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Abstract: Geopolymer mortars made from various waste products can appreciably reduce carbon
dioxide emissions and landfill-related issues, making them viable substitutes for ordinary Portland ce-
ment, a workhorse in the concrete industry. Thus, a series of ternary geopolymer mortars were made
and characterized to determine the effects of exposure to elevated temperatures (from room tempera-
ture up to 900 ◦C) on their engineered (residual compressive strength, weight loss, and slant shear
bond strength) and microstructural properties. These mortars, which contain fly ash, ground blast
furnace slag, and a high volume of palm oil fuel ash, were designed to activate via the incorporation of
an alkali activator solution at a low concentration (molarity of 4). The elevated temperature-mediated
deterioration of the ternary geopolymer mortar was quantified using Fourier transform infrared
spectroscopy, X-ray diffraction, scanning electron microscopy, and thermogravimetric analysis. The
results revealed an improvement in the ternary geopolymer mortars’ resistance against elevated
temperatures when the palm oil fuel ash level in the mortar matrix was raised from 50 to 70% and
when slag was replaced by fly ash. It was asserted that the proposed ternary geopolymer mortars
may contribute to the advancement of green concretes demanded by the construction sectors.

Keywords: ternary geopolymer mortars; palm oil fuel ash; fly ash; slag; elevated temperatures;
residual compressive strength; interfacial transition zone; microstructures

1. Introduction

Enormous amounts of palm oil fuel ash (POFA) are abandoned as waste materials
by the agro-industrial sectors in countries such as Malaysia, Indonesia, and Thailand.
The production of POFA has continually increased along with the increase in the rate of
palm oil tree cultivation [1–3]. POFA is derived by burning empty fruit bunches, oil palm
clinkers, and shells for electricity generation. A survey revealed that the annual production
of POFA in Thailand and Malaysia in 2007 was nearly 100,000 tons and 300,000 tons,
respectively. This trend continued to increase with the increase in palm tree plantations
in these countries [4,5]. POFA, as a waste material, is generally discarded as a landfill
product that poses serious environmental concerns [6]. Some studies [7,8] have shown
that POFA (enriched with silica) can be suitably used in a manner similar to other wastes
(including rice husk ash, RHA fly ash, FA, and GBFS) to design sustainable concretes or
binders, thus making the construction sectors less dependent on ordinary Portland cement
(OPC)-based concrete or binders. POFA, being a pozzolanic material, can be advantageous
for the design of geopolymer mortars and binders (GPMs/GPBs) [9,10]. This advancement
has added further research impetus in the construction industries worldwide, indicating
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the feasibility of making green concretes desirable for sustainable development. Many
researchers have made partial substitutions of OPC by POFA in their newly designed
concrete mixes to improve the durability and strength performance of conventional OPC-
based concrete [1,6,11,12].

Salami et al. [13] evaluated the influence of POFA on the workability of GPMs and
showed that the designed mortars, in their fresh state, can achieve reliability regarding
their stiffness because POFA particles offer wide surface areas that are favorable for the
development of resistance against flow. Furthermore, the workability of POFA mortar can
be enhanced by increasing the content of the (NaOH + Na2SiO3) solution in the binder.
This improvement can be attributed to the total amount of water increment in the specimen.
Salih et al. [14] demonstrated that an improvement in the Na2SiO3-to-NaOH ratio from
1.0 to 3.0 could reduce the workability of POFA mortar. This was mainly attributed to a
higher content of water in the lower ratio (1.0) than the higher one (3.0). The majority of the
previous research [15–19] revealed that the compressive strength (CS) can vary between 28
and 66 MPa at low levels of POFA (roughly 30%) when supplemented with RHA, GBFS,
and FA under curing temperatures of 65 and 75 ◦C for a period of one to two days. It was
further shown that an increase in the POFA content of more than 30% can reduce the CS of
the designed mortar.

Salih et al. [14,20,21] studied the effect of POFA (100%) on a comparatively large
volume of calcium at a curing temperature of 60 ◦C for a period of 2 hr. The CS values
of the mixes were increased up to 32 MPa, indicating that POFA can serve as a high-Ca-
activated material when added to concrete. The observed enhanced CS of the mortars
was mainly due to the generation of C–S–H gel from the elements Ca and Si, which exist
in POFA, as well as the availability of silicates in the activator solution. Salih et al. [21]
examined the influence of various curing temperatures on the alkaline solution activation
of POFA. It was demonstrated that CS is enhanced and achieves a better rate when cured
in an oven at an early stage. As the temperature increased from 60 to 80 ◦C, the values
of CS remained unaffected. In addition, mortars subjected to curing at room temperature
revealed roughly the same strength as those cured at higher temperatures at later ages
of up to 90 days. This confirmed the effectiveness of curing at ambient temperature and
the subsequent geopolymerization of POFA. Furthermore, the increase in the strength at
ambient temperature for mortars aged between 7 and 90 days was higher than seen in those
cured at oven temperatures. The optimum temperature for POFA activation by a solution
of Na2SiO3 plus NaOH was observed to be 70 ◦C. Furthermore, the strength was shown to
decrease for oven-cured (80 ◦C) samples, wherein further curing reduced the hardening
time because of the increase in the rate of geopolymerization at higher temperatures. The
micro-cracks were found to propagate with increasing curing time. Conversely, specimens
that were cured at ambient temperature did not reveal any surface cracks.

