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Effect of borax‑modified 
activator on mechanical 
properties and drying shrinkage 
of alkali‑activated slag/metakaolin 
mortar
Haiming Chen 1,2*, Ziguang Qin 1, Jie Chen 1, Yadong Zhang 1 & Peng Wu 1

Alkali‑activated materials (AAMs) possess several advantages, such as high strengths and low 
carbon emissions. However, their application is hindered due to their significant shrinkage. This 
study explored the effect of borax‑modified sodium silicate activator and metakaolin (MK) on the 
mechanical properties and drying shrinkage (DS) of alkali‑activated slag (AAS) and AAS/MK (AASM) 
mortars. X‑ray diffraction, scanning electron microscopy, and Fourier‑transform infrared spectroscopy 
were used to characterize the hydration products. The results showed that the DS reduction of the 
AAS mortar was related to decreased  Na2O content, a reduction in the proportion of mesopores, 
and the formation of moisture‑retaining borate compounds. The DS reduction of the AASM mortar 
was attributed to the ultra‑fine differential effect induced by MK, reducing the connected pores. The 
modified activator combined with MK increased the chemically bound water content in the matrix. 
Additionally, the B–O bond and highly active MK improved compactness of the AASM mortar. The 
use of borax‑modified activators and MK provides a new solution to address the significant shrinkage 
issue in AAMs. This sets the stage for AAMs to potentially replace OPC, contributing to low‑carbon 
emissions and promoting environmental protection.

The cement industry emits approximately 1.45 Gt of  CO2 per year, accounting for approximately 4% of global 
fossil fuel  emissions1,2. As infrastructure construction continues to expand in developing countries, greater use 
of ordinary Portland cement (OPC) is expected, resulting in more pronounced environmental pollution from 
cement production. Alkali-activated materials (AAMs) offer an environmentally friendly solution for reduc-
ing carbon emissions in the cement industry. These materials primarily use industrial solid waste (e.g.,  slag3–5, 
lithium  slag6,7, and fly  ash8,9) as a low-carbon binder for  precursors10. This approach not only provides cost-
effective benefits but also promotes solid waste reuse, leading to a reduction in  CO2 emissions of approximately 
40%11. Previous studies have demonstrated that AAMs exhibit high strengths, low permeabilities, and excellent 
corrosion resistances, making them promising alternatives to cement-based  materials12,13. However, the issue 
of drying shrinkage (DS) poses a significant obstacle to the application of AAMs. Cracks resulting from DS 
accelerate the penetration of harmful substances such as carbon dioxide, acid, and base ions, thereby reducing 
the materials’ durability. Consequently, reducing the shrinkage is a theoretically effective approach to enhance 
the erosion resistance of AAMs.

AAMs condense quickly, and DS primarily occurs in the initial stage of hydration and the subsequent gradual 
evaporation of free water during curing. The widely recognized mechanism of DS is that when the water gradu-
ally evaporates, surface tension is generated when the menisci are formed in the gel pores and capillary pores, 
thereby causing an equal compressive stress in the skeleton and causing volume  shrinkage14,15. Current research 
primarily focuses on reducing the DS of AAMs by incorporating  fibers16–18, chemical  admixtures4,19, and mineral 
 admixtures20,21, as well as changing the curing  system22–24. Changing the curing system, while effectively reducing 
shrinkage, may also lead to a decrease in mechanical properties and issues of unstable internal curing  humidity24. 
Adding fibers can enhance the toughness of AAMs and reduce shrinkage, but it also introduces uncertain factors 
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such as uneven fiber distribution and lower fluidity than cement  mortar25. Research has indicated that the 
replacement of 10–20% slag with metakaolin (MK) can lead to a reduction in the autogenous shrinkage of AAMs 
by approximately 40–50%26,27. Additionally, Asaad et al.20 discovered that substituting MK for slag enhanced the 
durability of AAMs, manifesting in reduced DS and increased resistance to aggressive environmental condi-
tions. The activator brings greater alkalinity to AAMs than OPC, which is one of the key factors affecting DS. 
As a commonly used activator in AAMs, liquid sodium silicate accelerates the polycondensation reaction of the 
system due to the presence of  [SiO2(OH)2]2−, which has a better excitation effect but also results in rapid setting 
and greater shrinkage to  AAMs11,28. Conversely, NaOH and  Na2CO3 as activators exhibit lower shrinkage than 
 Na2SiO3 but compromise the mechanical properties of  AAMs29,30. The choice of activators significantly affects the 
performances of AAMs. Therefore, by modifying the types of ions present in the activators, there is a possibility 
of improving the performances of AAMs.

Borate ions have been shown to act as retarders in cement-based  materials31,32. Compounds containing 
borate ions, such as borax and boric acid, have been successfully used as retarders in various cement types, such 
as Portland cement and magnesium phosphate  cement33,34. The retarding mechanism involves the reaction 
between calcium ions and borate ions to form hydrated calcium borate. This compound covers the surfaces of 
clinker particles, partially or fully, thereby decelerating clinker dissolution and postponing  hydration32. Some 
 studies8,35,36 have investigated the curing of borate ions in AAMs and found that they can enhance the work-
ability of AAMs. Rakhimova et al.36 prepared activators containing borate ions with pH values of 8.5 and 10.5, 
simulating radioactive solutions containing borates in pressurized water reactors of nuclear power plants. The 
results showed that both solutions resulted in alkali-activated slag (AAS) paste with satisfactory setting times 
and adequate compressive strengths at 28 d, utilizing an alkali equivalent of 7%. Boron (B) shares similar coor-
dination characteristics with silicon (Si) and aluminum (Al). Theoretically,  [BO4] will likely share oxygen atoms 
with  [AlO4] and  [SiO4] to change the gel structure, thus influencing the macro- and micro-properties of AAMs.

Recently, some studies have attempted to partially replace commonly used activators with borates in AAMs 
and geopolymers, obtaining satisfactory outcomes in both mechanical performance and  workability37–39. Revathi 
et al.37 investigated the performance changes of fly-ash-based geopolymers by partially substituting sodium 
silicate with borax. Substituting 10–30% of the sodium silicate resulted in a final setting time of over 200 min 
for the geopolymer without affecting the mechanical properties at 28 d. In addition, tetrahedral boron absorp-
tion bands with wavenumbers of 1380–1310  cm−1 and 1134  cm−1 were observed via Fourier-transform infrared 
spectroscopy (FTIR). Attenuated total reflectance (ATR) FTIR showed that B partially replaced the Al in the 
gel network, indicating that Si–O–T(B, Al) was compatible with the gel structure. Bagheri et al.39 compared the 
environmentally friendly substitution of borax in AAMs and geopolymers and found that a 10–30% borax content 
improved the mechanical properties of the geopolymers more significantly than AAMs. Li et al.40 investigated 
the impact of borax as an admixture on the performance of AAS mortar. Their research revealed that, despite 
the initial formation of calcium borate complexes due to borax addition, which slowed down the hydration reac-
tion, it had no effect on the later-stage strength development of the AAS mortar. Moreover, borax was found to 
prolong setting time in most low-calcium AAMs. In fly ash-based AAMs, a linear increase in setting time was 
observed the dosage of borax increased from 2 to 8%38. Sajjad et al.41 studied the influence of borax as a retarder 
on the properties of one-part alkali-activated fly ash/slag binders. The research suggested that borax effectively 
prevented flash setting in AAMs, but exceeding a 4% dosage reduced their mechanical performance.

