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Summary

This study elucidates the effects of aging and temperature over the performance of one-part “just add water” (JAW) granite-based geo-
polymers for application in well cementing and well abandonment. Additionally, the investigation delves into the fluid-state and early-age
solid-state properties of these geopolymers, with a particular emphasis on their performance after aging. The aging process extended up to
56 days for assessing mechanical properties and up to 28 days for evaluating hydraulic sealability through dedicated tests. The obtained
results unveil a nonlinear correlation between the designated temperature and pumping duration. Notably, the issue of fluid loss emerged
as a significant concern for these geopolymers. The early-age strength development of the mix design containing zinc demonstrates ad-
herence to industry norms by achieving minimal strength requirements within 24 hours of curing. Zinc plays a pivotal role as a strength
enhancer during the initial curing stages of geopolymers, both under ambient conditions and at elevated temperatures (70°C). However,
upon extended curing at elevated temperatures, zinc’s impact slightly diminishes compared with the unmodified mix design. After around
30 days of curing, a consecutive reaction occurs in both the unmodified and zinc-modified mix designs. Aging leads to a decline in the
material’s hydraulic sealability that was initially established during the early stages of curing.

Introduction

In recent years, there has been a rapid increase in the demand for cement production. A 2016 report estimated that the emission of green-
house gases from the cement industry alone could be responsible for up to 8% of global carbon dioxide emissions (Gilfillan and Marland
2021). Despite efforts to improve efficiency and promote cleaner cement production, the energy-intensive process of cement clinker cal-
cination remains a necessity (Mo et al. 2010). Therefore, the development of sustainable and viable alternative materials that can fully
replace ordinary Portland cement (OPC) while possessing equal or superior chemophysical properties remains the most effective strategy
(Luukkonen et al. 2018; Omran and Khalifeh 2023).

Alkali-activated materials (AAM) and geopolymers have been recognized as environmentally friendly alternatives to replace OPC. It
is believed that their production results in 50-70% lower carbon dioxide emissions per ton of the produced material when compared with
that of OPC (McLellan et al. 2011; Mellado et al. 2014). Moreover, the production of these materials aligns with the principles of circular
economy when byproducts are utilized as precursors. Extensive research has been conducted on various types of geopolymers. Depending
on the specific type and mix design, geopolymers exhibit improved resistance to acids and sulfates, enhanced heat resistance, reduced
chemical shrinkage, and stronger mechanical properties when compared with OPC (Luukkonen et al. 2018).

Conventional geopolymers are typically produced using a “two-part” mixture, consisting of an alkaline or alkali silicate solution and
a solid precursor that contains amorphous aluminosilicates. While the two-part geopolymer exhibits excellent properties compared with
OPC (Chamssine 2023; Gomado et al. 2023; Khalifeh 2016; Khalifeh et al. 2018, 2019; Paiva et al. 2018; Salehi et al. 2018), its applica-
tion is limited to precast operations due to logistical and health, safety, and environmental constraints arising from the high pH of the
activator solution. In other words, the drawback of the two-part geopolymer system is the requirement for a user-hostile and highly cor-
rosive activator solution, which poses potential risks and restricts its use in mass production and large-scale applications, particularly in
the oil and gas industry (Luukkonen et al. 2018; Nematollahi et al. 2015).

“One-part” geopolymers, also known as “JAW” geopolymers, can be seen as the evolution of two-part geopolymers, effectively
addressing the limitations caused by the high pH liquid activator. Unlike two-part geopolymers, JAW geopolymers only require the addi-
tion of water along with the dry ingredients (Luukkonen et al. 2018; Nematollahi et al. 2015; Omran and Khalifeh 2023; Singh and
Middendorf 2020). This concept was initially introduced by Hajimohammadi et al. (2008). Afterward, extensive research and develop-
ment have been carried out by various researchers on one-part geopolymers, leading to the proposal of different geopolymer mix designs.
These investigations have focused on the geopolymer cement synthesis using industrial and natural aluminosilicate sources, mainly
composed of fly ash slag and metakaolin, that are normalized when needed with complementary Si and Al reactive sources, such as syn-
thetic and agroindustrial ashes. More recently, various Al- and Si-rich residues, such as mine tailings, bauxite, rock backfill, demolition
waste, sewage, and sludge materials, have also been adopted as geopolymer precursors (Nematollahi et al. 2015; Singh and Middendorf
2020).

Several factors, including curing temperature and aging, directly affect geopolymers through the geopolymerization process and its
performance (Adam and Horianto 2014; Cai et al. 2020; Chithiraputhiran and Neithalath 2013; Hajimohammadi et al. 2011;
Hajimohammadi and van Deventer 2017; Ke et al. 2015; Kong and Sanjayan 2010; Li et al. 2013; Luukkonen et al. 2018; Omran et al.
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2023a0mran et al. 2023b; Pilehvar et al. 2020; Rovnanik 2010; Sun and Vollpracht 2019). Table 1 presents a compilation of relevant
literature from previous research endeavors, providing a summary of their significant findings in the respective field of study.

Geopolymer
Title System Significant Outputs
One-part geopolymer mixes One-part ® Purified and milled geothermal silica was utilized as an Si-rich precursor and then activated by
from geothermal silica various concentrations of solid sodium aluminate and water/solid ratios.
and sodium aluminate ® | ower water content in the system increased the degree of crystallinity with 2 weeks of aging at
(Hajimohammadi et al. 40°C.
2008) ® The high aluminum content can hinder the geopolymerization reaction by causing the sorption of

aluminum onto the silica surface, thereby impeding its dissolution.