Yusuf et al. [22,23] reported a reduction in the flexural and compressive strengths of a
specimen containing 70% POFA, wherein the loss in strength increased with the increase
in the SiO2/Al2O3 ratio, leading to the formation of reaction relics. The mortars’ CS was
improved by as much as 50% with decreased metakaolin replacement; thereafter, the
CS started to decrease when the level of POFA reached values of up to 80%. At 3 and
7 days of curing, the CS of the mortar made with 80% POFA was, correspondingly, 26.17
and 30.791 MPa, indicating the excellent performance of the mortars with low CS. It was
established that the substitution of metakaolin by POFA can improve the workability of
the GPMs via a reduction in water demand. GPBs show several notable attributes, such as
high early CS, low creep, low drying shrinkage (DS), excellent resistance against acid and
sulfate attacks, and environmental attributes [24,25]. Salmi et al. [13] displayed an increase
in the weight loss of GPMs with an increase in NaOH molarity. The GPMs treated with the
solution of MgSO4 (5%) and Na2SO4 (5%) corresponded to the lowest and highest weight
loss. In addition, GPMs containing POFA exhibited a high resistance towards elevated
temperatures and sulfate and acid attacks [16,26].
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The influence of high calcium and C–S–H gel contents on the bond strengths (BSs) of
GPMs made from FA and OPC was studied [27]. Four mixes were designed by replacing
OPC using FA at different levels (0, 5, 10, and 15%) with changing NaOH molarity (at
constant proportions of sodium silicate to NaOH content). With the increase in both OPC
and NaOH contents, the values of the shear bonding strengths (SBSs) for the designed mixes
were increased, which was ascribed to the development of more products from the resultant
reactions. This result verified the earlier observation on the strength property enhancement
of the FA-based GPs that contained high levels of Ca and produced more gels of C–S–H,
C–A–S–H, and N–A–S–H [28]. This enhancement of various products at the boundary
zone among cement and GPMs caused an enhancement in the strength properties [29].
Moreover, GPM made of OPC (15%) and NaOH (14 M) displayed a slight reduction in the
BS [30]. This reduction at higher NaOH content was ascribed to the accelerated dissolution
of silica and alumina and subsequent inhibition of the poly-condensation reaction [31]. The
observed lower strength of GPMs at high NaOH contents was mainly due to the generation
of excess OH ions that resulted in the alumina silicate gels’ precipitation at an early age [32].
Meanwhile, higher NaOH contents could inhibit the complete mixing of Ca, generating
products with lower hydration.

The influence of various solid-to-liquid (S:L) proportions (0.5–1.1) on the SBS of GPMs
at ambient conditions was evaluated by Zhang et al. [33]. A very small (0.5) or highly
elevated (1.1) proportion of S:L was observed to be detrimental to the SBS development
of GPMs, making the failure of bonds more vulnerable. However, S:L ratios of 0.6 and
0.8 produced an excellent SBS and optimal workability. The effects of curing temperature
and humidity level on the SBS performance of GPs were evaluated under different con-
ditions, wherein two kinds of mixes (Group A and B) with identical constituents were
made. For the specimen in Group A, the curing temperature and humidity were 20 ◦C and
90%, respectively, whereas for the Group B specimen, these values were 20 ◦C and 50%,
respectively. At the age of 7 days, the SBS values of the Group A and B specimens were,
correspondingly, 2.83 and 2.43 MPa. The observed lower SBS for the Group B mixes was
mainly due to a higher water loss at lower humidity levels [33].

Compared to the traditional OPC, the geopolymer has a higher resistance to elevated
temperatures [34]. Several studies [35–37] reported that an increase in the aluminum silicate
content with a reduction in calcium oxide level can significantly improve the thermal
resistance of the designed geopolymer. Rickard et al. [38] showed that the geopolymer
resistance to elevated temperatures can be influenced by the ratio of SiO2 to Al2O3. In
addition, an increase in this ratio was observed to reduce the geopolymer performance due
to the swelling of silica-rich secondary phases. In another study [39], it was found that the
reduction in the ratio of CaO to SiO2 via the replacement of slag by a waste tile ceramic and
an increase in the ratio of AL2O3 to SiO2 via the inclusion of fly ash as a slag replacement
can lead to an enhancement in the durability of the geopolymer, which was mainly due to
an increase in the thermal resistance of the designed ternary binder.