While these studies provided detailed micro-level and workability analyses, research on the shrinkage per-
formances and durability of AAMs in this new excitation environment is still limited. If the addition of borax 
leads to excessive shrinkage, the application value of AAMs may be diminished. In general, in calcium-rich 
AAS systems and calcium-poor geopolymers,  [SiO4]4− and  [AlO4]5− produced by different activators dissolve 
the precursor materials and balance with alkali metal cations  (Ca2+,  Na+) to form C–S–H and C(N)–A–S–H42. 
However, under different excitation environments, the polycondensation reaction in AAMs may change, result-
ing in variations in the reaction speed or the resulting gel network and subsequent performance changes. For 
instance, the presence of certain concentrations of  [BO3]3−,  [BO4]5−, and  [PO4]3− in the activator has the potential 
to alter the alkalinity of the mortar’s pore solution and the internal humidity of  AAMs39,43.

Based on environmental sustainability and durability considerations, this study explored the influence of a 
boron environment on the DS and mechanical properties of different AAMs using a modified sodium silicate 
activator with borax. Experimental investigations were conducted to analyze the factors of the borax content on 
the fluidity, DS, mechanical properties, and microscopic characteristics of the AAS mortar to determine the opti-
mal borax content. With the optimal borax content, the impact of various metakaolin (MK) contents (5%, 10%, 
15%, and 20%) as an alternative to ground granulated blast furnace slag (GGBS) in the AAS mortar was studied. 
The results demonstrated that the boron environment reduced the DS and improved the mechanical proper-
ties of AAMs. Additionally, substituting MK for slag further decreased the DS while enhancing the mechanical 
properties of AAMs. Therefore, borax-modified activators offer a method to improve the performances of AAMs, 
contributing to carbon emissions reductions and environmental protection.

Materials and methods
Materials
S95 GGBS and MK were sourced from Gongyi Wanying Environmental Protection Materials Co., Ltd. (China), 
and their chemical compositions and X-ray diffraction (XRD) patterns are presented in Table 1 and Fig. 1, respec-
tively. The particle size distributions of the GGBS and MK were measured using a laser particle size analyzer, as 
shown in Fig. 2, indicating median particle sizes of approximately 17.38 and 5.01 μm for GGBS and MK, respec-
tively. Liquid sodium silicate was obtained from Guangzhou Suixin Chemical Co., Ltd. (China), with an initial 
modulus (Ms) = 3.57, where Ms is the ratio of the amount of  SiO2 to the amount of  Na2O. The main indicators 



3

Vol.:(0123456789)

Scientific Reports |         (2024) 14:8202  | https://doi.org/10.1038/s41598-024-58172-x

www.nature.com/scientificreports/

are provided in Table 2. The content of liquid sodium silicate with different Ms was adjusted with an appropriate 
proportion of sodium hydroxide and deionized water to obtain different Ms Values. The sand used in this study 
was sourced from the Huaihe River in China, with a fineness modulus of 2.36 (Type II) and an apparent density 
of 2550 kg/m3. Anhydrous borax  (Na2B4O7), which was obtained from Tianjin Guangfu Development Co., Ltd. 
(China), is a white powder, and its aqueous solutions are weakly alkaline.

Table 1.  Chemical composition (%) of GGBS and MK measured by XRF.

Composition SiO2 Al2O3 CaO MgO Fe2O3 TiO2 SO3 Na2O MnO K2O Others

GGBS 31.81 18.44 34.59 9.93 0.29 1.01 2.45 0.62 0.30 0.40 0.16

MK 48.91 49.55 - 0.06 0.76 0.13 0.02 0.04 0.01 0.48 0.04
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Figure 1.  GGBS and MK raw materials’ XRD patterns.
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Figure 2.  Particle size distribution of GGBS and MK.

Table 2.  Physical and chemical indicators of liquid sodium silicate.

Modulus Baume degree (°Bé) Na2O (wt%) SiO2 (wt%) Density (g/cm3, 20 °C)

3.57 39.7 8.32 28.77 1.38
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Mix proportions
In this study, nine experimental groups were established to analyze the effects of modified activators on the 
performances of different AAMs. According to previous  studies20,36, the water–binder ratios for all groups were 
maintained at 0.41, the cement–sand ratio was 0.5, the adjusted Ms was set at 1.2, and the water in the activa-
tor was calculated as part of the mixing water. The alkali equivalent levels tested were 4.9%, 5.6%, 6.3%, and 
7%. The activator substitution levels examined were 10%, 20%, and 30%. Additionally, the GGBS replacement 
levels investigated were 5%, 10%, 15%, and 20%. Table 3 shows the mixed design of AAS and AASM mortars. 
The control groups, C-N7 and C-N5.6, did not contain borax and MK. C-N5.6 represents the AAS mortar with 
an alkali equivalent of 5.6%. The B-M groups were slag/MK systems, such as B20-M10, where B20 indicates a 
replacement of 20% of the sodium silicate with borax, and M10 represents a replacement of 10% of the slag with 
MK.  Na2O content (alkali equivalent) indicates the percentage of  Na2O mass in the activator to the total mass 
of the cementitious material.

Methods
Fluidity tests
The fluidity of the fresh mortar was assessed following ASTM C1437-2044. The mortar was poured into a trun-
cated cone mold and compacted uniformly by ramming the rod from the periphery toward the center. Excess 
mortar above the mold’s top surface was removed using a trowel. Subsequently, the mold was gently lifted, and 
the flow table test was immediately initiated. The table was vibrated once per second, completing 25 vibrations 
in approximately 25 ± 1 s. After vibration, the maximum spread diameter and orthogonal length of the mortar 
on the flow table were measured using a steel ruler, and the average value was calculated.

