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Abstract

:

Changes in cement-based materials containing waste after exposure to elevated temperatures are an important aspect that should be studied in developing sustainable construction materials. Modified cement-based materials obtained using the industrial waste present robust engineering properties can lead to sustainable development. This work evaluated the capacity of oil palm boiler clinker (OPBC) waste that had been produced during the palm oil extraction process as partial and full substitutions for natural sand to produce cement mortar. The mortar materials were cured under three different curing conditions and were then tested at a room temperature of approximately 27 °C and elevated temperatures of 200 °C to 1000 °C using an electric furnace. The specimens were maintained in the electric furnace under maximum temperatures for 2 h and were then cooled down with water or under ambient temperature. The changes in the forms of colour, weight, compressive strength, microstructure, mineralogical composition, and thermal conductivity were investigated. Test results showed that the compressive strength of OPBC mortars was generally higher than the strength of the control mortar after heat exposure. Water cooling exerted less damage to samples compared to air cooling. The results from field emission scanning electron microscopy–energy-dispersive X-ray spectroscopy demonstrated that the mineral composition varied at different temperatures. In conclusion, this work provides an extensive report and can be used as a guide in utilising OPBC as cementitious materials for future cement-based applications.
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1. Introduction


Recently, the demands for and the advantages of sustainable manufacturing have propelled the incorporation of waste into newly recognised cement-based applications. This production approach for new cement-based materials provides greener and environmentally friendly alternatives and is a cost-effective manufacturing process [1]. In the past few years, has been widely proven that the utilisation of recycled waste materials to replace traditional synthetic primary components has solved the problem of waste material disposal and has economised these waste resources. The benefits of incorporating even only some parts of recycled waste materials into the production of construction materials are tremendous [2,3,4,5]. The rapid rise in urbanisation and construction projects has led to the excessive consumption of river sands as materials for building purposes, which consequently causes detrimental environmental impacts on rivers. The sand mining activities on rivers contribute to direct or indirect impacts, such as the destruction of floodplain habitats, followed ecosystem and physical changes and water pollution [6]. Therefore, river sand acting as aggregate in cement-based materials should be replaced by developing alternative materials.



Oil palm boiler clinker (OPBC) is a waste material produced from palm oil mills. Palm oil mills produce substantial waste, such as fibres, nutshells, and empty fruit bunches, from the incineration process used for oil extraction. Such waste may contribute to environmental problems, especially when they are not dumped and managed properly. In Malaysia, the palm oil industry is well known as the second largest in the entire world, after Indonesia. Thus, this industry is important given the economic contribution obtained through palm oil exports [7]. In Malaysia alone, approximately 4 million tonnes of this waste is produced annually [8]. Interestingly, OPBC waste exists as a stone-like material after the burning process to generate electricity in palm oil mills. In most studies, OPBC was crushed and sieved into smaller sizes to be used as a substitute aggregate in cement-based materials [9,10,11]. OPBC is lightweight [12,13] and porous [14] and has an irregular flaky shape [15] and a low thermal conductive property [16]; thus, it has great capability and potential to be developed as an alternative material to support the construction industry. The use of OPBC waste as a replacement for sand in cement-based materials would reduce the dependency on the natural sand obtained from river beds.



High temperature is a well-known risk for cement-based materials because the cement that is used can become unstable due to the dehydration process that occurs at a high temperature. Dehydrated cement can lead to the deterioration of buildings and could harm structures [17,18,19]. Immense work in the literature performed on OPBC concrete or mortar have usually only focused on its strength [9,12,20,21,22,23]. Other influencing variables, such as curing regime [24], replacement percentage [25,26], and cooling type after temperature exposure, can be analysed instead of only targeting the compressive strength of cement-based materials under high-temperature exposure [27,28,29]. Extensive investigation has been conducted to study the microstructure of cementitious composites after high-temperature exposure [30,31]. The factors that cause the deterioration of cement-based materials exposed to high temperatures include the physicochemical changes in cement paste and aggregate and the thermal incompatibility between them [32]. Choosing the appropriate materials, especially aggregates, is one of the most important factors in producing a strong temperature-resistant bond with cement paste at a high temperature to minimise the harmful effect of the temperature [33,34,35,36].