Based on the abovementioned factors, the proposed new types of GPMs were obtained
by mixing high volumes of POFA, FA, and GBFS at proper ratios. The impacts of different
proportions of CaO to SiO2, CaO to Al2O3, and SiO2 to Al2O3 on the engineering properties,
such as the CS and SBS of the proposed GPMs exposed to elevated temperatures, were
investigated. Various tests and measurements were carried out for the thorough charac-
terizations (physical, morphological, structural, chemical, mineralogy, and composition)
and composition optimization of GPMs. The optimum specimen was observed to be the
one made from 50% POFA (by weight) and 0.4 alkali solution-to-binder ratio. The NaOH
molarity and Na2SiO3 to NaOH ratio were correspondingly fixed as 4 M and 0.75. The
bond strength values of the proposed GPMs were evaluated using the slant shear (SS),
splitting tensile strength (STS), flexural strength (FS), and residual compressive strength
(RCS) tests after exposing them to 200, 600, and 900 ◦C. The obtained optimum GPMs were
analyzed in-depth to determine their hardened and microstructural characteristics as well
as their permanence. Additionally, various ratios of SiO2 to Al2O3, CaO to SiO2, and CaO
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to Al2O3 were implemented to produce the best sustainable mortar beneficial for practical
applications.

2. Materials and Methods
2.1. Raw Materials

As aforementioned, POFA is a waste material produced from the palm oil fibers,
bunches, and shells used as fuel for power generation in mills. In this work, POFA was
obtained from Kilang Sawit PPNJ Kahang factory located in Johor (Malaysia). It was
collected from an ash outlet kept away from the boiler burning chamber. It was first sieved
with 600 µm to remove the large particles and then dried in an oven at 105 ◦C for 24 h to
eliminate free water. Next, POFA was sieved with 300 µm to screen out the larger particles,
thus increasing its effectiveness. Later, it was ground to fine particles for 6 h (Loss Angelos
Abrasion instrument equipped with fifteen stainless balls of 50 mm diameter) at a drum
speed in the range of 32–35 rpm (Figure 1). The particles’ refinement was found to be
strongly affected by the grinding duration that was recorded repeatedly after each 1 h
interval. The particles’ percentage preserved on the 45 µm sieve was decreased with the
increasing period of grinding. After the grinding was complete, all POFA was passed
through the sieve (45 µm), as depicted in Figure 1.
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Figure 1. POFA treatment and processing, including collection, sieving, drying, and grinding [40,41].

To make the proposed GPMs, FA with low CaO contents (a source of aluminosilicate)
was collected from a power plant in Malaysia. It satisfied the ASTM C618 requisites for
N class pozzolan and F class FA that appeared gray in color. In the present work, pristine
GBFS was obtained from Ipoh (Malaysia) and used as it is to free the binder of cement.
It showed both cementitious and pozzolanic characteristics and was different from other
cementitious supplements. Figure 2 shows the off-white appearance of GBFS that was due
to the hydraulic reaction during the mixing process in water. GBFS, being a pozzolanic
material comprising Ca-silicate and alumina (approximately 90%), could meet the requisite
of ASTM C618.

The chemical compositions of POFA, FA, and GBFS were determined using X-ray
fluorescence (XRF) spectroscopy. In this measurement, the incident X-ray photons excited
the atoms in the powder specimen wherein the tightly bound inner shell electrons were
detached, followed by the relaxation into the ground state, emitting fluorescent X-rays.
An energy dispersive detector was used to record the emitted energies, thus identifying
the trace elements present in the specimen. In addition, the emitted intensity of X-rays
was analyzed to quantify the amount of elements that exist in the specimen under study.
Table 1 displays the XRF results of FA, POFA, and GBFS. The oxides of Si and Al were
the main compositions, amounting to 86% in FA, 68.45% in POFA, and 41.7% in GBFS. In
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comparison to FA and POFA, GBFS was composed of very high amounts of CaO (about
51.8%). In essence, such high contents of silicate, Al, and CaO played a vital role in the
formulation of TGPMs, wherein the development of enhanced geopolymerization led to
the production of excess N–A–S–H, C–A–S–H, and C–S–H gels as essential components
for achieving high-performance mortars and binders. Meanwhile, FA and GBFS showed
very low concentrations of K2O, but POFA revealed high contents of K2O (8.6%). The loss
on ignition (LOI) was discerned to be insignificant in FA and GBFS. Furthermore, POFA
showed high LOI (1.73%) that was consistent with the ASTM C618 standard.
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Table 1. Chemical compositions of POFA, FA, and GBFS.

Material FA POFA GBFS

SiO2 57.20 64.20 30.8

Al2O3 28.81 4.25 10.9

Fe2O3 3.67 3.13 0.64

CaO 5.16 10.20 51.8

MgO 1.48 5.90 4.57

K2O 0.94 8.64 0.36

Na2O 0.08 0.10 0.45

SO3 0.10 0.09 0.06

LOI 0.12 1.73 0.22

SiO2:Al2O3 1.98 15.11 2.82

To make the proposed GPMs, the natural siliceous river sand was utilized as fine
aggregates. First, the collected sand was cleaned using tap water in accordance with the
ASTM C117 standard, thereby reducing the silts and impurities. Then, the obtained clean
sand was dried in an oven at 60 ◦C for 24 h to control the moisture content. Next, it was
graded according to the ASTM C33-33M requirement, as depicted in Figure 3. The values
of the estimated fineness modulus and specific gravity of the resultant aggregates were 2.9
and 2.6, respectively.
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Figure 3. Particle size analysis of fine aggregates [2].