Flexural and compressive strengths tests
The flexural and compressive strengths of the specimens were determined according to ASTM C348-2145 and 
ASTM C349-1846 respectively. The raw materials were mixed intensively for 3 min using a mortar mixer to ensure 
uniformity. Subsequently, water and activator were added and stirred for 2 min. Fresh mortar was poured into 
a polyethylene mold (40 mm × 40 mm × 160 mm) and vibrated on a vibration table for 5–10 s to eliminate air 
bubbles. The specimens were placed in a curing room maintained at a temperature of 23 ± 2 °C and a humidity 
of above 95%. After 1 d of curing, the specimens were placed in a curing box under the same conditions after 
demolding and cured to 3, 7, and 28 d. The flexural and compressive strengths were calculated using Formulas 
(1) and (2)  respectively47:

where σf is the flexural strength, MPa; σc is the compressive strength, MPa; and P is the maximum load in the 
strength test, kN.

Drying shrinkage tests
DS amounts of all the specimens were tested following ASTM C596-1848. Three columnar specimens 
(25 mm × 25 mm × 280 mm) were prepared for each group, and the molds were removed after 24 h of curing 
in the curing room. The specimens were submerged in water at a temperature of 20 ± 1 °C for 48 h and then 
removed. The initial length was measured using a comparator after wiping the samples with a wet cloth. The 
measuring accuracy of the comparator is 0.001 mm. Subsequently, the samples were stored indoors at a tempera-
ture of 20 ± 1 °C and a humidity of 50% ± 3%. The length changes will be measured during the curing process 
until a specified age period. The microstrain was calculated according to Formula (3):

(1)σf = 2.8P

(2)σc = 0.62P

Table 3.  Mix proportions of mortars (g/kg).

Mix ID Na2O content (%) Borax to  Na2SiO3 (wt%)

Materials consumption(g/kg)

GGBS MK Na2SiO3 Borax

C-N7 7 0 685 0 315 0

C-N5.6 5.6 0 732 0 268 0

B10-M0 6.3 10% 685 0 283.5 31.5

B20-M0 5.6 20% 685 0 252 63

B20-M5 5.6 20% 650.75 34.25 252 63

B20-M10 5.6 20% 616.5 68.5 252 63

B20-M15 5.6 20% 582.25 102.75 252 63

B20-M20 5.6 20% 548 137 252 63

B30-M0 4.9 30% 685 0 220.5 94.5
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where μƐ is the microstrain; L0 is the initial length of the specimen, mm; LT is the test length of the specimen at 
the age to be tested, mm.

Mercury intrusion porosimetry tests
The pore structure characteristics of the mortar samples were tested using mercury intrusion porosimeter (MIP). 
The mercury pressure range was 0.1 to 61,000 psia, and the contact angle was set to 130°.

Microscopic tests
The specified aged paste and mortar samples were immersed in anhydrous ethanol for 7 d and then dried in a 
vacuum chamber for 48 h. The microstructures of the mortar samples were analyzed using scanning electron 
microscopy (SEM, Flex 1000). Before the analysis, a thin layer of gold was sputtered onto the test block using 
an MSP-2S magnetron ion diffractometer for 90 s to enhance the conductivity. The samples used for the SEM 
observations were slices taken from the selected mortars after the compressive test was completed. Characteriza-
tion of hydration products using X-ray diffractometer (XRD, Smartlab SE) manufactured in Japan and Fourier-
transform infrared spectroscopy (FTIR, Nicolet IS50). The XRD analysis was carried out using a BD68000162-01 
X-ray diffractometer with CuKα radiation at 40 kV and 50 mA. The scanning range was established between 5° 
and 60°. The samples were scanned at a rate of 5°/min with an interval of 0.01° to collect the data. FTIR testing 
scanned 32 times from 4000 to 400  cm−1 at 4  cm−1 resolution.

Results and discussion
Fluidity
Figure 3 shows the effect of the borax-modified activator on the fluidity of the AAS mortar: with an increasing 
borax content in the sodium silicate activator, the mortar’s fluidity initially increased and then decreased. Among 
the samples, B10-M0 achieved the highest fluidity at 183 mm, which represents a 5% increase over the fluidity of 
C-N7 at 174 mm. However, an excess of borax led to a decrease in the mortar’s fluidity, with B30-M0 displaying 
the lowest fluidity at 161.5 mm, marking a 7.18% reduction. In comparison to C-N7, C-N5.6 exhibited a fluid-
ity of 178.5 mm, signifying a 2.52% enhancement, suggesting that reducing alkali equivalent contributed to the 
increase of the mortar’s fluidity. The fluidity change of the AAS mortar was primarily influenced by two factors: 
(1) Alkali equivalent. Borax partially substituted the activator, thereby reducing its  Na2O content. The positive 
impact of the  Na2O content on the fluidity of the AAS mortar was attributed to the introduction of additional 
 [SiO4]4− by the activator, which enhanced the electrostatic repulsion between particles and improved the disper-
sion of free water. This led to a decrease in the apparent viscosity of the AAS mortar and a consequent increase 
in its  fluidity49. Figure 3 shows that the lower the substitution rate, the higher the alkali equivalent and fluidity 
of the mortar. An excessive amount of  Na2O in the activator accelerated the dissolution and polycondensation 
reactions of gel particles, resulting in decreased fluidity.50. Therefore, C-N7 exhibited lower fluidity than C-N5.6. 
(2) Free water content. The dissolution of borax gradually consumed free water. In comparison to the effect of 
electrostatic repulsion, the limited availability of free water for dispersing GGBS particles made the fluidity 
more sensitive to the loss of free  water51,52. Borax hydrolysis produced boric acid and borate ions under alkaline 
 conditions40. The hydrolysis reaction equations for borax are shown in (4) and (5).

(3)µε =
L0 − LT
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Figure 3.  Fluidity of AAS mortars with different borax content in the modified activator.



6

Vol:.(1234567890)

Scientific Reports |         (2024) 14:8202  | https://doi.org/10.1038/s41598-024-58172-x

www.nature.com/scientificreports/

Figure 4 shows the fluidity of the fresh AAS/MK (AASM) mortar. Incorporating MK decreased the fluidity of 
the mortar, and the greater the amount of MK added was, the lower the fluidity was. The fluidity of B20-M0 was 
170.25 mm. With the increase in the dosage of MK, the fluidity of the AASM mortar across all groups decreased 
by 6.31%, 10.13%, 14.68%, and 19.09%, respectively. The reduced fluidity of the AASM mortar was primarily 
attributed to the smaller particle size and higher water absorption of MK compared to GGBS. The substitution 
of MK for a portion of GGBS increased the density of the AASM mortar, resulting in a decrease in its fluidity. 
Simultaneously, the higher water-absorbing capacity of MK led to the early loss of free water in the AASM mortar, 
further impacting its  fluidity53.