Although many studies have been performed to propose OPBC as an alternative for natural aggregates in cement-based applications, the potential of utilising OPBC waste as a fine aggregate in cement-based materials when exposed to elevated temperatures is seldom focused on and has not been thoroughly explored. Given that OPBC is a residue of burning palm oil waste in a temperature up to 800 °C [37,38], due to the high degree of burning, using this waste as aggregate in the production of construction materials, i.e., for plastering purposes, can lead to fire-resistive construction materials to ensure that a building is safe from fire accidents. Therefore, this study aims to evaluate the changes in cement mortars containing OPBC as fine aggregate under different elevated temperatures and cooling scenarios in comparison with ambient temperature. In addition, a highly sophisticated field emission scanning electron microscope (FESEM) and an energy-dispersive X-ray spectroscope (EDX or EDS) were used to investigate the morphological changes of the raw materials before and after exposure to elevated temperatures.




2. Materials and Methods


2.1. Materials


Chemical admixtures, including superplasticiser (SP), ordinary Portland cement (OPC), fine OPBC aggregates, natural sand, and tap water, were used in this study. Some properties of these materials are shown as follows:



Cement: Type I Portland cement, in accordance with MS522 Part 1:2003 [39], was used as a binder. The physical and chemical properties of the cement are presented in Table 1 and Table 2, respectively.



Aggregates: The OPBC and natural sand were used as fine aggregates. The aggregate grading is shown in Table 3 in comparison with the BS 882:1992 [40] requirements. The specific gravity of the natural sand and OPBC aggregate was 2.64 and 1.96, respectively. Therefore, the OPBC aggregate can be considered a lightweight aggregate compared to natural sand. Photos of the natural sand and OPBC aggregates are shown in Figure 1.



Chemical admixture: KAO Mighty 150 was used as SP for the mortar mixture to achieve a good mortar mixture flow.




2.2. Mortar Mixtures and Sample Preparation


All of the mortars had a cement-to-aggregate ratio of 1:3, and the water-to-cement ratio was set to 0.5. In the control mix with 100% natural sand, the sand was substituted with different percentages of OPBC aggregates between 0 and 100% at intervals of 25%. Owing to the differences in specific gravity of the two types of fine aggregates, the aggregate replacement was based on volume. Table 4 shows the mix proportions of all of the mortar mixtures.



Fine aggregates were added and mixed for approximately 5 min in a drum mixer. Cement was then added to the mixer and was mixed for another 5 min. Finally, water was slowly added to the drum mixer followed by the addition of SP. The flow table test was conducted during the 5-min intervals during the mixing processes. A 50 mm × 50 mm × 50 mm mould was filled with the prepared mortar in two layers. Each layer was vibrated on a vibration table. After 24 h, the mould was opened, and the samples were kept in three different curing conditions, i.e., full water (FW-C), partial water (PW-C), and air curing (A-C) conditions, as shown in Table 5. The room temperature and humidity were measured to be within 25 ± 3 °C and 65 ± 5%, respectively. After 28 days of curing, a compressive strength test was conducted using an ELE universal compressive strength testing machine with a load rate of 0.50 kN/s and a load limit of 2500 kN.




2.3. Heating Pattern


Approximately 120 samples that had been cured under different conditions were dried at 50 °C for 24 h before they were further exposed to the heating temperatures of 200 °C, 400 °C, 600 °C, 800 °C, and 1000 °C. A total of twelve samples were stored under standard room temperature as controls and for comparison purposes (four samples for each curing type). An NABER N200 model electrically heated furnace was used to heat the samples. The heated samples were sustained in the furnace for 2 h under each temperature condition to test the thermal stability. The heating rate of the furnace was selected as 5.0 °C/min, and the precision was set to ±4.5 °C.