The alkaline solution composed of high-purity NaOH (NH) and Na2SiO3 (NS) (98%,
QREC, Malaysia) was utilized for the activation of alumina and silica in various wastes,
including FA, POFA, and GBFS. Figure 4 illustrates the alkali solution preparation proce-
dure, wherein an analytical grade sodium silicate solution was made from SiO2 (29.5 wt.%),
Na2O (14.70 wt.%), and H2O (55.80 wt.%) (QREC, Malaysia). The pellets were mixed in
water to make the required NH solution of molarity 4. The resultant mixture was cooled
down for 24 h following the addition of NS solution, achieving the desired alkali mixture
with a SiO2 to Na2O ratio of 1.02. For all alkali mixes, the NS to NH ratio was kept fixed
at 0.75.
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Figure 4. Preparation process of alkali activator solution Sodium hydroxide and sodium silicate
bottles supplied by QREC [42].

2.2. Mix Design

In this process, NH and NS were first weighed to make the mixture and then cooled
down to room temperature. The proposed TGPMs were made via the alkali solution
activation of the ternary blend composed of POFA, FA, and GBFS. The mixture was blended
in a mortar mixer for 2 min under a dry state to obtain a uniform mix of these fine aggregates,
followed by the alkali solution activation. The resultant mixture was blended in a device
operated at intermediate speed for an extra 4 min. Next, the fresh mortar mixes were cast
in the mold in 2 layers, wherein every layer was strengthened by a vibration table for
15 s to eliminate the air voids. A total of 9 mortar mixes enclosing high contents of POFA
were obtained using the same procedure (Table 2). The POFA contents in the TGPMs were
increased up to 70% through the substitution of FA and GBFS (varied in the range of 20 to
50%). It was observed that with the increase in POFA level from 50 to 70%, the concentration
of silicate in the TGPMs was considerably increased (Figure 5). In addition, the contents
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of CaO and Al2O3 were increased with the increase in GBFS and FA levels, respectively.
After the casting, the designed TGPM specimens were cured for 24 h at (27 ± 1.5) ◦C and
75% of humidity. Then, the mortar mixes were left in ambient atmosphere for further
characterization.

Table 2. Constituents in TGPMs.

No.
Binder (Mass %)

B:A * S:B ** SiO2:Al2O3 CaO:SiO2 CaO:Al2O3
POFA GBFS FA

1
70

30 0 1.0 0.40 8.63 0.42 3.61

2 20 10 1.0 0.40 7.04 0.32 2.23

3

60

40 0 1.0 0.40 7.32 0.53 3.86

4 30 10 1.0 0.40 6.13 0.41 2.54

5 20 20 1.0 0.40 5.33 0.31 1.66

6

50

50 0 1.0 0.40 6.25 0.65 4.08

7 40 10 1.0 0.40 5.34 0.52 2.80

8 30 20 1.0 0.40 4.72 0.41 1.94

9 20 30 1.0 0.40 4.27 0.31 1.31

* B:A is the ratio of ternary blended geopolymer binder to fine aggregates.** S:B is the ratio of alkaline activator
solution to ternary blended geopolymer binder.
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of TGPMs.

2.3. Tests Procedure

Following the ASTM C109-109M requirement, the CS test was performed on the
adequately cured mortars at 28 days, which served as a control sample. At each curing age,
3 sets of mortars were tested to obtain the average value. During the CS test, the mortar was
duly prepared and positioned accurately between the upper and lower metal bearing plates
as specified by the relevant standard. The specimen was subjected to a steady load rate
(2.5 kN/s) till failure occurred. The density and CS of TGPMs were produced automatically
depending on their imputed weights and dimensions.

The compression machine was used for the slant–shear test of the produced TGPMs,
wherein the hardened specimen was slanted diagonally at 30◦ (that corresponded to the
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lowest failure stress of a smooth surface from the vertical) following the ASTM C882
standard. The specimen was cut and formed in a cylindrical shape with a diameter of
75 mm and a length of 150 mm. Then, it was divided into halves following the half-slanted
dimension and then placed into a cylindrical mold before being poured with fresh TGPM.
The mortars were tested after 28 days of curing following a systematic protocol.

The ultrasonic pulse velocity (UPV) test of the studied TGPMs was carried out using
Proceq brand of UPV machine in accordance with ASTM C597 (2009). In this test, ade-
quately cured cubic samples with dimensions (50 mm × 50 mm × 50 mm) were used,
wherein three sets of specimens were tested after each curing age. The mortar mixes were
dried in the air for 24 hr at 27 ◦C before being tested, facilitating an efficient blending
between the transducers and mortar mixes. The mean path length of the cubic specimen
was obtained from the measured length across 4 faces (longitudinal to the direction of
the transducers). At the beginning of the test, the pundit unit was calibrated to standard
transit time of 42.5 µs using a Plexiglass cylinder. The transducers were calibrated to zero
reading via the face-to-face placement with water-soluble coupling gel. In this procedure,
the transducers were tied firmly to the mortar, in which the Pundit unit displayed both
transit time and UPV based on the specified path length of the specimen. The average
reading of three specimens was recorded to determine the transit time and UPV value.