One-part geopolymers based One-part ® An alkali-thermal activation process was investigated for an aluminum- and calcium-rich red mud
on thermally treated red base JAW system.
mud/NaOH blends (Ke et al. ® Sodium hydroxide in pellet form was calcined with red mud at 800°CC, leading to the formation of
2015) calcium-rich phases, such as C4A, and a-C,S. Additionally, this process promoted the formation of
a partially peralkaline Na-aluminosilicate phase.
® Na-rich aluminosilicate salts can supply an adequate number of alkalis during the dissolution
process, thereby enhancing the reactivity.
® The excess of alkalis in the system resulted in limited strength development and efflorescence,
which were identified as shortcomings.

Characterisation of one- One-part @ A low calcium content fly ash was activated by various concentrations of solid sodium silicates and
part geopolymer binders sodium hydroxide and different water contents.
made from fly ash ® The reaction mechanisms and physical properties of the system were investigated after curing the
(Hajimohammadi and van samples at 40°C for up to 3 weeks.
Deventer 2017) ® The higher the Si/Al ratio of the binder design, the denser the geopolymer microstructure.

® A lower water content leads to increased participation of Si in the final geopolymer gel, thereby
achieving optimal mechanical performance.

Time-resolved and spatially One-part ® A milled geothermal silica precursor and a solid sodium aluminate activator were seeded with
resolved infrared various types of oxide nanoparticles, the samples were cured at 40°C for up to 3 weeks.
spectroscopic observation ® The addition of ZnO nanoparticles enhances the mechanical properties of the JAW mix design,
of seeded nucleation particularly during the early age performance, when compared with the unseeded mix design.
controlling geopolymer gel ® The seeding process enhances the dissolution of silica and enables control over silica release
formation (Hajimohammadi rates in the initially aluminum-rich reaction mixture, thereby allowing engineering structure and
et al. 2011) physical properties of the geopolymers.

® The seeding process enhances the geopolymer nucleation stage by hindering the sorption of
aluminum on the silica surface.

Synthesis of sustainable one-  One-part ® Presents a synthesis of granite-based geopolymers normalized with slag in different ratios.
part geopolymers for well ® The use of slag increases the viscosity and consistency of the slurry, it has an optimum working
cementing applications range of up to 47 wt%.
(Omran et al. 2023a) ® Exceeding the optimal slag content, overexpansion and detrimental physical properties are
expected.
® Considering the early age properties of the geopolymers, granite mainly works as a filler.
Design and early age One-part ® ZnO acts as an early strength booster by increasing the rate of heat evolution, thereby satisfying
performance of sustainable the early age properties required for cementing wells.
one-part geopolymers for ® The dissolution rate of the solid activator is a parameter that needs to be considered.
well cementing (Omran ® By combining the solid activator and granite, Si and Al are released, which is an indication of
et al. 2023b) granite dissolution.
One-part alkali-activated One-part ® The primary components of one-part geopolymers often consist of precursors such as fly ash and
materials for construction ground granulated blast furnace slag.
— a review (Mahendra and ® The reaction can lead to the precipitation of various gel forms, including C/Na-A-S-H.
Narasimhan 2023) ® |n comparison with two-part systems, the release rates of Si and Al species are generally slower in

one-part systems.
® |ntroducing water gradually has shown to be more efficacious than adding all the water at once.

Table 1—Examples of published literature reviews and articles on the different effects of temperature, curing conditions, and curing
duration on alkali-activated geopolymer cement.

To develop a commercially viable and sustainable geopolymer, one should consider the technoeconomical aspects of the precursors to
be used. One of the main drivers to make the geopolymers more attractive nowadays is to reduce the greenhouse gas emissions from their
synthesis, the availability and transportation of the raw materials, and also their precursors’ beneficiation, as well as their activators’
preparation impacts. In an effort, Khalifeh (2016) and Khalifeh et al. (2018, 2019) first developed two-part granite-based geopolymers to
replace OPC used in well construction and well abandonment operations.

As the health, safety, and environmental limitations of the two-part system were identified, Omran and Khalifeh (Omran and Khalifeh
2022) developed a one-part granite-based geopolymer. performed further studies, in the fluid-state and early age solid-state properties of
the one-part granite-based geopolymers, revealing the potential of the developed technology for in-situ applications with adjustable prop-
erties. Experimental studies show that the use of sodium salts of naphthalene-sulfonic acid-containing formaldehyde dispersants and
sodium lignosulfonates are effective superplasticizers for this type of geopolymer (Hjelm 2022; Omran et al. 2022b).

The above-mentioned articles, along with the limited number of accessible papers on one-part geopolymers, highlight the need for
further research on the topic of one-part geopolymers. Additionally, there is a lack of research on the impact of elevated temperature and
long aging on the final properties of the developed geopolymers.