After these samples were heated at the respective targeted temperatures, the furnace was turned off, and the samples were taken out for cooling. Then, half of the samples were allowed to cool naturally at ambient temperature, whilst the rest were cooled by running water until the ambient temperature was reached. Upon completion, the samples were placed into Ziploc bags.




2.4. Test of the Compressive Strength of Hardened Mortars


The compressive strength test results of the four 50 mm cube specimens were used to measure the average value of each mix. The tests on five different mortar batches were conducted using an ELE testing machine at a loading rate of 0.5 kN/s and a load of 2500 kN.




2.5. Microstructural Property Determination


Microstructural investigations were performed using a FESEM coupled with an EDX (FESEM–EDX). The FESEM–EDX analyses were conducted on the heated and unheated samples.



2.5.1. Microstructural Investigation


The microstructural, physical, textural, and morphological investigations were conducted by observing the captured images of the cement, sand, and OPBC aggregates. The microstructural analysis was performed on the powdered cement, sand, and OPBC aggregate samples that had been heated at the temperatures of 600 °C and 1000 °C. The samples under room temperature and without any heating were used for comparison. Changes in the microstructure of the samples were observed using an SU8000 FESEM (Hitachi, Tokyo, Japan) operated at an accelerating voltage of approximately 3 kV.




2.5.2. Mineral Composition Determination


The mineral composition distribution on specific scales was performed using EDX (Hitachi, Tokyo, Japan) on the powdered cement, sand, and OPBC aggregate samples heated at the temperatures of 600 °C and 1000 °C. The mineral compositions of these heated samples were compared to those of the unheated samples. The EDX analysis data were obtained at an accelerating voltage of 20 kV and a scan time of 60 s [41].





2.6. Thermal Conductivity Determination


The thermal conductivity of five different mortar mixes was measured using a KD2-PRO analyser (Decagon Device Inc., Pullman, WA, USA) and a TR1 needle. A total of two 200 mm × 100 mm cylinder samples were used to measure the k-value of the samples, and the average k-value was recorded. The k-value readings for all of the samples were taken at 15-min intervals to minimise error rates.





3. Results and Discussion


3.1. Consistency of Fresh Mix (Flow Table Test)


Figure 2 shows the flow test results of all of the mortar mixes. Although the SP dosage was higher in the mortar mixes with the OPBC aggregates, their flow value was less than that of the control mix (M1). Substantial SP was used in the OPBC mortar mixes because the OPBC aggregates were lightweight (the specific gravity of the OPBC aggregates was 1.96 and 1.89 kg/m3 in apparent and saturated surface dry conditions, respectively) with higher water absorption capacity than natural sand and porosities on the surface texture. Therefore, when the replacement level was increased, the flowability was decreased. To maintain mortar mixtures with good workability for all mixtures (a workability of approximately 125 ± 15 mm), more SP was used when the replacement level was increased. In the OPBC replacement levels of 25%, 50%, 75% and 100%, the flow values decreased by approximately 1.4%, 2.2%, 12.2%, and 19.4%, respectively, compared to those of the control mix. On the basis of the results, similar findings to those of prior studies conducted by other researchers were reached, i.e., the water absorption increased, and the workability of the OPBC mortar decreased compared to normal cement mortar [42,43].




3.2. Colour Changes


As shown in Figure 3, the colour of the samples changed as the temperature increased. The changes in the surface colour of the mortar samples after heating at different temperatures were probably due to the moisture and material reactions. From this observation, as the OPBC aggregate content increased in the control mortar, a darker the colour of the hardened sample was observed before heating. The heating of the samples at a temperature of up to 1000 °C with an interval of 200 °C resulted in higher lightness contrast in comparison with that of the samples at ambient temperature. This observation indicated that the colour of the samples did not fade at 200 °C, possibly due to the transport of liquid and vapor water in the samples during the cooling process. The samples gained moisture content through capillary absorption at low temperatures [44,45,46]. The colour of the samples started to change when they were subjected to the temperature of 400 °C. The samples heated at this temperature were clearly visible and reflected the first phase of dehydration. When the materials reached the temperature of 600 °C, the colour was smooth and continuously faded, especially for the OPBC mortar samples.