The resistance of the TGPMs against elevated temperatures was evaluated using an
automatic electrical furnace (Figure 6). Herein, 3 mortar mixes, each with dimensions
(50 mm × 50 mm × 50 mm), were prepared and tested after 28 days of curing. Each speci-
men was subjected to the temperature of 200, 400, 700, and 900 ◦C at various time periods
(Figure 7). The hot mixes were cooled by water spray and blown air. The specimens’
weights before and after high-temperature exposure were recorded for the weight loss
estimation. Then, these TGPMs were subjected to the CS test to determine the RCS, strength
loss percentage, and UPV in accordance with the ASTM C597 requirement. At last, the
relative quality of the mortar mixes was assessed after heating at high temperatures. In
addition, the microstructural characteristics of the designed TGPMs were determined by
the FTIR, SEM, DTG, and TGA measurements.
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Figure 7. A comparison of experimental time against temperature curve between ASTM E119 and
ISO 834-12 standard [35].

The XRD measurement was performed to confirm the crystallinity and mineral com-
position of the studied TGPMs. The XRD patterns were analyzed to determine the crystal
structure, phase, lattice orientation, and cell parameters of the TGPMs. After performing
the CS test at 28 days of curing, a small portion of TGPMs was collected and ground into
fine powder. The powder specimen was used for the XRD analysis (2θ range, step size,
and scan speed were 5–90◦, 0.020◦, and 15.4 s, respectively). Scanning electron microscopy
(SEM), being a very adaptable tool, was utilized to study the microstructures, interfacial
transition zone, hydration progress, and elemental compositions of the designed TGPMs.
In this work, various specimens were prepared for the test. For each required batch, the
samples were tested before and after exposure to the elevated temperatures. Before testing,
the specimens were coated with gold to achieve the desired surface structure. Thermogravi-
metric analysis (TGA) and differential thermal analysis (DTA) were carried out using an
automatic thermal analyzer to evaluate the thermal behavior of various TGPM specimens
(each weighing 5 mg). The test was designed deliberately to ensure the possibility of
high-temperature withstanding capacity of the proposed TGPMs. These measurements
were conducted (under nitrogen gas ambiance) in the range of 29 to 950 ◦C at 10 ◦C/min
of heating rate. The room temperature FTIR spectra of the produced TGPMs in the range
of 400–4000 cm−1 were recorded for the identification of the functional chemical bonds or
groups that existed in the organic and inorganic components. A similar procedure was
followed to test all TGPM specimens using the XRD and TGA.

3. Results and Discussion
3.1. Materials Properties

Figure 8 shows the XRD profiles of POFA, FA, and GBFS materials. The results of the
POFA and FA showed many intense diffraction peaks around 16 to 30◦ that corresponded
to the crystalline phase of silica and alumina compound. Other intense XRD peaks signified
the existence of crystalline phases of quartz and mullite structures. Conversely, the XRD
profile of GBFS in the presence of a broad hump indicated its glassy nature, wherein the
high content of reactive silica and Ca played a significant role in the formation of GBFS,
indicating its immense potential for the design of sustainable TGPMs. The main reason
for FA inclusion in the proposed mortars was to surmount the low concentration of Al2O3
(10.49 wt.%) in the GBFS.
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Figure 8. X-ray diffraction profiles of FA, POFA, and GBFS.

Figure 9 displays the SEM micrographs of the POFA, FA, and GBFS. The morphologies
showed spherical particles of FA (Figure 9b) with smooth surfaces. The POFA consisted
of spherical and irregularly shaped particles (Figure 9a). The morphology of the GBFS
(Figure 9c) comprised irregular and angular particles that agreed with the previous re-
port [43].
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Figure 9. SEM of raw materials (a) POFA (b) FA (c) GBFS.

Figure 10 displays the TGA results of the FA, POFA, and GBFS, which indicate the
weight changes at different temperatures. The FA was found to be more stable at high
temperatures than others. Furthermore, the FA showed the desorption/drying (rerun)
stage only and had a lower weight loss of about 0.32% compared to the others. The weight
losses of the FA, POFA, and GBFS were 1.27, 3.4, and 2.31%, respectively.
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Figure 10. TGA curves of POFA, FA, and GBFS.