This work aims to investigate the effect of temperature and long curing time on the properties and performance of the one-part granite-
based geopolymers to better understand the mechanism of zinc in the one-part geopolymer design.
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Materials and Methods

Materials. The neat JAW geopolymer is based on both solid precursors and solid activator components, which together are mixed
with distilled water to create the cementitious geopolymer system. The materials in the precursor were ground granite rock; a ground
granulated blast furnace slag (GGBFS) rich in aluminum, calcium, and magnesium; and microsilica (MS), which is an almost pure
amorphous silica source. The dissolution rate and their role in the mix design has been published in previous works (Omran et al. 2023a,
2023b; Omran and Khalifeh 2023).

The chemical composition of the raw materials and the neat JAW precursor has been tabulated in Table 2. The activator was prepared
using anhydrous potassium silicate and potassium hydroxide in powder form with a final molar ratio (SiO,/K,0) of 2.4. In addition to
analyzing the neat JAW recipe, zinc oxide was introduced together with the precursor as an additive for improving the mechanical prop-
erties of the geopolymer cement. The physical properties of the precursor and other mixture components are presented in Table 3.

Chemical Composition (wt%)* Granite  GGBFS MS Precuriévaixture
SiO, 73.44 35.78 95.50 56.63
AlL,Oq4 13.33 12.72 0.70 12.47
Fe,Og4 2.06 0.18 0.30 1.09
MgO 0.44 12.77 0.50 6.23
CaO 1.12 33.74 0.40 16.45
Na,O 3.12 0.55 0.40 1.77
K,O 5.11 0.82 1.00 2.87
TiO, 0.23 2.23 0.00 1.16
MnO 0.04 0.58 0.00 0.29
Lolf 0.90 0.30 2.00 0.60

*By weight of the total precursor mixture.
fLoss of ignition.

Table 2—Chemical composition of the JAW geopolymer precursor (Omran et al. 2023b).

Specific Gravity ~ Specific Surface

Physical Properties ~ d10 (um) ~ d50 (um)  d90 (um) (g/cm®) Area (m?/kg)
Granite 3.52 21.1 131 2.63 631
GGBFS 2.79 15.9 46.6 2.90 944

MS 0.19 0.34 0.60 2.29 19 320
K,SiO, 5.16 33.3 101 2.37 487
Zn0O 0.55 2.06 106 5.61 3810

d10, d50, d90, particle-size distribution percentiles.

Table 3—Physical properties of all components in the geopolymer system.

Mix Design. In this work, two previously developed recipes “JAW” and “JAW-Z” have been studied (Omran et al. 2023a, 2023b) and
listed in Tables 4 and 5. JAW-Z was selected among other zinc oxide (ZnO) concentrations evaluated previously because it showed the
best early age performance.

JAW-Z
Composition (% bwop*) JAW (JAW + 0.86% ZnO)
Granite 48.6 48.6
GGBFS 471 471
MS 4.29 4.29
K,SiOg4 20.8 20.8
KOH (anhydrous) 4.24 4.24
ZnO 0.00 0.86
Water 41.3 41.3
Source Omran et al. 2023b ~ Omran et al. 2023b

*By weight of precursor mixture (granite, GGBFS, and MS).

Table 4—Geopolymer formulations investigated in this study.
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Molar ratios JAW JAW-Z

SiO; nominal /A1203 9.72 972
S0, eactive /A1203 4.87  4.87
SiO, ominal /Ca0 4.05 4.05
SiOZ’reacﬁve /Ca0O 2.03 2.03
KoO/AI,O4 1.07  1.07
Na,O/Al,O4 0.23 0.23
(K,0 + Na,0)/Al,O4 1.31 1.31
ZnO/SiO; pominal - 0.0088
ZnO/SiOy reactive - 0.0175
ZnO/Ca0 - 0.0355
H,0/K,0 17.75 17.78
Water/solid 0.33 0.33

Specific gravity (g/cm?) 1.88 1.89

Table 5—Oxide molar ratios, water/solid
ratios, and theoretical density of geopolymer
formulations.

Methods. Mixing procedure, thickening time, differential scanning calorimetry (DSC), ultrasonic compressive strength (UCA), uniaxial
compressive strength (UCS), alkalinity and inductively coupled plasma, X-ray diffraction (XRD), and Fourier-transform infrared
spectroscopy (FTIR) methodologies are described in detail on previous study (Omran et al. 2023b). A pressurized mud balance was used
to estimate slurry density (AP RP 10B-2 2019). Hydraulic sealability test methodology, on the other hand, can be found in the work done
by Gomado et al. (2023).

Viscosity and API Gel-Strength Measurements. The rheological behavior of the slurries was assessed at 25°C by using a viscometer
(viscosity-gel, VG) according to the specifications of the American Petroleum Institute (AP RP 10B-2 2019). studied the rheology of
granite-based geopolymers where the Herschel-Bulkley model was applied successfully.

Static Fluid Loss Test. An API fluid loss test (FLT) cell was used to measure the fluid loss at 69 bar (1,000 psi) in ambient temperature
(API RP 10B-22019). A sieve with a mesh grid of 250 um and a hardened filter was used together. The hardened filter was used to facili-
tate sampling for further analysis. The test was running for 30 minutes. Afterward, the produced fluids have been collected and examined
as pore solution for pH and inductively coupled plasma spectroscopy analysis.