Generally, light pink colouration was observed on the surface of the samples with 100% natural sand aggregate when heated to above 600 °C, whereas the samples with 100% OPBC aggregate did not show any colour changes to pink. The sand aggregate started to experience a material reaction and subsequently caused pressure and chemical structure changes [47,48]. After the heat exposure to 600 °C, the natural sand material became light pink in colour. A similar colour change was observed in the mortars (M1–M4) containing natural sand aggregate. The visual determination of surface colour for M5 containing 100% OPBC aggregate showed a colour change from dark grey to light grey when heated from the ambient temperature to 1000 °C. Slight changes and differences in the lightness of the grey colouration were observed as the temperature increased. However, at the temperature between 600 °C and 800 °C, minimal colour change differences were determined. Therefore, the mortar samples began undergoing colour changes at 600 °C.



Moreover, the colour changes of constituent materials inside the mortar samples were studied. Figure 4 illustrates the colour changes of the OPC materials, natural sand, and OPBC aggregates at ambient temperature, 600 °C, and 1000 °C. From the ambient temperature to 1000 °C, the OPC powder experienced colour changes from light grey to dark grey, as shown in Figure 4a. Owing to the high temperature, the mineral compound inside OPC oxidised during heat reactions [48,49]. Figure 4b depicts the colour changes of sand aggregates from pale orange to pink. The possible reason behind the colour changes of sand aggregates at the temperatures of 600 °C and 1000 °C was the loss of moisture content within the pore space, leading to the dehydration of iron deposits from goethite to hematite [50]. As observed in Figure 4c, the OPBC aggregate changed from blackish to pale grey at 600 °C. Later, as the temperature increased to 1000 °C, the OPBC aggregate changed its colour from pale grey to light grey. This reaction occurred due to the iron ion that was activated whilst reducing the carbon ion content. Iron is usually perceived as dull and grey.




3.3. Mass Loss


When heated at elevated temperatures, all of the mortar samples experienced mass loss. Figure 5, Figure 6 and Figure 7 show the relative mass loss of the samples under different curing conditions when exposed to various elevated temperatures. This loss was associated with the cracking formation in the samples caused by the expulsion of water at elevated temperatures. The water disturbances inside the samples degraded the strength, and further discussions on this mechanism will be provided in the next section. From the ambient temperature to the temperature of up to 400 °C, a slight reduction in the mass of the samples was observed in all the curing conditions. When the temperature rose to 600 °C, the samples lost considerable moisture resulting from the evaporation of free and binding water and the subsequent decomposition of the C–S–H bond structure of the samples [34]. The air-cooled (AC) samples recorded the highest reduction in mass loss compared to the water-cooled (WC) samples from the ambient temperature to the temperature of 1000 °C.




3.4. Compressive Strength


At ambient temperature, the compressive strength of the samples tested in all three curing conditions was measured. From Figure 8, the control and M3 samples in full water curing had the highest compressive strength. However, in partial water and air curing conditions, the M4 sample exhibited the highest compressive strength, as shown in Figure 9 and Figure 10. By contrast, the control sample tested in air curing conditions exhibited the lowest compressive strength of 43 MPa.



Figure 8, Figure 9 and Figure 10 show the compressive strength variation of samples with different percentages of OPBC cured in three different curing conditions exposed to elevated temperatures followed by cooling under air and water. A significant increase in the compressive strength of the OPBC samples cured in full water and air was observed as the temperature increased to up to 200 °C. This increase indicated that the OPBC mortars could resist a temperature of up to 200 °C without any deterioration in strength. This statement is strongly supported by the findings of Karim et al. [37], who determined that the compressive strength of OPBC mortars increased with rising temperatures up to 300 °C. The small reduction in the compressive strength of the samples in all of the curing conditions could be attributed to the removal of free water during the heating process. As mentioned by other researchers, the thermal effect at this temperature causes water migration [37,51,52]. As observed in partial-water-cured samples, the percentage reductions in compressive strength for the M1, M2, M3, M4, and M5 samples were approximately 18%, 26%, 18%, 21%, 19% and 18%, 18%, 13%, 16%, 12% for the AC and WC conditions, respectively.