Figure 11 displays the DTG results of the FA, POFA, and GBFS, which was carried
out to determine the mass loss during the specimens’ heating, indicating their physical
alterations. The DTG curves of the POFA showed early weight change with temperature
and decomposition at 680 ◦C with a ratio of 0.0176%/◦C. The decomposition peak of the
FA started after 700 ◦C, indicating a lower weight loss (0.0078%/◦C) than the POFA and
GBFS. The highest weight loss of 0.02%/◦C of GBFS occurred at 718 ◦C. Generally, POFA
exhibited lower stability than FA and GBFS at higher temperatures.
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Figure 11. DTG curves for FA, POFA, and GBFS.

Figure 12 illustrates the FTIR spectrum of the FA, POFA, and GBFS, which consists
of various chemical bonds and functional groups originating from the constituent raw
materials of TGPMs. In addition, with varying temperatures, the conversion of the materials
from the crystalline to glassy phases was also observed. The stretching vibration modes
related to Si–Al linkage showed a shift toward the lower frequency, implying an increase in
the number of tetrahedral Al atoms [44]. It was reported [45] that the presence of silicate
and aluminosilicate glassy phases shows a broad band in the range of 500–650 cm−1. In
the current work, the studied material constituents revealed some short-range structural
ordering with the tetrahedral or octahedral rings. The significant band around 460 cm−1

corresponded to the in-plane and bending vibration modes of Al–O/Si–O bonds. The band
at 730 cm−1 was due to the vibration modes of the octahedral sites of Al, and the band at
820 cm−1 was due to the stretching vibration of the tetrahedral Al–O bond [46]. The IR
band at 1400 cm−1 was due to the Al–O/Si–O bonds’ asymmetric stretching vibration [47].
Essentially, the FA and POFA showed various broad bands of C=O vibration modes with
intermediate intensity in the range of 1460–1600 cm−1. In addition, the IR band intensity
of the FA was higher than that of the POFA. However, no characteristic vibration modes
of GBFS were evidenced in this region. For all the waste materials, the IR bands around
3500 cm−1 were due to the bending and stretching vibration modes of the C = O–H and
–OH groups, respectively. The presence of hydroxyl ions was mainly due to the adsorption
or trapping of moisture/water at the materials’ surface cavities that formed many weak
bonds/ligaments.
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3.2. Residual Compressive Strength

Figures 13–15 illustrate the influence of POFA at high content on the development of
the RCS, degree of internal cracks (DIC), and weight loss percentage (WLP) of the proposed
TGPMs exposed to elevated temperatures. The value of RCS was enhanced from 15 to
32.4% with the increase in the POFA level in place of GBFS from 50 to 70% (Figure 13). A
similar trend in the development of RCS values of TGPMs was observed with the increase
in FA level from 50 to 70% in place of GBFS. Initially, the UPV results revealed an increase
in the DIC with the increase in temperatures, and then the readings were dropped at higher
temperatures (Figure 14). The WLP was found to be directly proportional to the POFA
concentration in the mixes. When the POFA level was increased from 50 to 70%, the value
of WLP was increased from 19.8 to 21.8% (Figure 15). A linear relationship between RCS
and WLP was observed (Figure 16). These results showed an improvement in the RCS
values with the increase in WLP. The following relation was used to calculate the RCS
development (with an R2 value of 0.72) for all samples:

RCS = −1.1438 WLP + 33.887 (1)
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At elevated temperatures, more bonds were observed to break in the alkali-activated
mortar matrix, wherein the TGPMs containing higher levels of calcium showed a higher
degree of damage, implying a higher loss of strength. This higher loss was mainly due to
the development of more calcium carbonate decomposition-mediated product generation
that led to the expansion of the mortar matrix volume, producing more internal cracks.
This observation can be ascribed to two competitive mechanisms that occurred in the
mortar matrix with the increase in temperatures. First, the continued geopolymerization
process led to the mortars gaining strength. Second, the lack of capacity of the mortars to
resist the high temperatures led to a reduction in the strength values. For each elevated
temperature, the average values of the RCS of the three tested cubes, standard deviation,
and coefficient of variance were calculated using Equations (2) and (3), and the obtained
results are presented in Table 3.

SD =

√
1

n − 1 ∑n
i=1(Xi − Ave.)2 (2)

CV =
SD
m

(3)

where n is the number of cubes (n= 3), Ave. is the average of the RCS of three specimens
(in MPa), Xi is the RCS of each specimen (in MPa), SD is the standard deviation, and CV is
the coefficient of variance.

Table 3. The average, standard deviation, and coefficient of variance of obtained residual compressive
strength.