Hydraulic Sealability Test. Due to volume limitations, a Hobart N50-60 commercial mixer was used for hydraulic sealability tests. The
precursors were introduced to deionized water at Level 1 stirring speed and then stirred continuously for 25 minutes at Level 2 stirring
speed. Then, slurries were poured and cured inside hydraulic sealability test cells at 37.5 bar and 25°C. Once the geopolymer cement had
fully cured, nitrogen gas was connected to the bottom of the test cell, which then is connected to the separator, flowmeters, and the data
logging system. The plugs within the hydraulic test cell were then pressure tested with increments of 5 bar at a time to test their sealing
ability. Details of the test setup and test protocols have been published by Gomado et al. (2023).

Scanning Electron Microscope. To analyze and reveal microstructure of the geopolymers, a scanning electron microscope (SEM) was
used at backscattered electrons (BSE) and secondary electrons (SE) modes. SEM analysis was performed on the remains of each crushed
geopolymer specimen after performing UCS tests at the final day of aging (7 days—2 months). Before coating, all samples were dried the
same way as the samples for XRD. Then, the samples were coated with an 11-nm palladium plasma to prevent the samples from charging
during the experiment.

Results and Discussion

Early Age Properties Characterization. Slurry Characteristics. Fig. 1 and Table 6 present the rheological properties of JAW and
JAW-Z. Both recipes have very comparable rheological behavior. The slurries are both behaving shear thinning pastes. The measurements
do not indicate sign of particle settling. Table 7 presents a summary of the other slurry properties measured right after mixing, including
slurries’ pH, density, zeta potential, and initial consistency. These parameters are also comparable for both mixes. Additionally, the pore
solution was collected and examined for both mixes and the ones from Omran et al. 2023b) after performing the FLT, which can be seen
in Table 8 and Fig. 2.

The static fluid loss for both neat and 0.86% ZnO JAW (as well as the ones from Omran et al. 2023b) reveals higher values than the
limits outlined from AP/ RP 10B-2 (2019) and not observed at all for the two-part granite-based geopolymers (Chamssine 2023). Thus,
fluid loss control additives shall be tested in combination with the JAW geopolymers.

The inductively coupled plasma spectrometry analysis, see Fig. 2, shows that the zinc contributes to facilitate the dissolution of alumi-
num species to some extent while simultaneously lowers the availability of silicon species in the pore solution due to the consumption of
free silicon ions through the formation of zincates. That was further investigated by Anseau etal. (2005), Chen et al. (2012), Hajimohammadi
et al. (2011), and summarized by Omran et al. (2023b). Thus, it favors the geopolymerization process by lowering the Si/Al ratio from 10
to 3.

Conditioning and Thickening Time. Fig. 3 and Table 9 show effect of 20, 30, 40, and 50°C bottomhole circulating temperature
(BHCT) on the thickening time for the given two recipes and the ones from Omran et al. 2023b). All the examined slurries of the JAW sys-
tem set and harden rapidly, typically within minutes, once they reach a consistency between 40 and 50 Bc. Therefore, 40 Bc was selected
as the pumpability time for all pastes, and the tests were concluded at this point. All JAW recipes exhibited a right-angle set phenomenon
within a bottomhole circulating temperature range of 20-50°C.

Both recipes have very comparable initial consistency results at each temperature assessed, as detailed in Table 9. Lower BHCT has a
clear effect on elongating the pumpability duration for both recipes, i.e., the slurry is temperature-sensitive. This behavior has been also
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Fig. 1—(a) Shear rate-shear stress profiles and (b) viscosity curves; JAW (neat) and JAW-Z (JAW + 0.86% ZnO).

observed by Salehi et al. (2018) and Paiva et al. (2018), suggesting that geopolymers are temperature-sensitive materials, independently
of their neat designs. At 20°C BHCT, both recipes had the longest pumpability duration up to 6 hours, while at 50°C BHCT, they had the
shortest pumpability duration down to 45 minutes. Although the 0.86% ZnO was not effective to further elongate the thickening time
compared with the neat JAW, at any of the temperatures, it mildly accelerated the setting to reach an early and sustainable strength

10-Second API 10-Minute API Estimated Yield

Gel-Strength Gel-Strength Stress
Mix Design (Pa) (Pa) (Pa) Flow Index Rheological Behavior
JAW 20.05 23.51 13.7 0.37 Shear thinning
JAW-Z 18.48 19.05 15.4 0.37 Shear thinning

Table 6—Rheological properties data in ambient conditions.

Initial Consistency

Mix Design Slurry Density Slurry pH Slurry Zeta Potential (mV) (Bc)
JAW 1.87 13.72 (+0.01) 25.0 (+0.16) 26.4
JAW-Z 1.89 13.84 (+0.01) 25.4 (+0.29) 27.2

Table 7—Slurry properties in ambient conditions.

FLT Volume  FLT Blowout Time  Spurt Loss Volume

Mix Design (mL) (minutes) (mL) Pore Solution pH
JAW 27 (+0.5) 6 120.75 14.0 (x0.1)
JAW-Z 25 (+0.5) 6 111.80 14.0 (+0.1)

Table 8—FLT and pore solution results.
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Fig. 2—Dissolution of JAW pastes using inductively coupled plasma spectrometry analysis for thier pore solutions(Omran et al.
2023b); JAW (neat) and JAW-Z (JAW + 0.86% ZnO).

development. In accordance with the DSC profiles, the dissolution of geopolymer precursors is significantly accelerated at higher tem-
peratures. This leads to an increase in the solubility of aluminosilicates and the availability of silica ions, thereby speeding up the geopo-
lymerization reaction and reducing the setting time (Chen et al. 2012; Pilehvar et al. 2020).