As the temperature rose to 400 °C, a reduction in the compressive strength of the samples in all of the curing conditions was observed. The reduction in compressive strength at this temperature was probably due to the acceleration of the hydration reaction when the samples reached the temperature of 300 °C [37]. The OPBC samples under air and water cooling in all of the curing conditions showed no or the least reduction in compressive strength compared to the control sample. This phenomenon was probably an effect of internal autoclaving and a reaction of the OPBC aggregate inside of the mortar [14,37]. The physical properties and rough surfaces of the OPBC aggregate play significant roles in the stronger bonds formed between the aggregate and cement paste [10,14]. The OPBC samples also showed better strength than the control sample, irrespective of the cooling methods.



By contrast, all of the mortar samples lost significant compressive strength when the temperature of 600 °C was reached. Cracks were also observed in the samples at this temperature, which resulted in the weakening of cement matrix and aggregate adherence. The compressive strength reduction was attributed to the decomposition of C–S–H. The reduction in strength for samples cooled by air was greater than that for samples cooled by water. As observed, the M1 (control) and M5 samples in all of the curing conditions showed a high compressive strength reduction compared to the other OPBC samples. The highest reduction in compressive strength occurred in partial water curing, with more than a 50% reduction from the original strength. The results in the partial curing condition demonstrated that the high percentages of OPBC aggregate contributed to the high compressive strength reduction in air cooling conditions. On the contrary, the samples cooled by water showed a low reduction in compressive strength. The OPBC samples were found to have lesser compressive strength reduction compared to the control sample. The presence of water after high temperature exposure aids in stopping the heat and in rehydrating the calcium hydroxide found in cement [53]. These actions increased the strength compared to the AC samples.



Further compressive strength degradation in samples continued when the heat exposure reached the temperature of 800 °C. The formation of cracks in the samples increased at this temperature, due to the similar rapid expansion and shrinkage rates inside mortar mass. As discussed and pointed out by other researchers, the drastic compressive strength reduction of the samples at this temperature was due to the propagation of these cracks [52,54,55]. As observed, the control sample cooled by air showed the highest compressive strength reduction compared to the OPBC samples in all three curing conditions. The compressive strength reduction of the control sample was the highest with 75%, 73%, and 86% in full water, partial water, and air curing conditions, respectively, compared to the sample with 100% OPBC aggregate. However, for the WC samples, the M5 samples in all three curing conditions showed the highest compressive strength reduction compared to the control sample. The compressive strength reductions of the M5 samples were 67%, 73%, and 68% in full water, partial water, and air curing conditions, respectively.



From the figures, the control sample had the highest compressive strength reduction at 1000 °C compared to the OPBC samples in both cooling techniques. The control sample was almost completely destroyed, whereas the OPBC samples still possessed some strength at this temperature. The OPBC samples cooled by air and water recorded compressive strengths within 10–13 MPa and 11–15 MPa, respectively. The lowest compressive strength was recorded for the control sample cooled by air and water with 3 and 10 MPa, respectively. The results obtained for the control sample at this temperature were almost the same as the results achieved by other researchers [56,57]. Basically, the strengths shown in the OPBC samples were higher than those in the control samples, probably due to the pores of the OPBC aggregates. When the OPBC samples were subjected to a high temperature, these pores released the built-up internal pressure, thus reducing internal structure damages [58].




