory geopolymers
[44]

Metakaolin and fly ash
-based geopolymer with
5-15 wt% Al:0s
additive

Metakaolin -based
geopolymer with
tabular alumina and
reactive alumina
aggregates.

Fly ash -based
geopolymer with Al20s
and mullite aggregates.

Metakaolin-based
geopolymer binder with
tabular alumina,
reactive alumina, and
optional calcium
aluminate cement
(CAQ).
Metakaolin-based
geopolymer binder with
tabular alumina,
reactive alumina, and
compare with NaOH- or
KOH-based alkaline
liquid.

Metakaolin-based
geopolymer replaced
with cement kiln dust
(CKD)

Metakaolin-based
geopolymer binder with
calcined bauxite,
calcined talc, and
kyanite aggregates.

Compressive strength up
to 74 MPa after firing at
1200 °C

The geopolymer-bonded
refractory (TA-4MK)
reached its highest
flexural strength of about
17 MPa after firing at
1250 °C.

The geopolymer with
mullite achieved a
compressive strength of
84 MPa after firing at
1100 °C.

The AT-3C-1G mix

(2.7 wt% CAC + 1.3 wt%
geopolymer) showed the
best performance, with a
flexural strength of

39.1 MPa at 1400 °C.

The Na-based geopolymer
25.12 MPa and the K-
based geopolymer

18.85 MPa at 1250 °C.

MD20 (20% CKD
replacement) reached
about 35 MPa at ambient
temperature and
maintained 22.5 MPa
after heating to 800 °C.

The highest flexural
strength reached 45 MPa
at 1200 °C using 80-um
kyanite aggregates.
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3. Results

3.1. Compressive strength of geopolymer pastes with different ratio of
alkali / pozzolan

The compressive strength results (Fig. 7) clearly showed that speci-
mens exposed to elevated temperatures exhibited substantially higher
strength than those tested at ambient conditions. This enhancement was
strongly associated with the thermal property of aluminosilicate phases
and the incorporation of AlyO3, both of which contributed to improve
refractoriness and mechanical properties. The temperature increased
from 800, 1000 and 1200 °C, the geopolymer matrix experienced pro-
gressive densification, characterized by the reduction of pore volume
and the development of particle to particle bond strengthening through
sintering. These microstructural transitions are consistent with previous
research reporting that thermal exposure promotes structural rear-
rangement and the formation of thermally stable aluminosilicate net-
works in geopolymer refractories [33,34].

The 0.6FM80 increase in compressive strength at 800 and 1000°C,
reflecting thermally induced densification and structural rearrange-
ment. Although alkali activators were essential for precursor dissolution
and geopolymerization or geopolymer gel formation, an excessive alkali
to pozzolan ratio did not necessarily improve mechanical properties. In
this research, the ratio of alkali to pozzolan of 0.6 provided sufficient
dissolution to form a continuous aluminosilicate network while limiting
the presence of excess free alkali. At higher activator ratios (0.8 and 1.0),
the increased alkali content may have promoted the formation of alkali-
rich amorphous phases and greater liquid phase generation during
firing. At high temperatures, this excess alkali solution could volatilize,
leading to differential shrinkage, microcracking and reduced structural
stability [31]. This reason was consistent with the higher shrinkage and
cracking observed during the refractoriness test (Fig. 8). Therefore, the
superior strength of 0.6FM80 is attributed to an optimized balance be-
tween dissolution and thermal stability rather than simply reduced
activator content [35]. The highest compressive strength observed in the
15 wt% Al,O3 was attributed to enhanced densification and increased
Si-O-Al bonding, allowing greater porosity reduction and facilitating the
formation of thermally stable phases, resulting in superior high tem-
perature strength to those of 5 wt% and 10 wt% Al.Os additions [36,37].
However, after the refractoriness test at 1200 °C, both 10 wt% (71 MPa)
and 15wt% (74 MPa) AlOs exhibited comparable compressive
strength. It was found that the increasing alumina content by 5 wt%
resulted in only an improvement of 3 MPa compressive strength,
therefore, based on performance and structure efficiency, the
0.6FMS80A10 (10 wt% Al.0s) formulation was selected for further
investigation. It was also noted that 0.6FM100 formulation did not
exhibit compressive strength results because its high viscosity prevented
proper casting, and some mixes could not be sintered to 1200 °C due to
thermal cracking during firing, making compressive strength testing
infeasible.

3.1.1. Statistical validation of compressive strength using ANOVA

The compressive strength differences among the tested formulations
were statistically verified through ANOVA (Table 4), with all compres-
sive strength P-values below 0.05 [38-40]. The 0.6FM80 consistently
outperformed 0.6FM60, while the 0.6 alkali/pozzolan ratio within the
FMB80 group presented significantly higher compressive strength than
the 0.8 and 1.0 ratios. These results confirmed the reliability of the
measured trends and supported the conclusions drawn from the me-
chanical tests.

