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A B S T R A C T   

Various alkali-activated binders (AABs) incorporated with different industrial wastes emerged as 
useful environmental affable materials in the construction sectors as alternative to the traditional 
cement due to their lower CO2 emission and landfill problems mitigation. The sustainability of 
concretes is the major global concern in the construction sectors. In this view, the effects of waste 
glass bottles-derived nanopowder (WGBNP) on the durability characteristics of five batches of 
alkali-activated mortars (AAMs) with the inclusion of fly ash (FA) and ground blast furnace slag 
(GBFS) were evaluated. These AAMs were designed via the replacement of GBFS at various 
WGBNP contents (0%, 5%, 10%, 15% and 20%). Analytical tests were performed to determine the 
mortars compressive strength, porosity, drying shrinkage, and resistance to aggressive environ-
ments. Microstructures characteristics were assessed using XRD measurements. Replacement of 
GBFS by WGBNP was found to remarkably improve the durability traits of the produced AAMs, 
solving the environmental and landfill problems. The results indicated that the inclusion of 5% of 
WGBNP in alkali-activated matrix led to the reduction of porosity and enhancement of the 
strength and durability performance. Additionally, the replacement of GBFS by WGBNP was 
found to improve the durability performance in terms of reduced drying shrinkage and increased 
resistance to sulphuric acid, wearing, and freeze-thaw cycles. The obtained AAMs were demon-
strated to be environmentally beneficial regarding the lowering of global warming.   

1. Introduction 

The demand of novel construction materials is ever-increasing for environmental sustainable development that can lessen the 
carbon footprints significantly. The recent increase in the quantities of industrial and agriculture wastes, primarily called for effective 
management of solid waste worldwide is a major environmental concern. Due to insufficient space for land-filling and increasing cost 
for land disposal, it has become essential to recycle and reutilise these industrial wastes [1]. Vast quantities of various kinds of 
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industrial by-products waste materials such as fly ash (FA) [2,3], palm oil fuel ash (POFA) [4], waste ceramic (WC) [5–7], waste glass 
(WG) [8–11] and ground blast furnace slag (GBFS) [12,13], etc are dumped annually for land-filling. Applications of these waste 
materials into concrete industry can reduce the disposal concern, making it economical and easily available. Natural resources are 
declining due to its enormous consumption in the construction industry and manufacturing of cement. Therefore, it has become crucial 
to seek some options for replacing the traditional cement with alternatives, which could be used as binder in preparing of cement-free 
concrete [13]. In the past, diverse industrial wastes and by-products like FA, WC, coal bottom ash (CBA), stone dust (SD), GBFS and WG 
were used as alternative binder to produce the cement-free concretes [14]. 

As a waste material, GBFS can easily be obtained from the iron industries. It has both cementitious and pozzolanic traits because of 
high content of calcium oxide (CaO) plus silica and silicon dioxide (SiO2). Furthermore, this waste has extensively been exploited in the 
building industries for improving the strength permanence of the traditional OPC-based concretes [15], alkali-activated [12,16] and 
geopolymers [17]. Nath et al. [17] assessed the influence of GBFS replacement by varying the contents of FA (0%, 10%, 20% and 30%) 
on the fresh characteristics of various FA-based geopolymers. The flow of mortar was found to reduce for more than 50% with 
increased GBFS content as FA replacement from 0% to 30%. With the increase of GBFS content from 0% to 30% both final and early 
setting times were further reduced. Islam et al. [18] showed that the maximum strength was nearly 66 MPa for 70% of GBFS and 30% 
of POFA. Nevertheless, high quantities of GBFS addition into the geopolymer mixes could reduce the workability and setting times. The 
impact of various contents of GBFS/FA on the flowability and mechanical properties of the proposed mortars was evaluated [19]. It 
was found the replacing FA by 50% of GBFS can achieve the optimum slump. However, the compressive strength (CS) revealed a 
decreasing tendency with the decrease of GBFS content in the mortar mixtures. Sahana [20] demonstrated that the addition of various 
levels of GBFS (less than 40%) can elongate the setting times of the mortars, which may further decrease beyond this value, leading to 
the workability loss of the concrete. Deb et al. [21] interpreted the lowering of this workability at high GBFS level which was ascribed 
to the strong chemical reaction of GBFS with calcium oxide. Despite the elevated strength performance of these alkali-activated slags 
the fast setting times and low workability plus large drying shrinkage (DS) limit their wide applications unless reversed [22]. 

Al-majidi et al. [23] determined the impact of increasing GBFS content on the FA-based geopolymer wherein the workability was 
found to decrease and setting times (initial and final) as well as hardening was accelerated. At ambient curing condition (23 ◦C), 
FA-based geopolymers blended with GBFS or OPC was discerned to reduce the setting time to a value comparable to that of OPC. The 
workability was measured in terms of the flow of mortars, which showed slight decrease due to the presence of the additives and faster 
rate of setting [24]. Al-Majidi et al. [23] cured the FA-based geopolymers at ambient temperature to determine the strength perfor-
mance. With the increasing ratios of GBFS to binder in the geopolymer mixes, the strength performance was appreciably improved. 
Increase of GBFS level from 10% to 50% was found to enhance the 28 days’ compressive strength (CS) from 18.45 to 48 MPa. In 
addition, the impact of GBFS inclusion in the geopolymers to improve the flexural strength (FS) and tensile strength (TS) cured at 
ambient temperature was comparable to the strength development. GBFS content of 40% showed optimum mechanical performance 
with 6 MPa (for FS) and 3 MPa (for TS). Nath et al. [24] studied the impact of GBFS or OPC inclusion on the CS of FA-based geopolymer. 
The CS of the geopolymer was increased with the increase of the binder content for FA blended with 10% GBFS or OPC. 

Increasing level of GBFS in FA-based geopolymer mixture was found to improve the microstructure and enhanced the structural 
density and lowered the porosity [23]. Li and liu [25] reported that by blending the slag with FA-based geopolymer can enhance the 
durability properties of mortar/concrete and showed good resistance to permeation. GBFS was blended with FA-based geopolymer to 
elevate the resistance against elevated temperatures [26] and sodium sulphate attack [27]. Moreover, it suffered deterioration in 
magnesium sulphate attack [27] and the DS became higher [28]. Several studies showed that the geopolymers incorporated with GBFS 
have lower durability performance at elevated temperatures [29], against acid attacks [30], reduced porosity and DS [19]. Regarding 
to resistance to acid attack, the weight loss of the investigated specimens was found to decrease from 2.2 to less than 0.25% due to the 
reduction of corresponding GBFS content from 50% to 10%. Additionally, the worsening rate was observed to reduce with the increase 
of slag contents in the proposed blends. The microstructures analyses of the FA-based geopolymers containing slag showed typically 
the formation of glassy hydration products containing CaO. The produced gel became more compact with the increase of slag level in 
the mortars, thus enhancing the durability [17]. 