Flexural and compressive strengths
An appropriate proportion of the borax-modified activator proved beneficial in optimizing the strength of the 
AAS mortar. As shown in Fig. 5a, with the increase in the borax substitution rate, the flexural strength (FS) of 
the AAS mortar exhibited an initial increase followed by a subsequent decrease. Figure 5b presents a consistent 
trend in the compressive strength (CS) of the AAS mortar, similar to FS. The FS of the AAS mortar at both 7 d 
and 28 d exceeded that of the control group. The optimal substitution level was found to be 20%, and the CS and 
FS at 28 d of B20-M0 were respectively 9.35% and 29.29% higher than those of C-N7 in the control group. The 
7-d CS of C-N5.6 was 11.46% lower than that of C-N7, while the FS and CS were similar at 28 d. Additionally, 
the addition of borax decreased the strength of the AAS mortar at 3 d. However, when borax was introduced 
under the same alkali equivalent conditions, the optimized modified AAS mortar (B20-M0) exhibited higher 
FS and CS at both 7 d and 28 d compared to C-N5.6 and C-N7. This clearly illustrated the positive impact of 
incorporating borax on the development of strength in the AAS mortar.

When sodium silicate is used as the sole activator, the alkali equivalent is crucial to the strength develop-
ment of the AAS mortar. A higher alkali equivalent facilitated the dissolution of precursor materials such as 
GGBS more effectively than a lower  one54–56. However, exceeding a certain alkali equivalent range, the activator 
would rapidly dissolve GGBS in the early stage, accelerate the polymerization reaction of  [SiO4],  [AlO4] and 
 Ca2+, causing excessive gelation. This hindered later hydration reactions, ultimately reducing the mechanical 
properties. The incorporation of the borax-modified sodium silicate activator mitigates these issues by reducing 
rapid condensation associated with high alkali equivalent. In the initial stages of hydration, borate ions formed 
calcium borate complexes with  Ca2+, which adhered to unreacted GGBS and slowed down the condensation 
process. Contrary to gelatinization, this complex reaction mainly affected the AAS mortar strength at the 3 d 
due to the semipermeable membrane properties of the complex on GGBS surface. As hydration progressed, the 
complex gradually permeated and disintegrated, normalizing the hydration  reaction40. The complex reaction 
was shown in formula (6). Moreover,  [BO4]—generated from borax hydrolysis and sharing similar coordination 
characteristics with  [SiO4] and  [AlO4]—enhance gel  polymerization37. Maintaining an appropriate proportion 
of borax is essential, as a significant reduction in sodium silicate content would reduce the activator’s alkalinity, 
weakening its ability to dissolve GGBS and affecting hydration reactions.

(4)(B4O7)
2−

+ 7H2O → 2OH
−
+ 4H3BO3

(5)H3BO3 +OH
−
→ B(OH)−

4

B20-M0 B20-M5 B20-M10 B20-M15 B20-M20
100

120

140

160

180

200

Groups

F
lu
id
it
y

Figure 4.  Fluidity of the AASM mortar with different MK content.
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Figure 5c shows that the FS of the AASM mortar increased initially and then decreased with the increase 
in the MK content. The optimal substitution rate was determined to be 15%. The FS of B20-M15 increased by 
15.54% at 28 d compared with that of B20-M0. As shown in Fig. 5d, with the increase in the MK content, the 
CS of the AASM mortar showed a trend of decreasing first, then increasing, and then decreasing. The 28-d CS 
of B20-M15 increased by 8.92% compared with that of B20-M0, which was 12.97% higher than that of C-N5.6.

The factors contributing to the enhanced mechanical properties of the AASM mortar with MK can be sum-
marized as follows. As the substitution rate of MK increased, the concentrations of alumina  (Al2O3) and silica 
 (SiO2) in the mortar also rose, which promoted the geopolymerization reaction and the formation of N–A–S–H 
and C–A–S–H  gels20, ultimately enhancing mechanical properties. Additionally, MK possesses a finer particle 
size and a larger specific surface area compared to GGBS. Its high reactivity facilitated the hydration reactions, 
thereby improving the interfacial bonding performance and compactness of the AASM mortar. However, when 
the MK content exceeded 20%, there was a reduction in the calcium oxide from GGBS, which lowered the 
proportion of C–(A)–S–H gel and consequently diminished the mechanical properties of the AASM mortar.

Porosity
According to the International Union of Pure and Applied Chemistry (IUPAC) definition, porous materials are 
categorized into three classes based on pore size: micropores (< 2 nm), mesopores (2–50 nm), and macropores 
(> 50 nm)21. In order to analyze the impact of borax-modified sodium silicate activator and MK on the porosity 
of the AAS and AASM mortars, a comparison of the pore size distribution was conducted among the initial 
control group (C-N7), the optimal group B20-M0, and B20-M15. Figure 6 illustrates the pore size distribu-
tion of the AAS and AASM mortars, revealing recorded porosities at 28 d of 14.73%, 12.94%, and 11.48% for 
the three mortar samples, respectively. The proportions of pores smaller than 50 nm were 5.78%, 3.38%, and 
2.77%, respectively. In general, the modified mortar exhibited decreased porosity and a reduced proportion of 
mesopores. The characteristics of the pore diameter distribution of the mortars were shown in Fig. 7, with all 
three curves showing a peak value, corresponding to the most probable pore diameter, representing the pore 
size with the highest frequency within different pores. The most probable pore diameter for the control group 
and B20-M0 are around 50 nm, while for B20-M15, it was around 20 nm. Overall, the proportion of pores in 
the modified mortars smaller than 50 nm was lower. The reduced porosity in the AAS and AASM mortars pri-
marily attributed to the  [BO4] generated during borax hydrolysis. These ions participated more actively in the 
polymerization process compared to when only sodium silicate was used as the activator, enhancing formation 
of C–(A)–S–H gel and refining the mortar’s pore structure. The inclusion of MK further reduced by promoting 
geopolymerization, which led to the additional formation of N–A–S–H gel and a denser matrix. With its finer 
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Figure 5.  Flexural and compressive strengths of the AAS and AASM mortars.
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particle size relative to GGBS, MK also contributed to pores filling. The variation in porosity was directly related 
to mortar’s strength, showing that lower porosity translated to higher.

Drying shrinkage
When AAMs are exposed to acid, base ions, and  CO2, the cracks resulting from DS can exacerbate the extent of 
the damage. The DS value serves as a measure of the volume change in an AAM caused by water evaporation, 
allowing for the evaluation of the susceptibility of AAMs to damage. In Fig. 8, the DS values of C-N5.6 at 7 d and 
28 d were recorded as 1226.79 με and 1798.21 με, respectively, whereas for C-N7, the values were 1410.71 με and 
1898.81 με, respectively. The DS value for C-N7 at 28 d was 5.30% higher than that of C-N5.6, suggesting that 
an increase in alkali equivalent led to a rise in the DS of the AAS mortar. For B10-M0, B20-M0, and B30-M0, 
the DS values at 7 d were 1108.93 με, 919.64 με, and 994.64 με, respectively, and at 28 d, they measured 1758.93 
με, 1662.5 με, and 1733.93 με, respectively. The DS values for the modified mortar initially decreased and then 
increased as the content of borax was increased. B20-M0 demonstrated the optimal performance, showing a 
34.81% and 12.45% reduction in the DS values at 7 d and 28 d, respectively, compared to C-N7.