3.1.2. Comparative overview of geopolymer refractory research

To provide a clearer context for this work's contribution, Table 5
outlines how the developed formulation compares to recent research on
geopolymer-based refractories. The table summarizes the precursors and
mechanical performance reported in related research, allowing the
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Fig. 9. Shrinkage behavior of alumina additive geopolymer pastes after firing at 800, 1000, and 1200°C.
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Fig. 11. SEM micrographs of geopolymer microstructure after firing at 800 °C (a) 0.6FM80 and (b) 0.6FM80A10.

results of this work to be placed in the context of current developments
in geopolymer research.

3.2. Refractoriness of geopolymer pastes with different ratio of alkali/
pozzolan

Refractoriness, revealed that the ratio of alkali solution to pozzolanic
material at ratios of 0.6:1 and 0.8:1 could withstand the heat unit 1000
°C, because it was found that at 1200 °C specimens presented, cracking
and fracturing occurred. The ratio of alkali solution to pozzolanic

material at 1:1 was able to withstand the heat up to 800 °C, as indicated
in Fig. 8. Additionally, MK to FA ratios of 60:40 and 80:20 withstood
temperatures up to 1000 °C. When 5% aluminum powder was added to
the mixture, minor cracking of specimens was observed. In formulations
with 10% and 15% aluminum powder, the geopolymer specimens could
withstand temperatures up to 1200 °C due to the high melting point of
aluminum powder at 2054 °C, thus the aluminum powder improved
refractoriness.
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Fig. 13. SEM micrographs of geopolymer microstructure after firing at 1200 °C (a) 0.6FM80 and (b) 0.6FM80A10.

3.3. Firing shrinkage of geopolymer pastes

The shrinkage test after refractoriness, as shown in Fig. 9, indicated
that the 0.8FM100 exhibited the lowest shrinkage, with a value of
2.17%, followed by the 0.6FM80, which had a shrinkage value of 2.43%
when fired at 800°C. At this temperature, all formulations presented
relatively low shrinkage, and the addition of Al;O3 powder further
reduced shrinkage due to its high thermal resistance.

When refractoriness was reached at 1000 °C, the shrinkage values
generally increased as a result of enhanced densification and further
evaporation of bound water. However, the formulations containing
Al,035 still showed lower shrinkage compared to those without Al,Os,
confirming the beneficial role of alumina in controlling dimensional
changes.

At 1200 °C, only selected formulations remained intact, as some
specimens failed to withstand this temperature and fractured during the
firing process. For the surviving formulations, shrinkage values were
higher than those observed at 800 and 1000 °C; however, the presence
of Al,Oj3 effectively minimized the extent of shrinkage compared to the
mixes without alumina.

3.4. Microstructure analysis

The microstructure of geopolymer paste at 28 days age, as shown in
Fig. 10, was observed by SEM for the 0.6 FM 80 and 0.6FM80A10 for-
mulas. Spherical FA particles (F) and plate-like MK particles (M)
remained unreacted and unreacted particles were still visible alongside
the formation of aluminosilicate gel (A). After firing at 800 and 1000 °C,
as shown in Figs. 11 and 12, the microstructure revealed unreacted
particles, aluminosilicate gel, and the development of pores due to
partial decomposition of FA. At both temperatures, the formulation
containing Al,O3 (0.6FM80A10) presented a denser and more

consolidated matrix compared to the formulation without alumina
(0.6FM80), confirming that the addition of Al,O3 promoted micro-
structural densification and mitigated pore formation under elevated
temperatures. At 1200 °C (Fig. 13), the fly ash particles had completely
decomposed, leading to the formation of a more homogeneous and
compact microstructure. This densification, simultaneously occurred
with the phase transformation of amorphous aluminosilicate into ther-
mally stable crystalline phases, contributed directly to the increase in
compressive strength observed at high temperature.

3.5. Chemical composition analysis

X-ray diffraction analysis, shown in Fig. 14 (a), was conducted on the
0.6MK80 geopolymer paste formula at 7 days of curing. Chemical
components such as muscovite were identified, derived from MK [45],
mullite, quartz from FA, and the alunite phase. After 28 days, similar
components were observed, with an added potassium aluminum silicate
phase formed through geopolymerization [46], confirming its classifi-
cation as an aluminosilicate geopolymer material. A calcium silicate
hydrate phase, a by-product of the geopolymerization, was also detec-
ted. X-ray diffraction of the 0.6MK80AI10 formula, as shown in Fig. 14
(b), revealed similar components, with an additional alpha-alumina
phase enhanced heat resistance, given its high melting point of 2054°C.

Specimens fired at 800, 1000, and 1200°C retained phases present
before firing, including quartz, and mullite, but lacked the potassium
aluminum silicate phase, as alkali ions were released at elevated tem-
peratures [47]. The alunite, kalsilite, and leucite phases emerged,
indicating high heat resistance of the geopolymer paste [48], with
melting points of 1750 and 1686°C, respectively.
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Fig. 14. XRD patterns of geopolymer specimens (a) 0.6FM80 and (b) 0.6FM80A10 at different curing ages and firing temperatures Q = Quartz (SiO2, JCPDS
01-089-8934), Mu = Mullite (3Al,032Si,, JCPDS 00-001-1059), A = Alunite (KAl3(SO4)2(OH)s, JCPDS 00-003-0616), P = Potassium Aluminum Silicate
(AIKOgSi,, JCPDS 00-051-1596), K = Kalsilite (AIK(SiO,), JCPDS 00-002-0297),Le = Leucite (KAISiyOs, JCPDS 01-071-1147),a = Alpha-Alumina (Al,Os,

JCPDS 01-088-0826).