Nowadays, the climate change is highly influenced by the amount of by-product and agricultural wastes [31–33]. As reported by 
American Environmental Protection Agency (AEPA), the total quantity of waste materials in 2015 augmented to 262 MT from 8 MT in 
1960. In 2015, it was reported that the recycled waste materials limited to 26% and 9% was composted. Furthermore, 13% was burnt 
to recover the energy and 52% was used as landfills disposal. Batteries and steel were the most recyclable wastes. Annually, several 
types of glass wastes are disposed to the landfill and only 34% are recycled. The chemical composition and physical properties of glass 
play the main role on its recycling [34,35]. Usually, the glass accessories are composed of sand (as primary component for silica), soda 
ash (SA), limestones and cullet. SA is often added in some recycling products to lower the melting point. The melting points and colours 
of the glasses depend on their chemical composition and thus the recycling of the glass bottles are difficult if they are not classified 
according to their colours [36,37]. The other reason behind the inefficient recycling of the glass is related to their unknown sources 
where people randomly mix the glass bottles and containers during the gathering (without proper sorting based on their colours and 
categories). The process of sorting these mixed glass containers are very inefficient and labour intensive. In addition, the presence of 
impurities or contaminants disallows their effectual recycling. In fact, prior to the recycling, these glass containers, or accessories must 
be devoid from any chemical residues, medicine particles or other toxic materials. 

Glasses are a hard and brittle substance, usually transparent or translucent. Depending on their main composition many types of 
glasses exist including soda-lime, vitreous-silica, alkali-silicate, borosilicate, borate, tellurite, phosphate, germinate, tungstate, lead, 
barium, and aluminosilicate. Different types of glasses (called amorphous system) are produced via the melt-quenching method by 
mixing CaCO3, SiO2, Na2CO3, and CaMg(CO3)2 in the high temperature furnace (1500–2000 ◦C) [38]. Small amounts of additives are 
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often added during the production of glasses to give glasses different colours or to improve specific properties [39]. It was reported 
[40], that the recycling of this waste by converting it to aggregate not only saves landfill space but also reduces the demand for 
extraction of natural raw material for construction activity. Park et al. [41] reported that the CS, TS, and FS of concrete made from WG 
as fine aggregates replacement reveals declining trend with increase of WG contents. According to Topcu and Canbaz [42], concrete 
made from WG as coarse aggregates replacement in the matrix displays declining trend in the value of CS, TS, and FS with increasing of 
WG contents. 

Numerous studies [8,43–45] have been carried out to successfully recycle the waste glasses as the cullet in the glass production, raw 
materials for abrasives manufacturing, sands blasting, and aggregates supernumerary in the concretes, in the pavement, roads and 
parking lot construction, production of glass pellets/beads utilised in lighting the reflective paint for the highways, fibre-glass 
fabrication, and fractionators for matches and ammunition firing [46]. Zainab and Enas [47] showed that recycled WG (at carious 
contents of 10%, 15% and 20%) can partially be used in the concretes as effective substitute to the fine aggregates. The results proved 
that at 28 days, the pozzolanic strength achieved 80% and the optimum percentage of waste glass is 20% that gives the maximum value 
of compressive and flexural strength. Four kinds of glasses with varying particles size was used as cement replacement (at 20%) to 
design some concretes, wherein it was shown that tinier particles were more reactive to Ca(OH)2 present in the cement [48]. Concrete 
cured for 7 days revealed lower CS than the one cured for 28 days. It was reported that [49] it is feasible to use fine ground glass from 
waste as OPC partial replacement in concrete production. For this purpose, lime glasses were powdered and tested to examine their 
pozzolanic efficiency where 30% of OPC was replaced by such glass powder. The results revealed the highest CS for 30% replacement 
compared to other level of replacement and control sample. It was indicated that mortar specimens prepared using glass powder 
having particle size less the 38 µm achieved the pozolanic requirements [50]. 

Over the years, waste glass bottles (WGB) and glass windows have widely been used to make modified concretes. It has been 
realised that the use of fine glass powders as the complementary cementitious component is more economic and environmental 
friendly. Meanwhile, glass-cullet has also been used in the concrete as a substitute agent for the fine aggregates [51]. Based on a review 
conducted by Shi and Zheng [48], it was observed reduction in the usages of energy, resource materials, wears and tears on the 
machineries with the implementation of the recycled aggregates in the glass manufacturing. Yet, it is not possible to recycle all types of 
glasses to make new glasses due to the presence of contaminants, price and colour mixing. It is essential to produce new types of glasses 
by mixing various waste glasses for developing new marketing and applications. In this regard, the uses of such glass wastes in the 
construction industries can be a profitable option due to the substantial demand of massive amounts with moderate qualities. The 
major applications of the waste glasses in the civil engineering field are the partial substitution of natural aggregates in the asphalt 
concretes, pipes bedding, and gas-venting system in the landfills and gravels backfill for the drainage system. Jani and Hogland [44] 
overviewed in detail the manufacturing of WG-based cements and concretes. The disposal of solid waste including waste glass was 
claimed to cause serious environmental pollutions. It was argued that to surmount the negative environmental effects of the waste 
glasses the best strategy is to recycle them which enables conserving the natural resources, minimising the landfills, saving the energy 
and cost. 