Kinetics of Pastes. Fig. 4 and Table 10 provide the DSC profiles and data for the two mixes and the ones from Omran et al. (2023b)
at 25 and 50°C. The initial equilibration period was discarded for the given DSC curves.

Both mixes are observed to yield a single heat release peak. Chithiraputhiran and Neithalath (2013) observed a comparable single heat
peak from 50 to 50 and 70 to 30 low calcium fly ash-slag geopolymers for the first 72 hours. Pilehvar et al. (2020) observed a shoulder-like
shape overlapping with the single peak for a low calcium fly ash-slag geopolymer system. It would be reasonable to assume that the single
peak can be identified as an indication that both the dissolution and formation of geopolymers may occur simultaneously, right after the
initial mixing (Pilehvar et al. 2020; Siyal et al. 2016).

The main difference observed between the two DSC profiles in Fig. 4 is regarding the heat release rate magnitudes and time by which
they occur: The total heat released at 50°C is 5—10 times larger than the corresponding at 25°C during the first 3 hours for both mixes. This
suggests a speedup rate of the dissolution and condensation processes. These observations indicate that overall geopolymerization reac-
tion is thermally accelerated, by releasing more heat at early times and cumulative energy over time than what is observed at room tem-
perature, as summarized in Table 9 and similarly reported by the literature (Cai et al. 2020; Chithiraputhiran and Neithalath 2013; Ma
et al. 2018; Najafi Kani et al. 2017; Omran et al. 2023b; Pilehvar et al. 2020).

At 25°C, JAW-Z paste oxide reacts earlier and has a slightly broader heat release peak than the one observed for the neat JAW at the
same temperature in Fig. 4. The total heat release is also observed to be higher for JAW-Z. At 50°C, the first dissolution step is observed
to happen very rapidly, and therefore, JAW-Z paste was able to release more heat than the neat one at the same temperature. The DSC
results are also in-line with the early age sonic strength development. Omran et al. (2023b) investigated the effect of 0.5 and 0.86% ZnO
in the same JAW system. They found that the higher the amount of added zinc, the higher the increase in the heat release magnitude, as
well as the total amount of accumulated energy.

Early Age Sonic Strength. Fig. 5 presents the early age sonic compressive strength performance obtained by using an ultrasonic
cement analyzer (UCA). Both neat JAW and JAW-Z were measured during the first 8 hours at 70°C BHST, which is equivalent to that at
50°C BHCT. Table 11 illustrates the results from the early age UCA.

Both recipes were observed to have comparable timing for developing strength during the initial 45 minutes, which is matching their
consistency profiles and pumpability at 50°C BHCT as explained previously (see Fig. 3). This observation agrees with the DSC observa-
tions at 50°C BHCT, where the addition of zinc oxide is observed to have a clear effect on accelerating the early age strength development
for the JAW-Z contrary to that of the neat JAW.

JAW-Z was measured to have a sonic compressive strength development of up to 8.5 MPa during the first hour of heat curing, three
times higher than that of neat JAW at the same time. Furthermore, JAW-Z was observed to have a shorter hardening time to reach
3.45 MPa (500 psi) and a higher sonic strength value of up to 15.7 MPa within the first 5 hours of curing than JAW. This addition of zinc
oxide also tripled the sonic compressive strength of the neat mix.

Aging Properties and Characterizations. Hydraulic Sealability Test. Fig. 6 represents the hydraulic bond strength (HBS) profiles and
breakthroughs for the injected N, gas over the two given JAW mix designs with the steel casing after 7 days of curing. It is important to
study HBS to understand the ability of the systems to withstand pressure occurring at the cement-casing steel interface without producing
a microannulus, which would compromise their integrity capacities.

The conducted HBS test acknowledges the pressure required for fluid to breakthrough the cement-steel casing interface, which was
observed to happen after applying 1.5-2.0 MPa (i.e., 15-20 bars) for both mix designs. The observed results present a positive indication
when being compared with the performance of OPC for well-cementing applications (Gomado et al. 2023; Salehi et al. 2018).
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Fig. 3—Effect of temperature on consistency of the slurries (a) JAW and (b) JAW-Z; JAW (neat) and JAW-Z (JAW + 0.86% ZnO).

Recipe/Circulating Temperature (°C BHCT) 20°CBHCT 30°CBHCT 40°CBHCT 50°C BHCT
JAW pumpability (minutes) 369.5 151.8 72.4 45.2
JAW-Z pumpability (minutes) 361.3 142.7 71.0 44.9

Table 9—Pumpability of JAW and JAW-Z at 40 Bc.

On the other hand, the aged, cured JAW sample for 1 month could not withstand 0.5 MPa with an observable de-bonding from the
casing. Fig. 7 presents the observed de-bonding and breakthrough of the injected gas at 0.5 MPa from all sides of the geopolymer-casing
interface. This de-bonding could be due to shrinkage of the slurries. Salehi et al. (2018) examined the shrinkage of geopolymers. They
observed that geopolymers continuously shrink with time, especially at higher curing temperatures, up to 2.5% volumetric shrinkage after
14 days. However, some geopolymers shrink with lower rates compared with OPC-based cement (Salehi et al. 2018). The observed de-
bonding or shrinkage could be due to the reactants’ consumption during JAW geopolymerization process as shown in Fig. 7. In-line with
the following FTIR and XRD results and characterizations, it could happen due to having the volume of the geopolymerization products
less than the given reactants, or so-called chemical shrinkage phenomenon, over time. The chemical shrinkage in geopolymers can be the
result of the formation of K(Na)-A-S-H gels and/or water as byproduct of the geopolymerization reaction.