3.5. FESEM–EDX


FESEM characterisation was used to analyse the micrographs of cement, OPBC, and sand aggregates at ambient temperature (27 °C) and after exposure to high temperatures (e.g., 600 °C and 1000 °C). The samples at ambient temperature were used as references for comparison. The FESEM images demonstrate that significant microproperty differences occurred between the unheated and heated materials. The findings from this test and EDX analysis, especially on the elemental composition determination, indicated the predominant elements present in the samples.



3.5.1. Cement


Figure 11 (top row) shows the surface of the cement sample at ambient temperature. Layered portlandite and rod-shaped ettringite were observed in the images obtained through combined FESEM and EDX analyses. The interface of granulates was determined to exhibit good adhesion when observed with an enlargement of 5.00 µm. Several types of minerals were also found inside the cement particles. The composition of minerals from the highest to lowest amounts was calcium, silicon, aluminium, iron, sulphur, and magnesium. The calcium content found inside the cement materials exhibited a high peak at approximately 12.4 keV compared to the other elements.



Figure 11 (middle row) presents the surface of the cement sample subjected to the temperature of 600 °C. The FESEM image analyses showed that some structural alterations and thermal degradation on the granulated particles were due to the large number of pores or voids in the images. Some changes were observed in portlandite and rod-shaped ettringite. The dehydration of portlandite caused attachment and agglomeration with ettringite. The EDX analysis also identified that some of the granulated particles inside of the cement disappeared due to the exposure to heat at a high temperature. Only several elements, such as calcium, sulphur, and aluminium, were left when the cement was heated at this temperature. This argument supported the results of the compressive strength test, which demonstrated that the development of cracks was caused by the loss of bonding in the cement. The changes in the samples heated at the temperature of 600 °C showed significant differences in terms of strength, colour, and mass loss. Failure and significant crack patterns in the samples were observed at this temperature.



Figure 11 (bottom row) shows the surface of the cement sample subjected to the extreme temperature of 1000 °C. This extreme temperature led to the deterioration of portlandite and rod-shaped ettringite. The microstructure deterioration caused the cement to be less resistant because of the weaker bonds between the portlandite and ettringite. From the microstructure figure, the portlandite and ettringite melted at this temperature. The previous data on mass loss indicated that the considerable mass loss at this temperature was due to the deterioration of portlandite [59]. EDX analysis was employed to show the characteristic diffraction of mineral compositions inside the cement at the temperature of 1000 °C. Calcium and a minimal amount of carbon were left in the cement after exposure to this temperature. The amount of calcium composition dropped to 4.6 keV.




3.5.2. Aggregates


Figure 12 shows the unheated and heated OPBC aggregates at high temperatures. The microstructure of the unheated OPBC aggregate is shown in Figure 12 (top row). As observed through FESEM imaging, the high porosity of the OPBC aggregate was mainly due to the presence of small pores and voids. Most of these OPBC particles were found to be irregularly shaped with hollow cenospheres. These porosity observations correlated well with the flow table test results and can be explained similarly due to the high water absorption property. An increment in the OPBC content in the samples corresponded to increased porosity and water absorption level. The micrographs from the EDX analysis of the OPBC aggregate that was not subjected to heat treatment illustrate that the silicon content can be detected in a moderately high concentration. Other minor peaks depicting calcium, aluminium, magnesium, potassium, and iron were also detected. Silicon presented the highest peak at 66 keV.



Figure 12 (middle row) demonstrates the changes in microstructure of the OPBC aggregate exposed to 600 °C. The image shows the incidence of microcrack formation. The microcracks were formed due to the effects of heat, and these effects were found to be significant on the basis of the compressive test result and mass loss. The low reduction in the compressive strength of the OPBC mortars compared to the control mortars might be due to the porous characteristics of OPBC, given that small pores could minimise the vapour pressure when heated at a high temperature. The EDX analysis showed that the chemicals, such as aluminium, potassium, and iron, found in the OPBC samples seemed to increase. By contrast, the amounts of silicon and calcium seemed to reduce. These results showed that the process of heating the OPBC samples affected the OPBC composition.