In the development of sustainable concretes, nanosilica with unique morphologies is an exceptional nanomaterial used widely in 
the ultra-high performance concretes (UHPCs). Generally, nanosilica is produced from micron size silica particles. The strong chemical 
activity shown by nanosilica in the UHPCs is analogous to the silica-fume or micro-silica particles due to their strengths and durability 
performance enhancement [52–54]. Qing and Zenan [53] showed that concretes with nanosilica can achieve early strength better 
compared to silica-fume. The inclusion of nanosilica into the concretes can improve the workability at the minimum level of 
super-plasticizer. Furthermore, the size of nanosilica particles can serve as super-filler in the concretes, producing dense and refined 
micro-voids and achieving elegant microstructures [55]. On top, nanosilica has excellent ability to regulate water to cement proportion 
with tailored strength properties. It was shown that the concrete incorporated with nanosilica at some level [56] can achieve improved 
strength performance analogous to cement replacement. Approximately 20–30% of the OPC uses can be reduced through nanosilica 
implementation, indicating the possibility of sustainable development in the building industries. Regarding the applications of 
self-repairing concretes, nanosilica was shown to strongly react with Ca(OH)2, formulating C-S-H gel [57–60]. Present self-healing 
concretes use nanosilica as extra mineral component or nanoencapsulated agent to achieve enhanced performance. Nonetheless, 
wider applications of nanosilica is limited due to its high cost and accessibility in some countries wherein this material is imported for 
developing the nanotechnology-based concrete industries [61]. 

Considering the negative impacts of GBFS on the durability properties this study emphasized the replacement of GBFS by WGBNP 
in an eco-friendly way to create some AAMs useful for the construction sector. The durability properties of the achieved AAMs 
including the water absorption (WA), carbonation depth (CD), resistance to freezing-thawing cycles, abrasion resistance (AR) and 
performance against aggressive environments were evaluated as a function of WGBNP contents as replacement of GBFS. In addition, 
the microstructural analyses of the AAMs were carried out via the XRD measurements to get a better understanding of the mechanism 
responsible for the performance improvement due to WGBNP inclusion. 

2. Methodology 

2.1. Materials 

Waste FA (class F enriched with aluminosilicate) was procured from a thermal plant located in Johor (Malaysia) to design the 
mortar mixes (AABs). It satisfied the ASTM C618 requirements for N class pozzolan and F class fly ash and appears grey in colour. These 
AABs were produced from clean GBFS procured from a Malaysian company (Ipoh) without addition chemical treatments. This slag 
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possesses both cementitious and pozzolanic properties. It is considered to be different from other supplementary cementitious ma-
terials. The GBFS displayed off-white colour when mixed with water due to the occurrence of hydraulic reactions. GBFS was comprised 
of nearly 90% of calcium silicate and alumina, thus fulfilling the requisite of the pozzolanic substance as per ASTM C618 specification. 
In addition, WBG was collected from food industry and from same resource. First, the bottles cleaned then dried before process for 
crushing stage in the lab. The preparation stages of the nanopowder from WBG are illustrated in Fig. 1. 

According to ASTM C33, the washed-dry river sand with the maximum grain size of 2.36 mm was utilised as fine aggregates for the 
AAMs preparation. The estimated specific gravity (SSG) and fineness modulus (SFM) of the aggregates were 2.6 and 2.9, respectively. 
Two-parts of alkaline activator solutions (NaOH and Na2SiO3) were adopted to prepare the proposed mortar mixtures. Sodium hy-
droxide with concentration of 2 (supplied by the quality reagent chemical, QREC, Asia, Malaysia) was used for all mixtures activation. 
The sodium silicate solution containing 14.7% of Na2O, 29.5% of SiO2 and 55.8% of H2O (QREC, Asia, Malaysia) was mixed with 
NaOH with the ratio of 0.75 to prepare the final alkaline activator solution. Fig. 2 displays the alkaline activator solution (AAS) 
preparation procedure. 

2.2. Mix design 

Based on the trial mixes, for all AAMs the optimum ratio of binder to sand was 0.30 and AAS to binder was 0.40. Three types of 
waste materials were used to prepare the AAMs mix design. Ternary blended contents such as FA, GBFS and WGBNP were taken to 
determine the influence of nanomaterials on the geopolymerization process and engineering properties of AAMs. The minimum 
content of GBFS as a source of CaO was kept to a minimum of 10% in replacement process and maximum of 30%. Table 1 shows the 
constant concentration of sodium hydroxide, sodium silicate to sodium hydroxide, and alkaline activator solution modulus (Ms) of 2, 
0.75 and 1.2, respectively. According to ASTM C 109, five batches of AAMs were prepared with various replacement levels of GBFS by 
WGBNP. First, the prepared ternary binders mixed in dry condition for 2 min then followed by the addition of river sand and mixing for 
another 3 min to achieve the homogeneous mix. Then, the mixed binder and filler for each mixture was activated with two-part of AAS 
followed by mixing for 3 min. The fresh mortars were poured in the moulds in two layers and then left for 1 day at 24 ± 1.5 ºC with 
75% of relative humidity before being de-mould. 

2.3. Tests 

Hardened properties of the AAMs were tested (following the ASTM C579) by mixing, casting and curing. In this process, cubical 
specimens of size (50 mm × 50 mm × 50 mm) were casted to test the CS, porosity, resistance to abrasion, sulphuric acid and 

Fig. 1. Preparation stages of WGBNP.  
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carbonation depth. Prism-like specimens of size (40 mm × 40 mm × 80 mm) were utilised to measure the resistance against freezing- 
thawing cycles. The DS test was performed using prism-like specimens of size (25 mm × 25 mm × 225 mm). For each test, the 
average value of three specimens was considered. The porosity of the proposed mortars was determined using the water absorption 
(WA) experiment. Following ASTM C 642 specification water absorption test is performed. The specimens were casted in 
(50 mm × 50 mm × 50 mm) mould. After the specimens were matured, they were immersed in water for a day at 27 ◦C. Next, the 
weight of the specimens (Ws in g) was measured after they hanged and immersed totally inside water. After the saturation, the tested 
mortars were oven-dried for a day at 105 ◦C followed by the weighing (Wd in g). The values of WA percentage of the mortars were 
calculated using the relation: 

WA (%) = [(Ws – Wd)/Wd] × 100 (1) 

In accordance to the ASTM C157 standard, the DS test was carried out. Three sets of casted mortars in the form of prism were used 
to evaluate the effect of WGBNP contents on DS values of AAMs. The ASTM C192 was followed to make the mortars for testing after 
curing under ambient state for a day (at 23 ◦C with relative humidity of 50%). To measure the alteration of length in the specimens 
they were embedded with stainless steel studs. After casting for a day, the mortars were de-mould and then kept at ambient condition. 
The readings are taken by using demec metre at early and late ages. The length change (∆lx in %) was estimated using the relation: 

∆lx =
CRD − initial CRD

G
× 100 (2)  

where CRD is the difference between comparator reading of the specimen and reference bar at any age; G is the fixed gauge length of 
100 mm. 