Hence, an expansive agent additive might be required to further improve the long-term HBS of the given JAW mixes. Additionally,
cement slurry linear expansion and/or contraction test is required to quantify the shrinkage of the systems.

Uniaxial and Ultrasonic Strength Development. Fig. 8 shows the uniaxial compressive strength of the geopolymer mixes (JAW and
JAW-Z) after 1 day up to 56 days cured in atmospheric pressure, at 25 and 70°C BHST, respectively. Fig. 9 and Table 12 present the
extended sonic strength development profiles and data for JAW vs. JAW-Z, at 70°C BHST and pressurized to 13.8 MPa.

At a fixed curing temperature, either 25 or 70°C BHST, it is observed that the longer the specimen is allowed to cure, the higher the
uniaxial compressive strength is obtained for both recipes, in-line with (Chithiraputhiran and Neithalath 2013). Hence, one may also
conclude that with a higher curing temperature, higher geopolymer strength development should be expected (Chithiraputhiran and
Neithalath 2013; Salehi et al. 2018). Furthermore, the addition of ZnO gave an effective and clear early age strength booster effect on
JAW-Z, in-line with the discussed DSC results (see Fig. 4). The addition of this strength booster has doubled and tripled the UCS after
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Fig. 4—DSC data: (a) heat rate and (b) energy release; JAW (neat) and JAW-Z (JAW + 0.86% ZnO).

Time at Maximum Heat Release Maximum Heat Release Rate  Total Energy Release

Rate (minutes) (mW/qg) (J/g)
25°C 50°C 25°C 50°C 25°C 50°C
Material BHCT BHCT BHCT BHCT BHCT BHCT
JAW 47 8 47 143 46 204
JAW-Z 33 7 47 372 56 512

Table 10—Kinetics data for JAW and JAW-Z.

1 day of curing in ambient and elevated temperatures, respectively. This observation agrees with the numbers obtained from the UCA data
as seen previously in Fig. 5. In addition, others have stated the positive effects of utilizing zinc compounds for AAM that can improve the
cementing properties, including compressive strength development (Hajimohammadi et al. 2011; Luukkonen et al. 2018; Van et al. 2012).
One may conclude that the addition of ZnO is very crucial to develop acceptable and durable mechanical properties for well cementing,
especially for low-to-medium temperature applications.

From the extended UCA profiles seen in Fig. 8, two sonic strength development zones can be identified for both recipes. The first
development curve is observed to happen around the initial mixing and early age curing which lasted for 2 weeks for JAW and 3 weeks
for JAW-Z. Continuing, the second development curve was observed to be a long-term asymptotically like increasing function curve for
both mixes. The presence of the second strength development curve could be an indication of an additional internal structural reorganiza-
tion and participation of the remaining unreacted precursor particles, which is aligned with the hydraulic sealability data, although in
different time scales. This could be an interesting observation, especially considering quartz present in granite. Further investigation on
the consecutive reaction could provide a better understanding of the product, resulting in more favorable long-term mature geopolymer-
ization products, which yield favorable mechanical properties.

After 28 days of heat curing at 70°C BHST, the UCS of JAW subdued the UCS for JAW-Z. This observation matches with the values
obtained from the UCA, where JAW started to positively overcome JAW-Z. The sonic strength of the neat JAW after 28 and 56 days are
28 and 42 MPa, respectively, while for JAW-Z are 16 and 31 MPa, respectively. These extended UCA results are very comparable with
the extended UCS results. A comparable trend was observed by Van et al. (2012) in calcium-rich AAM using ZnO as a chemical
admixture.

Fourier-Transform Infrared Spectroscopy. Figs. 10 and 11 and Tables 13 through 16 present the FTIR spectra and wave hollow
data of the two recipes. The mix designs were studied after 7, 28, and 56 days of curing at 25 and 70°C BHST, respectively. The band
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Fig. 5—Ultrasonic cement analyzer early age profile at 70°C bottom hole static temperature (BHST) and 13.8 MPa; JAW (neat) and
JAW-Z (JAW + 0.86% ZnO).

Setting Time to 100 psi  Hardening Time to 500 psi  Sonic Strength (MPa) for Sonic Strength (MPa) for

Mix Design (minutes) (minutes) 1 hour 5 hours
JAW 43 66 2.8 5.9
JAW-Z 38 46 8.5 15.7

Table 11—UCA early age data (Omran et al. 2023b).

in the range of 1400-700 cm ' is assigned to the T-O-T (T is a tetrahedral Si or Al) bond asymmetric stretching vibrations. The T-O-T
band position can indicate the dissolution of the aluminosilicate source, gelatinous product formations, and degree of crosslinking within
the geopolymerization network. Absorption O-C-O band between 1500 and 1400 cm ' is assigned to the presence of calcium and CO3_2
groups. The intensity of the broad hump in ranges of 3600-3000 cm ' and 1700—1600 cm ' is associated with the presence of H-OH
group stretching vibrations (Ma et al. 2018, 2019).