Mix
POFA:GBFS:FA

After 400 ◦C After 700 ◦C After 900 ◦C

Ave. SD CV Ave. SD CV Ave. SD CV

70:30:00 19.6 1.42 0.0724 13.51 1.12 0.0829 11.2 0.88 0.0785

70:20:10 17.82 1.34 0.0752 13.08 1.08 0.0825 10.5 0.84 0.0801

60:40:00 27.37 1.46 0.0533 18.76 1.13 0.0602 12.68 0.91 0.0717

60:30:10 23.12 1.43 0.0618 16.42 1.16 0.0706 12.72 0.92 0.0723

60:20:20 21.16 1.38 0.0653 17.36 1.07 0.0616 13.12 0.94 0.0716

50:50:00 31.54 1.34 0.0425 17.6 1.05 0.0596 8.34 0.86 0.1031

50:40:10 28.37 1.37 0.0483 16.41 1.06 0.0645 10.64 0.84 0.0789

50:30:20 23.11 1.39 0.0601 16.34 1.09 0.0667 11.24 0.82 0.0729

50:20:30 20.46 1.41 0.0689 15.22 1.08 0.0709 11.46 0.83 0.0724

3.3. SEM Images and TGA Curves

The SEM micrographs and TGA curves of the studied TGPMs are presented in
Figures 17 and 18, respectively. The SEM images indicated the structural deterioration
and development of more porosity with the increase in temperature. This, in turn, de-
stroyed the interlocking among the particles in the mortar matrix. The TGA results revealed
a strong influence of high-volume POFA content on the residual weights of TGPMs. When
the POFA level was increased from 50 to 70%, the residual weight was decreased from
81.8 to 78.7%, respectively. The observed improvement in the resistance of TGPMs against
elevated temperatures with the increase in POFA and FA contents was due to the boost
of Al2O3 and SiO2 concentration that made the mortar matrix more thermally compatible
than that of the GPMs designed to have high contents of GBFS. In addition, FA contained
a considerable amount of hollow sphere-like particles wherein the partial dissolution of
these particles generated highly dispersed tiny pores in the mortar matrix, thus causing
an improvement in the thermal resistance against high temperatures. The residual free
space created by the dissolved FA particles, in turn, produced several unreacted particles
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within the hollow cavities, a major factor in the improvement of the thermal compatibility
of TGPMs. In contrast, TGPMs formulated to have 70% POFA content showed more stable
surface morphology at elevated temperatures than the specimens designed to have a lower
content of POFA.
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3.4. XRD Analysis

Figure 19a–b illustrate the XRD profiles of TGPMs before and after the increase in
temperatures from 27 to 900 ◦C. XRD profiles of TGPMs before and after high-temperature
exposure (below 400 ◦C) showed the presence of semi-crystalline aluminosilicate gel and
quartz (Q). Several intense broad peaks were observed in the range of 25–30◦. XRD results
of TGPMs exposed to elevated temperatures (700 and 900 ◦C) showed the formation of
crystalline zeolites as the secondary reaction products. TGPMs made with a high volume of
POFA when heated at 700 ◦C showed intense XRD peaks of Q, mullite (M), and nepheline
(N), wherein M is the only stable crystalline phase of Al2O3 and SiO2. This clearly indicated
that M maintained its room temperature strength even at high temperatures, showing
high temperature stability, low thermal expansion, and excellent oxidation resistance.
After the exposure at 700 ◦C, the Q peaks were still stable, and the M peaks became
increasingly intense. When the TGPM specimen was heated at 400 ◦C, crystalline goethite
was transformed into a hematite phase, wherein most of the constituent water molecules
from the mortar matrix were released. Consequently, it caused a local buildup of internal
stress due to the outgoing -OH flux and synchronized diffusion in the grain structures.
In addition, it could even cause fractures in the hematite grains, thus increasing the DIC
of the TGPM matrix. At such high temperatures, the grain morphology (shape and size)
was completely reorganized, forming a new crystalline hematite phase by largely retaining
the stable phase of the original goethite structures. XRD profiles of the studied TGPMs
exposed to 900 ◦C displayed the disappearance of the hematite phase and preservation
of the crystalline sodium aluminum silicate (nepheline, AlNaSiO4) with Q and M as the
crystalline phases. In comparison to other TGPM mixes, the specimen designed to have
70% POFA revealed stable XRD peaks at high temperatures.
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3.5. Visual Appearance

Figure 20 shows the impact of high temperature (900 ◦C) on the surface of TGPMs.
The surface presented in Figure 20b,d clearly indicated the development of surface cracks
in the studied TGPMs containing a high volume of POFA after being exposed to 900 ◦C.
The specimen containing 50% POFA revealed the development of wider cracks (Figure 20d)
compared to the mortars made with 70% POFA (Figure 20b). The specimen containing a
high volume of POFA showed a slight decrease in surface deterioration at higher tempera-
tures. However, the resistance of TGPMs against elevated temperatures was improved due
to the inclusion of POFA, manifesting fewer cracks on the mortar surface. Generally, the
exposure of the specimens to higher temperatures can be accompanied by many alterations,
such as an increase in the moisture evaporation and internal vapor pressures, expansion of
the fine aggregates, contractions of the geopolymer paste, and decompositions of various
chemicals in the mortar matrix. In the early phase of heating, such changes might not
produce a significant number of cracks. However, if the heating rate is quite fast and the
mortar is very dense or encloses a sufficient amount of moisture, then spalling can happen
within the first 30 min of the heat exposure, which is detrimental for the applications.