Following the recommended procedure (BS 1881-210:2013), the accelerated carbonation depth (CD) measurement of the AAMs 
was conducted within a compartment (plastic box) where the specimens were exposed to CO2 (from a cylinder) for 3 min (at 600 mm 
of mercury pressure with of 55–60%). Next, the specimens were exposed to CO2 inside the chamber for 28 and 60 days (at 26 ◦C and 
4% pressure). The gas pressure was constantly monitored using a digital gauge placed between the carbon dioxide gas cylinder and 
plastic container. In this experiment, three cubical mortar specimens with the dimensions of 50 × 50 mm were observed. After 90 days 
of CO2 exposure, the concrete cylinders were broken in 2 pieces, and the cross-sections were sprayed with a 0.2% phenolphthalein 
solution. Phenolphthalein turns non-carbonated concrete pink and remains colourless in carbonated concrete and the carbonation 
depth was thus determined. 

The abrasion resistances of the AAMs were obtained at various curing ages (from 1 to 56 days under the dry state following the IS 
1237-1980 wherein 4 points were selected to determine each specimen’s thickness. The thickness difference of each mortar specimen 
was recorded after and before the test to evaluate the degree of abrasion. The measured values were compared with the estimated 

Fig. 2. Procedure for the alkaline activator solution preparation.  

Table 1 
Details of various AAMs designed with WBGNP and GBFS.  

Mix Ternary binder, mass% Binder to sand AAS to binder Total water in AAS Sodium silicate to sodium hydroxide AAS modulus (Ms) 

FA GBFS WGBNP 

AAMs1  70  30  0  0.30  0.40  76.8  0.75  1.2 
AAMs2 25 5 
AAMs3 20 10 
AAMs4 15 15 
AAMs5 10 20  
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average in the thickness decrease using the expression: 

T = [((W1-W2) × V1)/(W1 × A)] (3)  

where T denotes the average thickness loss (mm), W1 and W2 (g) are the corresponding pre and post-abrasion weight of the mortar, V1 
and A are the volume (mm3) and surface area (mm2) of the mortar before the abrasion test. 

The durability properties of the mortars with at least 300 freeze-thaw cycles were tested following the ASTM C666. The mortars 
temperature were varied from 5 to − 20 ◦C (cooing over 75% of the freeze-thaw cycles time) and in reverse order (heating over 25% of 
the freeze-thaw cycles time) over 5 h for each cycle to attain the condition. Specimens were evaluated in term virtual appearance of 
strength and weight loss after each 50 cycles. According to ASTM C 267-01, mortar specimens with 50 mm size cube cured for 28 days 
are used to measure the resistance of proposed binders to sulphuric acid attack. The mortars were maintained in the atmospheric 
condition for about 2 days to get the steady weight before being submerged in H2SO4 solution. At testing time (180 and 365 days), all 
specimens were taken out and the surfaces were cleaned to eliminate the loosely bound substances, thus removing the surface ma-
terials. After the mortars were dried, the CS and weight changes were measured to calculate the corresponding average loss (%). The 
procedure of resistance to acid attack is shown in Fig. 3. 

The mineral compositions and crystallinity of the binders was examined using XRD technique. This test provided the information of 
the structures, phases, preferred crystal orientations, and structural parameters of the AAMs. In this study, the specimens were 
collected from AAMs that were subjected to the CS test at 365 days of age, and then ground to make powder. These specimens were 
scanned over the 2θ range of 5–90◦ with a step size of 0.020◦ and time per scan of 15.4 s. 

3. Results and discussion 

3.1. Chemical, physical and mineral properties of raw materials 

The chemical compositions of FA, GBFS and WGBNP were determined using X-ray fluorescence spectroscopy (XRF). Table 2 
presents the XRF results of the raw materials used to prepare the AAMs. Silica was found to be the main oxide in the chemical 
composition of FA (57.2%) and WGBNP (69.2%) compared to GBFS (30.8%). FA and WGBNP contained higher amount of alumina 
oxide than GBFS. Additionally, calcium oxide was the main chemical composition of GBFS about 51.8% compared to 5.2% and 3.2% 
found in FA and WGBNP, respectively. However, the loss on ignition (LOI) for FA, WGBNP and GBFS was 0.12%, 0.16% and 0.22%, 
respectively. 

Table 3 displays the physical characteristics of the raw substances including FA (grey in colour), GBFS (off-white in colour), and 
WGBNP (light-grey in colour) used to design the proposed AABs. The distributions of particles size of the raw constituents such as FA, 
WGBNP and GBFS were measured by the particle size analyzer wherein the obtained corresponding median particles’ sizes were 
10,000, 12,800 and 80 nm. In addition, the particles’ sizes of about 100% of FA and GBFS were less than 45 µm and 100% of WGBNP 
was 1 µm. These sizes satisfied the pozzolanic requisite of ASTM C618 with 66% passed at 45 µm [62]. To determine the physical 
characteristics of the constituents, their BET surface were measured. Table 2 enlists their specific surface area and physical properties. 
For FA and GBFS raw materials, it was observed that the specific surface area of FA revealed the highest value of 18.1 m2/g compared 
to GBFS which was estimated to be 13.6 m2/g. The fine size and light specific gravity of FA have influenced on the surface area test 
which showed the highest value. However, the WGBNP presented specific surface area of 206 m2/g and specific gravity of 1.02. 

Fig. 3. Mortars’ resistance against acid attack test.  
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Likewise, the nano particle of glass powder effect on surface area test and presented very high value compared to FA and GBFS. 
The particle size of WGBNP was estimated using the transmission electron microscopy (TEM) and high resolution transmission 

electron microscope (HR-TEM, JEOL JEM-ARM 200F model. At smaller magnifications, the TEM image contrast was due to the ab-
sorption of electrons, thickness, and composition of the material. At higher magnifications the complex wave interactions modulated 
the intensity of the micrographs, requiring expert analysis of the observed images. In the TEM analysis, a concentrated beam of 
electrons passes through a very thin sample and depending on the electron density various areas of the powder interact with the beam 
differently, resulting in an image. The produced micrograph represents the gradient areas of the electron density. To record the TEM 
and HR-TEM micrographs, about 15 g of WGBNP was oven-dried for 3 h at 110 ± 5 ◦C to remove all the moisture. Until the time of 
testing, the sample was then kept in vacuum container to avoid the absorption of moisture from the atmosphere. Fig. 4 shows the TEM 
micrograph of WGBNP with estimated medium size of particles 80 nm which was consistent with the one found in nanosilica-based 
compounds. 