According to the capillary tension theory, in an unsaturated air environment, the loss of free water in cementi-
tious materials generates surface tension within gel pores and capillaries, leading to isotropic compressive stresses 
and consequent volume shrinkage. Collins et al.14 pointed out that significant shrinkage stresses are primarily 
associated with mesopores smaller than 50 nm, while macropores (> 50 nm) and micropores (< 2.5 nm) remain 
unaffected. MIP analysis of B20-M0 and B20-M15 revealed a decreased proportion of mesopores, indicating an 
improved with the composite activator, which mitigated the mortar’s DS. When sodium silicate was used alone as 
the activator, an increase in the alkali equivalent accelerated the hydration reaction, leading to increased gel pores 
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and resulting in greater  DS57. In line with previous studies, a higher alkali equivalent accelerates condensation, 
adversely affecting the mortar’s volume  stability21. When using a borax-modified activator, the reduction in the 
dosage of the sodium silicate activator was beneficial for reducing the DS. Borate compounds formed contributed 
to moisture retention, stabilizing the internal humidity and further reducing  DS51. However, excessive borax 
substitution, which reduced alkali equivalent to 4.9%, hindered the later development of the gel network and 
weakened the matrix’s resistance to shrinkage stresses. It is recommended to maintain a borax substitution level 
of approximately 20% to optimize the AAS mortar performance.

Figure 9 illustrates the evolution of the DS values in the AASM mortar containing 5%, 10%, 15%, and 20% 
MK within a boron environment. The DS values at 28 d for B20-M5, B20-M10, B20-M15, and B20-M20 were 
1694.64 με, 1571.43 με, 1446.43 με, and 1389.29 με, respectively. Except for B20-M5, each group exhibited a 
decrease in DS values compared to B20-M0 at 28 d, with reductions of 5.48%, 13.00%, and 16.43%, respectively. 
As the substitution rate of MK for GGBS increased, the mortar’s DS values gradually decreased. The growth rate 
of the DS for the AASM mortar slowed down after 7 d in comparison to the AAS mortar, indicating that the 
incorporation of MK contributes to a further reduction in the DS values of the mortar.

The increase in MK content effectively reduced the DS of the AASM mortar for the following reasons. MK’s 
finer particle size and higher specific surface area induced an ultrafine differentiation effect, which decreased 
the number of interconnected pores within the AASM  system58. This reduction in pores mitigated the shrinkage 
stress induced by capillary effects, leading to a lower DS. Additionally, the addition of MK to GGBS introduced 
Al into the mix, thereby enhancing the crack resistance of the C(N)–A–S–H gel. A higher Al/Si ratio effectively 
reduced the sensitivity of AAMs to moisture loss during drying, contributing to a reduction in  DS20,59.
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Figure 8.  DS of mortars with different borax content in the modified activator.
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SEM analysis
Figure 10a, c shows the SEM images of C-N7 and C-N5.6 at 28 d, respectively. The gel structure shown in Fig. 10a 
possessed a blocky and needle-like structure with significant local defects, which may be caused by a high alkali 
equivalent. The gel in Fig. 10c appeared more intact and was attached to some low-crystallinity hydrated calcium 
silicate gel, but numerous continuous microcracks were evident. Figure 10b, d shows the SEM images of the AAS 
(B20-M0) and AASM (B20-M15) mortars under the influence of the modified activator, respectively. As shown 
in Fig. 10b, the gel formed by hydration after the incorporation of borax was smoother and  denser52, without 
noticeable micro-cracks, which microscopically explained that B20-M0 excited by the modified activator had 
better mechanical properties. The gel reaction degree shown in Fig. 10d was better than other three groups, and 
the surface was aggregated with flaky calcium silicate aggregates, which corresponded to the high reactivity 
of the MK. Additionally, the MK had a smaller particle size than GGBS, and the filling effect made the mortar 
structure denser.

XRD analysis
Figure 11a, b presents the XRD patterns of the AAS and AASM pastes at 28 d, respectively. The main peak 
represented the calcite phase, and the phases on both sides were mainly calcium silicate hydrate. Ulexite 
 (NaCaB5O6(OH)6(H2O)5) was present in the B10-M0, B20-M0, and B30-M0 samples. With the increase in 
the proportion of borax in the activator, the content of calcite and C–S–H gel remained relatively stable. The 
decreased intensity of diffraction peaks for akermanite and gehlenite, along with the emergence of ulexite diffrac-
tion peaks, suggested the involvement of borate ions in the formation of the gel  network37. However, the excessive 
addition of borax reduced the amount of calcite generated, primarily due to the decrease in the proportion of 
sodium silicate in the activator. The reduction in alkali equivalent resulted in a decrease in the release of  Ca2+ and 
 Al3+ ions from GGBS, thereby impacting the strength of the mortar. This validated the analysis of the mortar’s 
mechanical properties. With the increase in the substitution ratio of MK for GGBS, there was a higher content of 
 Al2O3 and  SiO2, leading to the formation of C(N)–A–S–H gel in the  matrix20,53,60. However, no distinct diffraction 
peaks were observed, possibly due to potential overlap with the diffraction peaks of  calcite61. Additionally, the 
formation of hydrotalcite is advantageous for the corrosion resistance of  AAMs62.