3.6. Functional group analysis

The functional group analysis of geopolymer cured for 7 and 28 days,
as shown in Fig. 15 (a) and (b), identified the functional groups of O-H,
C-0, Si-O-(Si/Al), Si-O and Al-O. After firing at 800 and 1000 °C, the
functional groups C-O, Si-O-(Si/Al), and Si-O were still observed, while
the O-H functional group was no longer present due to the heat causing
the decomposition of water. Additionally, the height of the Si-O-(Si/Al)
peak suggested that the geopolymerization reaction at 28 days was more
complete than that at 7 days. This observation was consistent with the
XRD results, where the formation of potassium aluminum silicate phases
confirmed the geopolymerization process.

3.7. Coefficient of thermal expansion

The geopolymer paste specimens of 0.6FM80 and 0.6FM80A10,
when subjected to a temperature of 900 °C with a heating rate of 10 °C
per minute, exhibited thermal expansion coefficients (CTE) between 300
and 500 °C of 18.26 x 107 and 15.53 x 107® °C™!, respectively. This
demonstrated the effect of Al;03 in reducing CTE due to its low thermal

10

expansion characteristics. As shown in Fig. 16, within the temperature
range of 0-130 °C, there was dehydration in the structure without any
shrinkage. The evaporation of water led to the initial shrinkage in the
range of 130-450 °C, where shrinkage occurred throughout the heating
process until all water was evaporated. In the 450-700 °C range [49],
the shrinkage was minimal because of the slow dehydroxylation of hy-
droxyl groups [50]. In the range of 700-800 °C, slight expansion began
[49].

3.8. Thermal conductivity

Geopolymer paste should had low thermal conductivity when used
as a high-temperature-resistant material. Analysis of the thermal con-
ductivity of the 28 days paste samples (in Table 6) revealed that the
formula with Al;03 (0.6FM80A10) gave the lowest thermal conductivity
0.2645 W/m-K, whereas, the one without Al;03 had 0.3070 W/m-K. In
comparison, Portland cement and firebrick refractory had thermal
conductivity 1.019 [49] and 0.5000 W/m-K, respectively. The geo-
polymer pastes exhibited low thermal conductivity and met the stan-
dards of TIS 554. Therefore, the geopolymer paste 0.6FM80A10 was
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Fig. 15. FTIR spectra of geopolymer formulations (a) 0.6FM80 and (b) 0.6FM80A10 at different curing ages and firing temperatures.

suitable for high thermal material applications, especially weld backing

applications [51].

3.9. Welding test

After welding (Table 7), the inspection of ceramic weld backing call
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Fig. 16. Thermal expansion behavior of geopolymer formulations 0.6FM80 and 0.6FM80A10 during heating.

geopolymer weld backing (GWB) found that the wide curved backing

from the geopolymer prototype demonstrated excellent heat absorption
and dissipation. It was due to its ability to reduce heat accumulation
from the covering gases released, resulting in minimal damage of the
GWB. Consequently, it proved a cost-effective option because it could be
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reused more than 10 times.
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Table 6

Thermal conductivity of geopolymer 0.6FM80 and 0.6FM80A10.
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4. Conclusions

Formulae Thermal conductivity (W/m-K) This research offered high thermal resistance geopolymer formulated
from MK-FA blended with an alkali-to-pozzolan ratio of 0.6 and Al,O3
0.6FM80 0.3070 + 0.0021 . . . . .
0.6FMSOALO 0.2645 £ 0.0331 addition with 10 wt% as novel backing with gas venting holes for
Portland cement 1.019 oxidation-sensitive material welding. After firing at 1200 °C, the
Firebrick 0.5 selected formulation remained stable and achieved compressive
strengths above 70 MPa. This behavior reflected the role of alumina in
densification, microstructure, and in improving its resistance to thermal
Table 7
Results of testing geopolymer weld backing.
Time Geopolymer weld Results of the inspection
1 Burn marks initiated
2 Slight burn increase, edge marks
3 Splash at groove base, more burns
4 Increased splash and burn marks
5 More burns, minor edge cracks
6 Burns expanded, with edge cracks on both
sides
7 Burn marks intensified
8 Severe burns, cracks at the support strip
9 Groove erosion deepens, cracks spread
10 Groove erosion, heavy burns, and more

cracks

12
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exposure. Its thermal conductivity of 0.2645 W/m-K also met the insu-
lation threshold required by TIS 554, indicating suitability for high-
temperature applications that require both strength and refractoriness.
In practical use, the material performed effectively as a weld backing
and endured more than ten welding cycles without cracking or loss of
dimensional stability. Thus, alumina-addition geopolymers showed
promise as durable, sustainable refractory materials and offer properties
suitable for welding applications.
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