Fig. 5 illustrates the X-ray diffraction (XRD) patterns of the raw materials including WGBNP, FA and GBFS. The XRD profile of 
WGBNP was largely comprised of amorphous halo with very low intensity quartz peaks between 28.6◦ and 31.2◦. Conversely, FA 
revealed intense crystalline XRD peaks between 15◦ and 61◦ wherein the sharp peaks at 15, 28.4 and 41.1º were due to the existence of 
alumina/silica crystallites. GBFS due to its glassy nature did not reveal any crystalline Bragg’s peak. The existence of reactive Ca/Si- 
based materials at high concentration is the main benefits of using GBFS, making GBFS potential for the fabrication of AAMs. 

3.2. Compressive strength 

Fig. 6 displays the impact of WGBNP content on the CS development of mortars at 28 days of curing age. The CS showed a 
monotonic increase with the increase of WGBNP content from 0% to 5%. The CS value was increased from 56 MPa to 65 MPa when the 
WGBNP content was raised from 0% to 5%. Nonetheless, once the WGBNP content exceeded 5%, the CS was gradually decreased, 
reaching to 42.1 MPa at 20% of WGBNP content. The high compressive strength of prepared mortars was attributed to GBFS alkali- 
activated reaction and formation of more C-A-S-H gel, giving rise to minerals known as tobermorites enhanced the AAMs’ 
compressive strength [63,64]. Preparation of the nanosilica incorporated cement and free cement binders based concretes as sus-
tainable building materials can be used to enhance their microstructures and bulk characteristics [65–67]. It has become known that as 
a result to the high specific surface area-to-volume ratio of nanomaterials, their presence promotes and accelerates the chemical re-
action rate of concrete mixture. It seems that the increase in strength was primarily due to the technique used to produce nanosilica and 
dispersion in WGBNP. The role of various nanomaterials in enhancement the strength indexes of a nanostructures-modified concrete 

Table 2 
Chemical composition of raw materials based binders (weight %).  

Materials SiO2 CaO Al2O3 MgO Fe2O3 K2O Na2O SO3 LOI 

WGBNP  69.2  3.2  13.9  0.7  0.2 – – 4.1  0.16 
FA  57.2  5.2  28.8  1.6  3.7 0.9 0.1 0.1  0.22 
GBFS  30.8  51.8  10.9  4.6  0.6 0.4 0.5 –  0.16  

Table 3 
Physical properties of FA, GBFS and WGBNP.  

Materials Colour Particle size (µm) Specific surface area (m2/g) Specific gravity 

FA Grey  10  18.2  2.20 
GBFS Off-whit  12.8  13.6  2.89 
WGBNP Light-grey  0.08  206  1.02  

Fig. 4. TEM image of WGBNP.  
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Fig. 5. XRD patterns of FA, GBFS and WGBNP.  

Fig. 6. Effect of WGBNP content on the CS development of mortars at 28 days of curing age.  

Fig. 7. Influence of WGBNP contents on the WA of mortars at various curing ages.  
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system was investigated by a group of researchers [68–78]. This increase in the compressive strength was due to the improved filling 
effect, additional nucleation sites provided by nanoparticles, extra C-A-S-H gel formulation and reducing pores volume, that reflected 
positively on the compressive strength. The studies showed that the CS of the concrete continued to increase up to 8% of nano SiO2 
addition and dropped thereafter [18,21]. Several researchers [14,16] showed that the addition of 4–6% of nanoSiO2 by weight in place 
of FA may reduce the amount of WA capacity, making the structure denser. Consequently, the CS of the concrete was enhanced. 
However, the reduction of the CS for the specimens prepared with WGBNP content above 10% may be due to high water demand, thus 
producing an adverse effect on the hydration process. 

3.3. Water absorption 

Fig. 7 shows the influence of WGBNP contents as GBFS replacement on the WA of mortars at various curing ages. The values of WA 
for all the mortars were found to drop with the increase of curing ages. At each age, the WA of tested specimens was highly influenced 
by the WBGNP content as GBFS replacement. At age of 28 days, the increasing level of WGBNP in alkali-activated matrix from 0% to 
5% led to drop the WA value from 10.2% to 8.9%, respectively. Nonetheless, with the increase of WGBNP contents from 10% to 20% 
the corresponding WA value was increased from 9.6% to 10.6%. Similar trend of results was obtained for the specimens evaluated at 56 
days of curing age. The lowest value of WA (8.6%) was observed for the specimen made using 5% of WGBNP as GBFS replacement. For 
the specimens evaluated at 90 days of curing age, with the increase of WBGNP content from 0% to 20% the corresponding WA was 
increased from 9.7% to 10.1%. The inclusion 5% of WGBNP led to enhance the microstructure morphology, reducing the pores density 
and improving the strength performance, thus lowering the WA compared to control sample and other mixtures. This observation can 
be explained using two factors. First, with the increase of WGBNP level from 0% to 5% more dense C-A-S-H gel was formulated, thus 
improving the CS and lowering the WA of the mortar. In addition, the mortars prepared with 5% of WBGNP the porosity was reduced to 
nearly 12.7% than the control sample. This clearly indicated the significant impact of WBGNP presence on the hydration properties of 
the mortars. In general, the nucleation mechanism of WBGNP enables the formulation of C–S–H gels, thus improving the hydration 
reaction in the mortar matrix that allowed to fill large number of pores [79]. Consequently, the AAMs porosity was first reduced with 
the increase of WBGNP contents (at 5% and 10%). Second, with the increase of air volume in the mortars due to the inclusion of 
WBGNP, the specimens’ porosity was again enhanced as the C–S–H formation was inadequate to balance the pores that trapped air in 
the fresh mortars. Accordingly, these two opposing mechanism decided the optimum concentration of WBGNP in the mortars, making 
the porosity level minimum. 