Figure 10.  SEM micrographs of mortars at 28 d.
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FTIR analysis
To elucidate the effects of borax and MK on the phase transition of AAMs samples, FTIR spectra analysis was 
performed on the bands of Si–O–T (T represents Si, Al or B), O–C–O, and H–O–H, which correspond to gels, 
calcium carbonate, and chemically bound water,  respectively63. Figure 12a exhibits the effects of different borax 
levels. The spectral band near 1650  cm−1 represents the bending vibration of H–O–H64. As the increased of borax 
content, the peak of H–O–H band increased. This may be caused by the crystallization of borate compounds. The 
spectral band near 1415  cm−1 represents the symmetric tensile vibration of O–C–O65, which is associated with the 
carbonization of the sample. In all samples, there was a major absorption peak near 1109  cm−1, corresponding to 
the asymmetric tensile vibration of Si–O–T bonds caused by the dissolution of the silicate phase. The absorption 
peaks at 671  cm−1 and 536  cm−1 represent the symmetric tensile vibration of Si–O–Si, the bending vibration of 
B–O–B,  respectively37,66. These peaks are associated with the formation of gel. With an increase in borax content 
to 20%, there was a significant enhancement in the spectral bands of Si–O–T and B–O–B, indicating that the 
internal polymerization reaction within the AAS mortar was strengthened following the use of borax-modified 
activator. This resulted in an increased quantity of the gel phase. This may be related to the involvement of B-O 
bonds in the composition of the gel network, and the resulting C–S(B)–H increases the degree of ploymeriza-
tion of the  gel67. Figure 12b exhibits the effects of different MK levels, and the peak of Si–O–T band increased 
with the increase in MK contents. This was attributed to increased levels of Si and Al in the mortar, resulting 
in additional C(N)–A–S–H gel formation. The increase of the peak of H–O–H and –OH bands indicated that 
the AASM mortar had a higher bound water than the AAS mortar, which was conducive to further mitigating 
shrinkage stress and reducing the DS of the AASM mortar.
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Conclusion
The effects of the borax-modified sodium silicate activator on the properties of the AAS mortar were investigated, 
and the optimal substitution level of borax was determined. Under the condition of an optimal borax replace-
ment rate, the performance of the AASM mortar with different MK contents to replace GGBS were studied. The 
conclusions drawn from the test results are as follows.

• The fluidity of the AAS mortar initially increased and then decreased with higher anhydrous borax content in 
the activator, mainly due to the changes in the  Na2O content and the consumption of free water. The increase 
in MK content led to a decrease in the fluidity of the AASM mortar, attributed to the smaller particle size 
and higher water absorption of MK compared to GGBS.

• The incorporation of an appropriate amount of borate enhanced the AAS mortar’s mechanical properties by 
contributing  [BO4] from borax dissolution, actively participating in the gel network with  [SiO4] and  [AlO4]. 
The addition of MK significantly enhanced the strength of the AASM mortar, attributed to MK’s smaller 
specific surface area facilitating geopolymerization.

• The reduction in the DS of the AAS mortar was attributed to the decrease in alkali equivalent, reduction in 
mesopores, and the formation of borate compounds with high moisture retention properties.

• The incorporation of MK further reduced the DS of the AASM mortar. This was primarily attributed to MK’s 
finer particle size and larger specific surface area than GGBS. These characteristics enhanced the interfacial 

(a)

(b)

4000 3500 3000 2500 2000 1500 1000 500

Wave number/cm
-1

C-O-C

C-N7

B-O-B

Si-OH-O-H
Si-O-Si

-OH

B30-M0

B20-M0

B10-M0

1650

536

3496 1415 671 458959

Si-O-T

4000 3500 3000 2500 2000 1500 1000 500

Wave number/cm
-1

C-O-C

B-O-B

Si-OH-O-H

Si-O-Si

-OH

B20-M15

B20-M0

B20-M5

1650

536

3496 1415 671 458959

Si-O-T

Figure 12.  FTIR spectra of AAS and AASM pastes: (a) with different borax contents and (b) with different MK 
contents.



13

Vol.:(0123456789)

Scientific Reports |         (2024) 14:8202  | https://doi.org/10.1038/s41598-024-58172-x

www.nature.com/scientificreports/

bonding and compactness while exhibiting an ultrafine differentiation effect, reducing interconnected pores 
and mitigating shrinkage stress caused by water loss.

• The borax-modified activator reduced the DS of AAMs, while also reducing the dosage of sodium silicate 
activator. To broaden the application range of AAMs and promote environmental protection, it is recom-
mended to investigate the effects of composite activators with boron-containing waste solutions on AAM’s 
shrinkage and durability.

Data availability
Data will be made available on request. Data can be obtained from the corresponding author. (E-mail address: 
2009028@aust.edu.cn).

Received: 5 January 2024; Accepted: 26 March 2024

References
 1. Andrew, R. M. Global  CO2 emissions from cement production, 1928–2018. Earth Syst. Sci. Data 11, 1675–1710 (2019).
 2. Tan, C., Yu, X. & Guan, Y. A technology-driven pathway to net-zero carbon emissions for China’s cement industry. Appl. Energy 

325, 119804 (2022).
 3. Ye, H., Cartwright, C., Rajabipour, F. & Radlińska, A. Understanding the drying shrinkage performance of alkali-activated slag 

mortars. Cem. Concr. Compos. 76, 13–24 (2017).
 4. Ye, H., Fu, C. & Lei, A. Mitigating shrinkage of alkali-activated slag by polypropylene glycol with different molecular weights. 

Constr. Build. Mater. 245, 118478 (2020).
 5. Xie, J., Wang, J., Rao, R., Wang, C. & Fang, C. Effects of combined usage of GGBS and fly ash on workability and mechanical 

properties of alkali activated geopolymer concrete with recycled aggregate. Compos. B Eng. 164, 179–190 (2019).
 6. Ali Shah, S. F., Chen, B., Ahmad, M. R. & Haque, M. A. Development of cleaner one-part geopolymer from lithium slag. J. Clean. 

Prod. 291, 125241 (2021).
 7. Luo, Q., Wang, Y., Hong, S., Xing, F. & Dong, B. Properties and microstructure of lithium-slag-based geopolymer by one-part 

mixing method. Constr. Build. Mater. 273, 121723 (2021).
 8. Li, Z., Liang, X., Chen, Y. & Ye, G. Effect of metakaolin on the autogenous shrinkage of alkali-activated slag-fly ash paste. Constr. 

Build. Mater. 278, 122397 (2021).
 9. Zerfu, K. & Ekaputri, J. J. The effect of reinforcement ratio on the flexural performance of alkali-activated fly ash-based geopolymer 

concrete beam. Heliyon 8, e12015 (2022).
 10. Shi, C., Qu, B. & Provis, J. L. Recent progress in low-carbon binders. Cem. Concr. Res. 122, 227–250 (2019).
 11. Thomas, R. J., Lezama, D. & Peethamparan, S. On drying shrinkage in alkali-activated concrete: Improving dimensional stability 

by aging or heat-curing. Cem. Concr. Res. 91, 13–23 (2017).
 12. Elzeadani, M., Bompa, D. V. & Elghazouli, A. Y. One part alkali activated materials: A state-of-the-art review. J. Build. Eng. 57, 

104871 (2022).
 13. Zhang, B., Zhu, H., Cao, R., Ding, J. & Chen, X. Feasibility of using geopolymers to investigate the bond behavior of FRP bars in 

seawater sea-sand concrete. Constr. Build. Mater. 282, 122636 (2021).
 14. Collins, F. & Sanjayan, J. G. Effect of pore size distribution on drying shrinking of alkali-activated slag concrete. Cem. Concr. Res. 