The variations in the color of TGPMs as a function of temperatures were determined.
It showed a dark grey appearance at 27 ◦C and then transformed to light dark (up to 400 ◦C)
with the increase in the substitution of GBFS content by FA. Then, the color of TGPMs
was somewhat transformed to vanilla and light grey when the temperature was further
increased from 400 to 700 ◦C. The color of TGPMs appeared whitish at 900 ◦C irrespective
of the POFA contents. The impact of burning appeared more severe at the outer planes of
the mortar specimens. This effect was further reduced toward the interiors of the mortars.
A close inspection of the crushed mortar specimen indicated that at a specific temperature,
the surface color could penetrate into the interior of the mortar depending on the internal
heat intensity, while a clear surface appearance was observed to last up to approximately
10 mm deep, especially for the mortar heated at 700 ◦C or below. However, the penetration
depth differed when the mortar was heated at 900 ◦C. Overall, all the proposed TGPMs
showed more or less similar color appearances and variations due to exposure to high
temperatures.
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3.6. Slant Shear Bond Strength

Figure 21 presents the effect of heat exposure at different temperatures on the slant
shear bond strength (SSBS) of the mortar substrate prepared at 30◦. The values of the SSBS
of all TGPMs were enhanced with the increase in temperature from 27 to 900 ◦C. Generally,
with the increase in temperature, the values of the SSBS of TGPMs were increased. All
the studied mortars showed somewhat stronger bonding at 27 ◦C compared to other
temperatures. The SSBS values were reduced with the increase in POFA in place of GBFS.
The loss percentage of the TGPMs at 27 ◦C was reduced from 3.72 to 2.69% with the increase
in POFA level from 50 to 70%, respectively. However, the SSBS values of the proposed
GPMs were significantly influenced when the temperature was increased from 27 to 900 ◦C.
The specimens containing a higher amount of POFA as a GBFS replacement were discerned
to achieve better performance under elevated temperature exposure. The residual SSBS
value of TGPMs showed an increase from 0.52 to 0.61 MPa with an increase in POFA level
from 50% to 70%, respectively. The SSBS of the TGPMs were improved when FA was
substituted by GBFS, irrespective of the POFA content. In addition, with the increase in FA
concentration, the SSBS values of the specimens were enhanced. The specimens prepared
with 50% POFA as a GBFS replacement displayed a drop in the percentage of loss on bond
strength from 86% to 77%, with the corresponding rise from 0 to 30% for FA replacement
of GBFS. The mortars containing 60 and 70% POFA, when exposed to 900 ◦C, showed a
similar trend in the loss of bond strength values. However, the mortars made using high
levels of POFA and FA exhibited lesser loss of bond strength than other mortar mixes.
TGPMs containing 50% POFA and GBFS displayed a maximum loss in bond strength (86%)
compared to other specimens when exposed to 900 ◦C.
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4. Conclusions

The effects of elevated temperatures on the engineering properties of TGPMs con-
taining various levels of high-volume POFA, GBFS, and FA were determined in terms
of durability, residual strength, microstructures, crystallinity, degree of internal cracks,
weight loss percentage, and bond strength performance. Based on the observed results, the
following conclusions can be made:

i. The proposed geopolymers made with a high volume of POFA (enriched in silica and
alumina) showed high durability performance against elevated temperature exposure;

ii. The thermal resistance of TGPMs made with various POFA contents (50 to 70%) was
significantly improved when exposed to high temperatures up to 900 ◦C;

iii. The existence of the crystalline phases, porosity, wide surface area of the tiny spherical
particles, formation of various gels due to enhanced geopolymerization, and less water
demand were the main factors for such improvement in the engineering characteristics
of the designed TGPMs;

iv. TGPMs made using a high volume of POFA and FA as slag replacement showed
considerable improvement in the residual strength and UPV values at elevated tem-
peratures;

v. The microstructure results of TGPM containing 70% POFA at high temperature expo-
sure displayed an increase in thermal stability;

vi. The loss of bond strength of the TGPM mixes enclosing high levels of POFA, FA, and
GBFS was remarkably reduced when heated up to 900 ◦C;

vii. The effects of heat intensity on the color appearance of the studied TGPMs at ele-
vated temperatures were quantified in terms of surface discoloration, indicating their
practical benefits under fire hazards;

viii. It is asserted that POFA (an eco-friendly and sustainable agricultural waste material)
can suitably be recycled to make high-performance sustainable TGPMs demanded by
the construction industries, providing immense benefits to the economy due to their
durability in civil structures, high strength performance, and resistance to elevated
heat exposure.
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Abbreviations

GPMs geopolymer mortars
TGPMs ternary geopolymer mortars
GPBs geopolymer binders
OPC ordinary Portland cement
FA fly ash
POFA palm oil fuel ash
GBFS ground blast furnace slag
AS aluminum silicate
LOI loss in ignition
FS flexural strength
STS splitting tensile strength
CS compressive strength
RCS residual compressive strength
SSBS slant shear bond strength
TGA Thermogravimetric analysis
XRF X-ray fluorescence
XRD X-ray diffraction
SEM scanning electron microscopy
FTIR Fourier transform infrared spectroscopy
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