Fig. 8 illustrates the correlation between the WA and CS of AAMs prepared with various WGBNP contents as GBFS replacement. A 
reciprocal relation was exhibited between WA and CS. At 28 days of age, the WA was reduced from 10.7% to 8.9% as the strength of 
tested specimens increased from 42.1 to 65.5 MPa with the decrease in WGBNP replaced GBFS from 20% to 5%, respectively. Present 
results are similar to the one obtained by previous researchers [80,81] wherein the WA of the AAMs was shown to decrease with the 
increase of its CS. The measured data on CS and WA was correlated using the following linear regression relation showed excellent 
confidence (with R2 of 0.86):  

WA = − 0.0752 CS + 13.837                                                                                                                                                      (4)  

Fig. 8. WA and CS correlation for the obtained AAMs.  
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3.4. Drying shrinkage 

Fig. 9 displays the mean DS values of the AAMs incorporated with FA, GBFS and WGBNP. In the early curing age till 28 days, 
irrespective of the WBGNP contents the DS values of the AAMs were rapidly dropped, indicating an inverse correlation between DS and 
WBGNP contents. Additionally, the values of DS of the AAMs were very high in-between 3 and 28 days. The DS values were decreased 
from 269 macrostrain to 244 macrostrain with the corresponding increase of WGBNP level from 0% to 20% in the AAM matrix at 28 
days of curing age. Comparable results were obtained after 56 and 90 days. At 56 days, the DS values of the mortars were in the range of 
288–254 macrostrain wherein the mortar containing lowest amount of GBFS displayed the lowest DS value. Finally, at 90 days the 
values of DS of the AAMs made with 0–20% of WBGNP as GBFS replacement was correspondingly decreased from 297 to 266 mac-
rostrain. The observed decrease in the DS values with the increase of WBGNP level was mainly due to the formation of extremely 
interlinked capillary-like networks within the mortars matrix. Conversely, the replacement of GBFS by different amounts of WGBNP 
enabled to drop the CaO content in the mortars because of WBGNP has lower Ca (3.16%) level than GBFS (51.8%). This drop in the CaO 
level in turn lowered the rate of hydration reaction in the AABs. Consequently, the mortars containing high amounts of WGBNP 
exhibited lesser DS than the mortar prepared with 100% of GBFS (control sample) [82]. 

3.5. Carbonation depth 

The CD readings of AAMs containing various levels of WGBNP were recorded after the exposure to CO2 for 90 days (Fig. 10). Three 
AAMs specimens were selected to measure the impact of WGBNP content on CD using phenolphthalein. Compared to the control 
specimens (0% of WGBNP), the mortars made with WGBNP showed an enhancement in the durability. The CD of the mortar prepared 
with 5% of WGBNP as GBFS replacement was lower (7.6 mm) compared to the control sample (8.8 mm). Several researchers [77,83, 
84] reported that the voids ratio was found to reduce with inclusion the nanomaterials in the cement matrix, resulting denser C-(A)-S-H 
gels. The reduction in the voids content can affect positively, thus lowering the porosity of the proposed mortars and reducing the CD. 
For all the proposed AAMs containing WGBNP up to 10%, the increment in the CD was found to be directly proportional to the contents 
of nanomaterials. The observed increase in CD value of the mortars from 8.3 mm to 9.4 mm with the corresponding increase of WGBNP 
level from 10% to 20% clearly indicated the significant impact of WGBNP inclusion in the mortar. Basheer et al. [85] made similar 
observation and it was found that the rate of carbonation within concrete is primarily determined by the AAS to binder ratio, as well as 
the porosity and carbon dioxide transport within a mortar matrix. Common knowledge dictates that the carbonation propagation is a 
process of CO2 diffusion, moving from the environment into the mortar and the CD increases when there is an increase in the diffusion 
depth of CO2. Other than the environmental factors, carbonation within the mortar/concrete is also an occurring phenomenon due to 
the pore networks and micro cracks that exist within the concrete specimens, thus providing the routes for CO2 diffusion. 

Fig. 11 depicts the relationship between WA and CD of the AAMs exposed to CO2 environment for 90 days. The measured CD were 
found to be directly proportional to the porosity of proposed mortars [86]. Huseien and Shah [87] reported that the nature and density 
of pores in the binder can influence the CD and WA negatively wherein the presence of non-interlinked pores in the mortar matrix may 
allow in intake of excess CO2, thus lowering emission level. The linear regression method (with R2 values 0.95) was applied to correlate 
the experimental data which signified good confidence following the expression:  

CD = 0.9457 WA – 0.7327                                                                                                                                                         (5)  

Fig. 9. Effect of WBGNP content on DS performance of AAMs.  
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3.6. Abrasion resistance 

Figs. 12 and 13 illustrates the effect of WGBNP incorporation at varying contents as GBFS replacement on the AR of AAMs. It is 
worth noting that at present the production of sustainable construction materials has been one of the main concerns to researchers in 
construction industry. One of the most important durability issues for the hydraulic structures is abrasion erosion (wear), which is 
considered to determine the service life of hydraulic structures. The AR of concrete is the most important property since all the surfaces 
will interface to the water pressure directly. Abrasion erosion damage is caused by the friction and the impact of water-borne silt, sand, 
gravel, rocks, ice, and other debris on the concrete surface of a hydraulic structure. The AR of all mortars was improved with the 
prolongation in the curing ages. The highest abrasion resistance was achieved for the mortar made with 5% of WGBNP as GBFS 
replacement. After 7 days, the AR of mortars prepared with 5% and 10% of WGBNP were increased by 25.5% and 9.3% compared to 
the control sample, respectively. However, specimens containing 15% and 20% of WGBNP showed loss in AR by 8.7% and 18.6% for, 
respectively. After 28 days of age, the AR of the mortar prepared with 5% and 10% of WGBNP was increased and decreased by 7% and 
2.6%, respectively. For the specimens prepared with WGBNP up to 10%, the results indicted an inverse relationship between AR and 
WGBNP content. The AR was decreased with the rise of the grind depth when WGBNP contents in the mortars were increased. The 
grind depth values were increased from 1.11 mm to 1.43 mm with the increase of WGBNP level from 10% to 20%, respectively. 
Comparable trends were observed for the mortars cured for 56 and 90 days wherein the highest AR was achieved for the mortar made 
with 5% of WGBNP. 

Liu et al. [88] found that the mortar with the wear porosity, high CS and strong interfacial bonds in the hardened paste can improve 
the mortar AR performance. With the reduction of mortars porosity, they appear more resistant, thus increasing the AR value. It was 

Fig. 10. CD of AAMs prepared with various levels of WGBNP as GBFS replacement.  