The results obtained from running FTIR show broad stretching vibrations and shifting in the bands’ positions for JAW and JAW-Z as
a function of curing time and curing temperature. At 25°C, JAW and JAW-Z have the T-O-T stretching vibrations in ranges between 1400
and 700 (cm™ "), which are centered around 962-966 (cm ™) after 7 days of curing for then to be centered around 975 (cm ') after 56 days.
This shift in the wavelength of T-O-T bands for JAW and JAW-Z can be correlated to the dissolution of aluminosilicate precursor
(Hajimohammadi et al. 2011), and the formation of CASH, NASH, or both gels with a higher crosslinking degree. Hence, the addition of
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Fig. 6—Hydraulic sealability for JAW and JAW-Z mixes. The first gray arrow is the partial initial breakthrough at 1.5 MPa for the
neat JAW; the second gray arrow is the complete breakthrough between 1.5-2.0 MPa for the neat JAW. The black arrow is the
complete breakthrough at 1.5 MPa for JAW-Z.
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¢) gas breakthrough during the hydraulic bond strength test

Fig. 7—(a) SEM image of early age JAW mix, (b) SEM image of aged JAW mix, and (c) top view of the sealability cell after de-
bonding of the aged JAW.

admixtures could be low enough not to cause a significant influence on FTIR peaks around 1100 — 1000 cm™ (Hajimohammadi et al.
2011). Interestingly, the size of T-O-T bands for both mixes with aging was getting smaller which might be correlated to the further dis-
solution and participation of granite. This could define and be in-line with the presence of the second sonic strength development zone in
Fig. 8.

The C-O-C vibration is hard to detect clearly due to the low calcium content in the mix designs, which agrees with previous studies
(Omran et al. 2023b). The H-OH stretching at 3600-3000 cm ' and 1700—1600 cm " is comparable for both JAW and JAW-Z. Hence, the
resonance intensity differences are a function of the composition and concentration of the reaction products. This trend can be also
observed at 70°C BHST curing, but with a higher shifting of the wavelengths for T-O-T and H-OH bands. These shifts indicate a higher
degree of geopolymerization happening at elevated curing temperatures in agreement with Shah et al. (2020). Therefore, the longer the

ﬁﬂ“ | Il ﬂﬂ||

JAW-Z JAW JAW-Z
25°C 70°C

UCS (MPa)
N

Fig. 8—UCS data at 25 and 70°C BHST.
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Fig. 9—UCA profiles for JAW and JAW-Z; JAW (neat) and JAW-Z (JAW + 0.86% ZnO).

Sonic Strength (Day) iD 7D 14D 28D 56D 60D
JAW (MPa) 58 74 85 284 418 424
JAW-Z (MPa) 158 16.0 157 155 30.7 31.9

Table 12—Extended UCA sonic strength development data up to
2 months.

specimen is allowed to cure while undergoing higher curing temperature, the higher the shifts in T-O-T, Si-O, and H-OH bonds are to be
expected. Afterward, the higher the formation of silicate hydration products in higher amounts could be produced and detected.
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Fig. 10—FTIR for JAW and JAW-Z at 25°C BHST.
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Fig. 11—FTIR for JAW vs. JAW-Z at 70°C BHST.
T-O-T (cm™) H-OH (cm™) H-OH (cm™)
Mix Design (25°C) Curing Duration ~ (1400-700) (1700-1600) (3600-3000)
JAW 7D 973 1661 3349
JAW 28D 978 1675 3358
JAW 56D 978 1657 3364
Table 13—The wave hollows occurred for JAW at 25°C BHST.
T-O-T (cm™) H-OH (cm™) H-OH (cm™)
Mix Design (25°C) Curing Duration ~ (1400-700) (1700-1600) (3600-3000)
JAW-Z 7D 975 1659 3358
JAW-Z 28D 977 1651 3381
JAW-Z 56D 971 1653 3377
Table 14—The wave hollows occurred for JAW-Z at 25°C BHST.
T-O-T (cm™) H-OH (cm™) H-OH (cm™)
Mix Design (70°C) Curing Duration ~ (1400-700) (1700-1600) (3600-3000)
JAW 7D 973 1642 3349
JAW 28D 978 1657 3358
JAW 56D 978 1653 3364
Table 15—The wave hollows occurred for JAW at 70°C BHST.
T-O-T (cm™) H-OH (cm™") H-OH (cm™)
Mix Design (70°C) Curing Duration ~ (1400-700) (1700-1600) (3600-3000)
JAW-Z 7D 975 1653 3358
JAW-Z 28D 977 1655 3381
JAW-Z 56D 971 1655 3377

Table 16—The wave hollows occurred for JAW-Z at 70°C BHST.
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Minerals (No.) Granite (Yowt/wt)

Quartz PDF 00-008-7651 35.693
Albite PDF 00-009-0466 21.625
Microcline 1 CIF 9004191 16.059
Microcline2  PDF 00-019-0932 11.918
Oligoclase CIF 9011423 10.654
Biotite PDF 04-013-2135 2.382
Chlorite COD 9010163 1.669

Table 17—Granite mineralogy obtained from Rietveld
quantification (Omran et al. 2023b).
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Fig. 12—XRD patterns of JAW (neat) and JAW-Z (JAW + 0.86% ZnO0), both cured at 25°C BHST. Q, quartz; M, microcline; A, albite;
Kh, K-A-S-H or C-K-A-S-H; KZh, K-Z-A-S-H.