30, 1401–1406 (2000).
 15. Shimomura, T. & Maekawa, K. Analysis of the drying shrinkage behaviour of concrete using a micromechanical model based on 

the micropore structure of concrete. Mag. Concr. Res. 49, 303–322 (1997).
 16. Dheyaaldin, M. H., Mosaberpanah, M. A. & Alzeebaree, R. Shrinkage behavior and mechanical properties of alkali activated 

mortar incorporating nanomaterials and polypropylene fiber. Ceram. Int. 48, 23159–23171 (2022).
 17. Abolfathi, M., Omur, T. & Kabay, N. Effect of microfibers or SRA on the shrinkage and mechanical properties of alkali activated 

slag/fly ash-based mortars incorporating recycled fine aggregate. Constr. Build. Mater. 373, 130883 (2023).
 18. Xu, Y., Xing, G., Zhao, J. & Zhang, Y. The effect of polypropylene fiber with different length and dosage on the performance of 

alkali-activated slag mortar. Constr. Build. Mater. 307, 124978 (2021).
 19. Wang, S., Wu, K., Yang, Z. & Tang, L. Long-term (2 years) drying shrinkage evaluation of alkali-activated slag mortar: Experiments 

and partial factor analysis. Case Stud. Constr. Mater. 18, e01956 (2023).
 20. Asaad, M. A. et al. Enduring performance of alkali-activated mortars with metakaolin as granulated blast furnace slag replacement. 

Case Stud. Constr. Mater. 16, e00845 (2022).
 21. Mastali, M., Kinnunen, P., Dalvand, A., Mohammadi Firouz, R. & Illikainen, M. Drying shrinkage in alkali-activated binders—A 

critical review. Constr. Build. Mater. 190, 533–550 (2018).
 22. Fu, C., Ye, H., Lei, A., Yang, G. & Wan, P. Effect of novel superabsorbent polymer composites on the fresh and hardened properties 

of alkali-activated slag. Constr. Build. Mater. 232, 117225 (2020).
 23. Chen, P., Wang, J., Wang, L. & Xu, Y. Perforated cenospheres: A reactive internal curing agent for alkali activated slag mortars. 

Cem. Concr. Compos. 104, 103351 (2019).
 24. Wang, P. et al. Effect of internal curing by super absorbent polymer on the autogenous shrinkage of alkali-activated slag mortars. 

Materials. 13, 4318 (2020).
 25. Hussein, T. A. et al. Chemical resistance of alkali-activated mortar with nano silica and polypropylene fiber. Constr. Build. Mater. 

363, 129847 (2023).
 26. Li, Z., Nedeljković, M., Chen, B.-Y. & Ye, G. Mitigating the autogenous shrinkage of alkali-activated slag by metakaolin. Cem. 

Concr. Res. 122, 30–41 (2019).
 27. Fahim Huseien, G., Mirza, J., Ismail, M., Ghoshal, S. K. & Abdulameer Hussein, A. Geopolymer mortars as sustainable repair 

material: A comprehensive review. Renew. Sustain. Energy Rev. 80, 54–74 (2017).
 28. Rasuli, M. I., Tajunnisa, Y., Yamamura, A. & Shigeishi, M. A consideration on the one-part mixing method of alkali-activated 

material: Problems of sodium silicate solubility and quick setting. Heliyon 8, e08783 (2022).
 29. Duran Atiş, C., Bilim, C., Çelik, Ö. & Karahan, O. Influence of activator on the strength and drying shrinkage of alkali-activated 

slag mortar. Constr. Build. Mater. 23, 548–555 (2009).
 30. Yang, J. et al. Effect of  Na2CO3 on the tensile creep of slag-fly ash systems activated with  Na2SiO3. Cem. Concr. Compos. 140, 105110 

(2023).
 31. Hernández, S., Guerrero, A. & Gonñi, S. Leaching of borate waste cement matrices: Pore solution and solid phase characterization. 

Adv. Cem. Res. 12, 1–8 (2000).



14

Vol:.(1234567890)

Scientific Reports |         (2024) 14:8202  | https://doi.org/10.1038/s41598-024-58172-x

www.nature.com/scientificreports/

 32. Li, B., Ling, X., Liu, X., Li, Q. & Chen, W. Hydration of Portland cements in solutions containing high concentration of borate ions: 
Effects of LiOH. Cem. Concr. Compos. 102, 94–104 (2019).

 33. Dong, J., Zheng, W., Chang, C., Wen, J. & Xiao, X. Function and effect of borax on magnesium phosphate cement prepared by 
magnesium slag after salt lake lithium extraction. Constr. Build. Mater. 366, 130280 (2023).

 34. Gelli, R. et al. Effect of borax on the hydration and setting of magnesium phosphate cements. Constr. Build. Mater. 348, 128686 
(2022).

 35. Liu, X. et al. Investigation on admixtures applied to alkali-activated materials: A review. J. Build. Eng. 64, 105694 (2023).
 36. Rakhimova, N. R., Rakhimov, R. Z., Morozov, V. P., Potapova, L. I. & Osin, Y. N. Mechanism of solidification of simulated borate 

liquid wastes with sodium silicate activated slag cements. J. Clean. Prod. 149, 60–69 (2017).
 37. Revathi, T. & Jeyalakshmi, R. Fly ash–GGBS geopolymer in boron environment: A study on rheology and microstructure by ATR 

FT-IR and MAS NMR. Constr. Build. Mater. 267, 120965 (2021).
 38. Antoni, A., Wijaya, S. W., Satria, J., Sugiarto, A. & Hardjito, D. The use of borax in deterring flash setting of high calcium fly ash 

based geopolymer. Mater. Sci. Forum 857, 416–420 (2016).
 39. Bagheri, A., Nazari, A., Sanjayan, J. G. & Rajeev, P. Alkali activated materials vs geopolymers: Role of boron as an eco-friendly 

replacement. Constr. Build. Mater. 146, 297–302 (2017).
 40. Li, P. et al. Effects of borax, sucrose, and citric acid on the setting time and mechanical properties of alkali-activated slag. Materials 

16, 3010 (2023).
 41. Oderji, S. Y., Chen, B., Shakya, C., Ahmad, M. R. & Shah, S. F. A. Influence of superplasticizers and retarders on the workability 

and strength of one-part alkali-activated fly ash/slag binders cured at room temperature. Constr. Build. Mater. 229, 116891 (2019).
 42. Li, C., Sun, H. & Li, L. A review: The comparison between alkali-activated slag (Si + Ca) and metakaolin (Si + Al) cements. Cem. 

Concr. Res. 40, 1341–1349 (2010).
 43. Li, J. et al. Properties and mechanism of high-magnesium nickel slag-fly ash based geopolymer activated by phosphoric acid. 