Fig. 11. Relationship between WA and CD of AAMs.  
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also reported that [89] CS can be reduced with the increase of pores volume in the hardened specimens, thus affecting negatively the 
value of AR. The grind depth (GD, a measure in the loss of AR) of the studied mortars was shown to be inversely proportional to CS. The 
experimentally measured AR or GD and CS data were correlated using the following linear regression relation with excellent confi-
dence (R2 value of 0.89):  

GD = − 0.0189 CS + 2.1975                                                                                                                                                       (6)  

3.7. Resistance to freeze-thaw cycles 

Resistance of mortar/concrete to freezing-thawing cycles is very important to measure their durability performance under 
aggressive environments. In this study, the resistance of the 28 days cured specimens was evaluated with 300 freeze/thaw cycles. The 
CS loss, weight loss, change in ultrasonic pulse velocity (UPV) and surface deteriorations were evaluated after every 50 free-
zing–thawing cycles. The influence of WGBNP as GBFS replacement on the freezing-thawing resistance of AAMs was widely assessed to 
determine the mortars’ durability. Besides, the WGBNP content dependent CS loss, interior frost damages, and surface-scaling of the 
mortars were examined. Figs. 14, 15 and 16 show the influence of WGBNP inclusion by 0%, 5%, 10%, 15% and 20% in place of GBFS 
on the durability characteristics of AAMs. 

Fig. 14 illustrates the loss in CS of evaluated specimens. It was found that the loss in CS trend to increase with increasing number of 
freezing-thawing cycles for all mortar mixtures. After 300 cycles, it was found that the replacement of GBFS by 5% of WGBNP led to 

Fig. 12. WGBNP contents dependent AR of AAMs.  

Fig. 13. AR and CS correlation of AAMs.  
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improve the durability performance and reduced the loss in strength from 39.2% to 26.7%. However, increase in the WGBNP content 
from 10% to 20% caused an increase in the loss in CS from 33.6% to and 43.6%, respectively. Clearly, 5% of WGBNP addition was the 
optimum amount to enhance the mortars’ resistance to freezing-thawing cycles. 

Fig. 15 shows the weight loss of AAM designed with different levels of WGBNP and exposed to 300 freezing-thawing cycles at 28 
days of curing age. For all mortar specimens, it was observed that the weight loss increased with increasing number of freezing-thawing 
cycles. The weight loss was dropped from 7.2% to 5.9% with the increase of GBFS replacement level by WGBNP from 0% to 10%, 
respectively. Conversely, with the increase of WGBNP contents to 15% and 20%, the durability performance of AAMs was reduced and 
recorded weight loss was 8.1% and 8.5%, respectively. In comparison to the control sample, the mortar designed with 5% of WGBNP 
displayed the lowest weight loss and showed high durability, indicating its suitability to design high performance mortars required for 
the aggressive environments. The obtained enhancement of the mortars’ resistance to freezing-thawing cycles with the inclusion of 5% 
WGBNP as GBFS replacement was mainly due to the improvement of the hydration process. It was inferred that the optimum content of 
nanomaterial can formulate dense surface with lower porosity, achieving highest performance. As mentioned in Section 3.2, the 
porosity of AAMs was reduced and the pores were refined with the increase of WGBNP level from 0% to 5%, reducing the ice formation 
[90]. Meanwhile, the pores became more detached, lowering the capillary-mediated transports of outside fluid in the concrete’s pores 
during the freeze-thaw cycles. Consequently, less ice was nucleated which was mainly responsible for the surface-scaling regulated by 
the cryogenic suction of the interfacial fluid subjected to freeze cycles [91]. 

The UPV test was conducted to evaluate the internal cracks and deterioration of AAMs exposed to 50, 100, 150, 200, 250 and 300 of 
freezing-thawing cycles and the results are depicted in Fig. 16. For all the AAMs, deterioration was more pronounced with the increase 
in the number of freezing-thawing cycles. The UPV readings tend to decrease with the increase of exposure time, indicating the 

Fig. 14. CSL of AAMs under 300 freezing-thawing cycles after 28 days.  

Fig. 15. Weight loss of AAMs under 300 freezing-thawing cycles after 28 days.  
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creation of more internal cracks due to the ice expansion. The specimens designed using 5% and 10% of WGBNP displayed superior 
performances compared to the one devoid of WGBNP (control specimen). However, when the WGBNP content was increased to 10%, 
the deterioration of the mortar became more pronounced, thus reducing the resistance to freezing-thawing cycles. With the increase in 
the number of cycles, the damages on the surface and edge of the mortars were apparent (Fig. 17). Higher amount of deterioration was 
observed for specimen containing 20% of WGBNP as GBFS replacement. It is well known that an increase in the silica content and 

Fig. 16. Impact of WGBNP inclusion on UPV of AAMs.  

Fig. 17. Effect of freeze-thaw cycles on the surface texture of AAMs containing WGBNP as GBFS replacement.  
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reduction in calcium content can increase the porosity, thus leading to more deterioration. Furthermore, the increase in the voids in 
AAMs structure during the freezing-thawing cycles enabled to destroy the interlock between mortar particles, causing a loss in the 
bond strength [92,93]. 

Fig. 18 illustrates the relationship between resistance to freezing-thawing cycles in term of compressive strength loss (CSL) and 
porosity of AAMs. An increase in the porosity has led to reduce the specimen’s resistance to freezing-thawing cycles. A linear relation 
was established between resistance to freezing-thawing cycles and porosity of mortars with a good R2 values around 0.96 as follows:  

CSL = 8.8828 WA – 51.501                                                                                                                                                       (7)  

3.8. Resistance against acid attack 

The chemical composition of alkali-activated binder strongly affected the performance of AAMs when exposed to sulphuric acid 
(H2SO4) environment. The AAMs resistance against acid attacks was determined through the visual appearance, change of micro-
structures, loss of CS (Fig. 19), loss of weight (Fig. 20), loss of UPV readings (Fig. 21). For this purpose, the AAM specimens were 
exposed to 10% of H2SO4 solution for 180 and 365 days to evaluate the effect of WGBNP content on the acid attack resistance of the 
prepared mortars. For all AAMs, the deterioration levels were discerned to reduce with the increase of WGBNP contents. At 28 days of 
curing, the AAMs were immersed in the acid solution with concentration of 10% and were evaluated after 180 and 365 days. Fig. 19 
shows the impact of WGBNP contents on the compressive strength loss (CSL) of AAMs. After the immersion for 180 days, the CSL of the 
mortars was decreased from 5.2% to 2.4% with the corresponding increase of WGBNP contents from 0% to 20%. Likewise, the 
durability performance of AAMs tested after 365 days exhibited an enhancement with the increase of WGBNP level. The CSL was 
dropped from 15.1% to 7.3% with the corresponding increase of WGBNP contents from 0% to 20%. The inclusion of WGBNP as GBFS 
replacement in the AAMs contributed to enhance the resistance to acid solution and controlled the deterioration of the mortars 
(Fig. 20). The weight loss percentage was decreased slightly from 0.36% to 0.16% with the corresponding increase of WGBNP content 
from 0% to 20%. After 365 days, the increase of WGBNP from 5% to 20% in the alkali-activated matrix enhanced its resistance and 
reduced its weight loss from 0.4% to 0.23% compared to 0.49% for the control sample. It could be concluded that the WGBNP reduces 
the internal cracks (as shown from UPV reading results in Fig. 21) and improves the durability properties of mortars. 