X-ray Diffraction. Omran et al. (2023a, 2023b) characterized the precursors granite, GGBFS, and MS using XRD and Rietveld refinement.
The results exhibited granite to be a highly crystalline precursor, rich in quartz, feldspar (microcline and albite), and oligoclase, with
biotite and chlorite as minor phases, with a crystalline content of around 80% (see Table 17). While GGBFS and MS have highly
amorphous content.
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Fig. 13—XRD patterns of JAW (neat) and JAW-Z (JAW + 0.86% ZnO), both cured at 70 °C BHST. Q, quartz; M, microcline; A, albite;
Kh, K-A-S-H or C-K-A-S-H; KZh, K-Z-A-S-H.

The XRD peaks and patterns of JAW and JAW-Z after 7D, 28D, and 56D under 25 and 70°C BHST are illustrated in Figs. 12 and 13,
respectively.

XRD patterns of JAW and JAW-Z have also been investigated as functions of curing time and curing temperature. The XRD peak
intensities became higher and more crystalline by increasing both the curing period and curing temperature. These observed results match
(Hajimohammadi et al. 2011; Pilehvar et al. 2020; Samantasinghar and Singh 2019) considering low calcium content AAM due to the
overlaying of natural and synthesized crystals between angles 20-30° 26.

On the other hand, this trend could not be observed for the JAW-Z mix at 25°C, where XRD reveals a much higher amorphous content.
The presence of the amorphous phases can be due to the unreacted amorphous precursor phases. Both mixes may potentially contain
amorphous geopolymers and hydrated phases such as C-A-S-H and C-(K, Na)-A-S-H, or a mix of both combined. Therefore, it would be
fair to assume that JAW-Z could also contain an additional K-Zn-A-S-H phase as seen in Figs. 10 and 11. These XRD observations are
in-line with previous studies (Omran et al. 2023b; Omran and Khalifeh 2023).

Morphology—Scanning Electron Microscopy. Granite has irregularly crystalline-shaped particles mainly of quartz and feldspars. In
addition, GGBFS and MS have a higher specific surface area and lower particle-size distribution, when compared with granite (Omran
et al. 2023a). Figs. 14 and 15 include SEM micrographs of the two mixes cured at 25 and 70°C, respectively, taken after 7D, 28D, and
56D of curing.

The SEM images reveal that curing time and temperature have impact on the formation of more dense structures. Both mixes are
observed to have a higher degree of incomplete geopolymerization reactions after 7D with fewer formation of gels. Unlike that of the
7 days of curing micrographs, the 28 and 56 days of curing indicate very low to the negligible presence of any remains of unreacted par-
ticles of granite and/or GGBFS. In addition, the longer the curing duration, the lower the matrix porosity, and the denser and the harder
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(a) JAW 7-days

(d) JAW-Z 7-days (e) JAW-Z 28-days (f) JAW-Z 56-days

Fig. 14—SEM 25°C BHST, magnification of 10K.X. Results of curing time up to 2 months. The red arrow points toward unreacted
particles; JAW (neat) and JAW-Z (JAW + 0.86% ZnO).

(a) JAW 7-days

(d) JAW-Z 7-days (e) JAW-Z 28-days (f) JAW-Z 56-days

Fig. 15—SEM 70°C BHST, magnification of 10 K.X. Results of curing time up to 2 months. The red arrow points toward unreacted
particles; JAW (neat) and JAW-Z (JAW + 0.86% ZnO).

the matrix gets for the two mixes. The dense matrices for JAW and JAW-Z match the results obtained from FTIR and strength develop-
ment evolutions over curing time.

The variation in curing temperature is also observed to have a clear effect on the SEM micrographs for both mixes. The samples cured
at 25°C show larger amounts of unreacted particles and smaller amounts of geopolymer products. Contrary, the samples cured at 70°C are
observed to have fewer remaining unreacted particles and larger amounts of geopolymer products being formed. Having the samples
cured at elevated temperatures is observed to accelerate the geopolymerization reaction, which then helps the geopolymerization network
in forming more complex 3D structures and denser geopolymer matrixes. This trend is in-line with the literature (Pilehvar et al. 2020;
Salehi et al. 2018). Furthermore, the previously mentioned SEM observations also match the results and trends obtained from FTIR and
strength development evolution at prolonged curing and higher curing temperature.

Conclusion

Chemical properties and mechanical performance of aged granite-based JAW geopolymer were studied for well-cementing applications
under a wide range of curing temperatures. High curing temperature favors the geopolymerization reaction, strongly impacts pumpability
of the slurries, leaves fewer remaining unreacted precursor particles, improves strength development rate, and results in formation of
denser structures and higher crystalline products. The use of ZnO as a strength enhancer was crucial for achieving acceptable mechanical
properties in low-temperature well-cementing applications, even though it may lead to a slight reduction in compressive strength com-
pared with the neat mix design at a later stage. However, the hydraulic sealability of the system is negatively impacted with aging JAW
mixes due to de-bonding at the geopolymer-casing interface. An expansive agent might be required to further improve the long-term HBS
of JAW to avoid any possible chemical shrinkage with aging.
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