Constr. Build. Mater. 345, 128256 (2022).
 44. ASTM C1437-20. Standard Test Method for Flow of Hydraulic Cement Mortar (Annual Book of ASTM Standards, 2020).
 45. ASTM C348-21. Standard Test Method for Flexural Strength of Hydraulic-Cement Mortars (ASTM International, 2021).
 46. ASTM C349-18. Standard Test Method for Compressive Strength of Hydraulic Cement Mortars (Using Portions of Prisms Broken in 

Flexure) (ASTM International, 2018).
 47. Chen, X., Chen, H., Chen, Q., Lawi, A. S. & Chen, J. Effect of partial substitution of cement with Dolomite powder on Glass-Fiber-

Reinforced mortar. Constr. Build. Mater. 344, 128201 (2022).
 48. ASTM C596-18. Standard Test Method for Drying Shrinkage of Mortar Containing Hydraulic Cement (Annual Book of ASTM 

Standards, 2018).
 49. Xie, F. et al. The effect of NaOH content on rheological properties, microstructures and interfacial characteristic of alkali activated 

phosphorus slag fresh pastes. Constr. Build. Mater. 252, 119132 (2020).
 50. Zhao, J. & Li, S. Study on processability, compressive strength, drying shrinkage and evolution mechanisms of microstructures of 

alkali-activated slag-glass powder cementitious material. Constr. Build. Mater. 344, 128196 (2022).
 51. Wang, J., Han, L., Liu, Z. & Wang, D. Setting controlling of lithium slag-based geopolymer by activator and sodium tetraborate as 

a retarder and its effects on mortar properties. Cem. Concr. Compos. 110, 103598 (2020).
 52. Sinha, A. K. & Talukdar, S. Enhancement of the properties of silicate activated ultrafine-slag based geopolymer mortar using 

retarder. Constr. Build. Mater. 313, 125380 (2021).
 53. Souayfan, F. et al. Comprehensive study on the reactivity and mechanical properties of alkali-activated metakaolin at high  H2O/

Na2O ratios. Appl. Clay Sci. 231, 106758 (2023).
 54. Lima, V. M. E., Basto, P. A., Henrique, M. A., Almeida, Y. M. & de Melo Neto, A. A. Optimizing the concentration of  Na2O in 

alkaline activators to improve mechanical properties and reduce costs and  CO2 emissions in alkali-activated mixtures. Constr. 
Build. Mater. 344, 128185 (2022).

 55. Zhang, J., Shi, C. & Zhang, Z. Effect of  Na2O concentration and water/binder ratio on carbonation of alkali-activated slag/fly ash 
cements. Constr. Build. Mater. 269, 121258 (2021).

 56. Marvila, M. T., de Azevedo, A. R. G., de Oliveira, L. B., de Castro Xavier, G. & Vieira, C. M. F. Mechanical, physical and durability 
properties of activated alkali cement based on blast furnace slag as a function of %Na2O. Case Stud. Constr. Mater. 15, e00723 
(2021).

 57. Hongqiang, M. et al. Study on the drying shrinkage of alkali-activated coal gangue-slag mortar and its mechanisms. Constr. Build. 
Mater. 225, 204–213 (2019).

 58. Fabbri, B., Gualtieri, S. & Leonardi, C. Modifications induced by the thermal treatment of kaolin and determination of reactivity 
of metakaolin. Appl. Clay Sci. 73, 2–10 (2013).

 59. Sinngu, F., Ekolu, S. O., Naghizadeh, A. & Quainoo, H. A. Evaluation of metakaolin pozzolan for cement in South Africa. Dev. 
Built Environ. 14, 100154 (2023).

 60. Silvestro, L. et al. Use of biomass wood ash to produce sustainable geopolymeric pastes. Constr. Build. Mater. 370, 130641 (2023).
 61. Wang, S.-D. & Scrivener, K. L. Hydration products of alkali activated slag cement. Cem. Concr. Res. 25, 561–571 (1995).
 62. Yang, Z., Polder, R., Mol, J. M. C. & Andrade, C. The effect of two types of modified Mg-Al hydrotalcites on reinforcement corro-

sion in cement mortar. Cem. Concr. Res. 100, 186–202 (2017).
 63. Ma, H. et al. Study on the characteristics of alkali-activated fly ash-slag improved by cenosphere: Hydration and drying shrinkage. 

Constr. Build. Mater. 372, 130822 (2023).
 64. Finocchiaro, C. et al. FT-IR study of early stages of alkali activated materials based on pyroclastic deposits (Mt. Etna, Sicily, Italy) 

using two different alkaline solutions. Constr. Build. Mater. 262, 120095 (2020).
 65. Ismail, I. et al. Modification of phase evolution in alkali-activated blast furnace slag by the incorporation of fly ash. Cem. Concr. 

Compos. 45, 125–135 (2014).
 66. Qureshi, T. S. & Panesar, D. K. Impact of graphene oxide and highly reduced graphene oxide on cement based composites. Constr. 

Build. Mater. 206, 71–83 (2019).
 67. Hui-Teng, N. et al. Thermo-mechanical behaviour of fly ash-ladle furnace slag blended geopolymer with incorporation of dec-

ahydrate borax. Constr. Build. Mater. 331, 127337 (2022).

Acknowledgements
We thank LetPub (www. letpub. com) for its linguistic assistance during the preparation of this manuscript.

Author contributions
H.C.: methodology, investigation, conceptualization, resources, supervision, writing—review and editing, project 
administration. Z.Q.: methodology, investigation, writing—original draft. J.C.: investigation. Y.Z.: investigation. 
P.W.: investigation.

http://www.letpub.com


15

Vol.:(0123456789)

Scientific Reports |         (2024) 14:8202  | https://doi.org/10.1038/s41598-024-58172-x

www.nature.com/scientificreports/

Funding
This work was supported by the National Natural Science Foundation of China (Project Nos. 41440018, 
41672278).

Competing interests 
The authors declare that they have no known competing financial interests or personal relationships that could 
have appeared to influence the work reported in this paper.

Additional information
Correspondence and requests for materials should be addressed to H.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effect of borax-modified activator on mechanical properties and drying shrinkage of alkali-activated slagmetakaolin mortar
	Materials and methods
	Materials
	Mix proportions
	Methods
	Fluidity tests
	Flexural and compressive strengths tests
	Drying shrinkage tests
	Mercury intrusion porosimetry tests
	Microscopic tests


	Results and discussion
	Fluidity
	Flexural and compressive strengths
	Porosity
	Drying shrinkage
	SEM analysis
	XRD analysis
	FTIR analysis

	Conclusion
	References
	Acknowledgements