In general, the increasing WGBNP contents in the alkali-activated matrix as GBFS replacement had appreciable effect in reducing 
the calcium content. Several researchers [94–96] reported that the deterioration can cause the strength loss, expansion, spalling of 
surface layers and eventual disintegration. Most experts attributed the sulphate attack to the formation of expansive ettringite 
(3CaO⋅Al2O3⋅3CaSO4⋅32H2O) and gypsum [calcium sulphate dehydrate (CaSO4⋅2H2O)], which may be due to the expansion or soft-
ening of the mortars’ matrix. Various studies were conducted to evaluate the effect of calcium level on the durability performance of 
AAS under acidic environments [7,30]. Huseien et al. [30] assessed the influence of GBFS content (as calcium resource) on the acid 
resistance of ternary blended AAS incorporated with waste ceramic powder (WCP) and FA. The reduction in the GBFS level was shown 
to improve the durability and reduce the CSL of the studied specimens. 

Fig. 22 shows the deterioration in the tested AAM cubes after 365 days of exposure to 10% of sulphuric acid solution. The surface 
deterioration, cracks’ numbers and sizes were decreased with the increase of WGBNP content as GBFS replacement. It is well known 
that nanosilica can reduce the amount of calcium oxide, thus enhancing the mortars’ resistance against acid attack through the 
reduction of porosity due to the restriction in calcium hydroxide formulation. Upon exposing the AAMs to sulphuric acid, the Ca(OH)2 
compound in mortar was reacted with SO4

− 2 ions and formed gypsum (CaSO4⋅2H2O). This caused the expansion of the alkali-activated 

Fig. 18. CSL and porosity correlation of AAMs exposed to 300 freezing-thawing cycles.  
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Fig. 19. Effect of 10% of H2SO4 solution exposure on CSL of AAMs.  

Fig. 20. Effect of 10% of H2SO4 solution exposure on weight loss of AAMs.  

Fig. 21. Effect of 10% of H2SO4 solution exposure on UPV reading loss of AAMs.  
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matrix and additional cracking in the interior of the specimens as reflected in the visual appearance (Fig. 22). It was indicated that 
[97–100] the reduction in CaO levels can lower the formation of Portlandite and gypsum, therefore improving the resistance of AAMs 
against sulphuric acid attacks. 

The effect of 5% of WGBNP (optimum amount) as GBFS replacement on the XRD patterns of the proposed mortars exposed to 10% 
of H2SO4 solution for 365 days were examined (Fig. 23). The mortar enclosing 0% of WGBNP still showed the major crystalline phases 
together with gypsum, quartz and reinhardbraunsite. The most intense XRD peaks (at 26.8º, 40º and 50º) corresponded to the crys-
talline phase of SiO2. The observed new peaks at 12.8◦ 16◦, 20.7◦ and 22.4◦ in the mortar prepared with 0% of WGBNP were due 
gypsum, and gismondine crystallites. Another new peak appeared at 30.9◦ and 31.4◦ corresponded to the crystalline phase of rein-
hardbraunsite. However, the mortar prepared with 5% of WGBNP did not shown any significant variation of the XRD profiles before 
and after the H2SO4 solution exposure. The XRD analysis clearly indicated that the WGBNP inclusion as GBFS replacement in the 
mortar significantly enhanced their resistance against H2SO4 attack. It is worth to ascertain a relationship between the deterioration 
rate of AAMs under H2SO4 exposure and WGBNP levels as substitution agent for GBFS. 

4. Conclusions 

The durability performance of a new type of sustainable AAMs was evaluated in terms of WA, CD, AR and DS, resistance to freeze- 
thaw cycles and acid attacks. These AAMs were designed by blending WGBNP, FA and GBFS, wherein various contents of WGBNP was 
incorporated as GBFS replacement. Depending on the experimental observations the conclusions are as follows:  

i. Inclusion of WGBNP of 10% as GBFS replacement in the mortar was shown to reduce the porosity and WA, thus enhancing the 
mortars’ durability. Increase in the WGBNP contents to 5% and 20% could enhance the reaction process and produce denser C- 
(A)-S-H gels, further improving the microstructures with reduced pores.  

ii. An inverse correlation was established among the CS and porosity for the studied AAMs. Inclusion of 5% WGBNP as GBFS 
replacement in the mortars’ matrix was found to enhance their microstructures and CS, reducing the porosity by 14.7% 
compared to the control sample.  

iii. Addition of 5% of WBGNP in the proposed AAMs enhanced the durability performance against the reduction of CD, establishing 
a linear relationship between the porosity and CD.  

iv. The replacement of GBFS by WGBNP was responsible for the lowering of the DS and durability performance improvement.  
v. Proposed mortar containing 5% of WGBNP displayed the highest performance related to freezing-thawing cycles, wherein the 

porosity reduction in AAMs enabled to increase the resistance to freezing-thawing cycles.  
vi. Direct relationship was ascertained between mortars’ AR (wearing) and CS. Mortar containing 5% of WGBNP as GBFS 

replacement disclosed the highest wearing. 
vii. Proposed mortars containing WGBNP showed quite high resistance to sulphuric acid attack which was increased with the in-

crease of WGBNP level. The minimum strength loss of 7.3% was achieved for AAMs containing 20% of WGBNP as GBFS 
replacement.  

viii. The detailed microstructures analyses (using XRD) of the WGBNP incorporated mortars displayed the formation of fewer 
amounts of free Portlandite and gypsum, reduction in the porosity and improvement in the durability performance against 
sulphuric acid attack. 

Fig. 22. Effect of 10% of H2SO4 solution exposure on the surface textures of AAMs.  
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