The effects on OPBC subjected to the extreme temperature of 1000 °C are presented in Figure 12 (bottom row). The OPBC aggregate experienced cracks, which might be due to shrinkage [37]. The OPBC surface seemed to be clear, without any irregular or rough shapes. The presence of cracks and pores showed that the OPBC lost its strength, whereas the porosity increased when the OPBC was subjected to this high temperature. These observations in the forms of cracks and porosity correlated well with the findings of compressive strength test. However, the irregular and angular shaped composition that was created after exposure to the extreme temperature of 1000 °C might produce significant impacts and might contribute to strong binding effects between the aggregate and cement matrix. These findings also indicate that the OPBC mortars possessed higher compressive strength than the control mortar, even at 1000 °C, as observed on the basis of the compressive strength test results. The EDX analysis showed that the silicon and calcium compositions presented dominant peaks, whereas the magnesium, aluminium, and iron compositions demonstrated minor peaks.



Figure 13 (top row) shows the FESEM image and EDX analysis of unheated sand particles. The sand particles had rough surfaces or irregular needle-like shapes and short and rod-shaped crystals. The interlayer of the needle- and rod-shaped crystals enhanced the bonds due to the improved interlocking interactions amongst the particles. The strength characteristic was also improved due to this interlayer. Therefore, the sand particles were solid and nonporous, contributing to the low absorption properties. Given that sand is a natural material, similar to other industrial construction materials (such as clays and stone), highly purified silicon can also be found in sand [60]. The EDX analysis detected dominant peaks for silicon and aluminium and minor peaks for magnesium, calcium, potassium, and iron.



The FESEM image, combined with EDX analysis, of the sand particles that were heated at the temperature of 600 °C is shown in Figure 13 (middle row). The microstructure of sand at this temperature exhibited microcracks. The crack formation presumably resulted from the drying shrinkage and the low cohesion with disconnected pores. The EDX analysis showed the spots that contributed to the dominant peaks of silicon. Other minor peaks, such as those of aluminium, calcium, and potassium, were also detected. The disappearance of magnesium and the appearance of sodium as a new material were observed at this temperature. Most of the elements decreased in terms of weight and atomic contents.



Figure 13 (bottom row) shows the FESEM images and EDX analysis of the chemical compositions of sand exposed to the extreme temperature of 1000 °C. After exposure to the temperature of 600 °C, the microstructure of the sand was observed to be a clear surface without any irregular or angular shapes. This phenomenon represented a weak structural formation due to the high porosity that resulted from the high degree of heat exposure. These observations of microcracks, porosity, and microstructure correlated well with the compressive strength test results. The EDX analysis traced the spot marked as Spot C in Figure 13 (bottom row) and detected silicon and aluminium as main elements and small amounts of calcium and potassium.



In summary, materials such as cement, OPBC aggregate, and sand aggregate have their own chemical properties and reactions when heated at certain temperatures. Therefore, the elevated temperatures caused changes in not only the physical and chemical properties of these materials but also in their strength. The chemical composition results of the samples were in agreement with the results obtained from EDX analysis.





3.6. Thermal Conductivity


The changes in the thermal conductivity (k-value) of different mixes under elevated temperatures are illustrated in Figure 14. The curves show that at ambient temperature, the k-value decreased as the OPBC content increased, and this pattern was almost the same when the specimens were heated up to 1000 °C. The test results showed that under ambient temperature, the k-value of the mortars was reduced by 13%, 30%, 43%, and 46% for the M2, M3, M4, and M5 mixes, respectively. These reduction rates implied that the mortars incorporated with more than 50% OPBC aggregates had a significant reduction in the k-value. Hence, these OPBC mortar mixtures are suitable for use as heat-resistant materials. In a previous study performed by Shafigh et al. [61], mortar with low thermal conductivity resulted in good thermal performance. Accordingly, the low k-value of the mortars exhibited enhanced insulation in steady and transient thermal conditions. Materials with a low k-value are great for application as the envelope of a building to save energy [62].



Given that the energy required for heating strongly depends on thermal and cooling properties, the thermal conductivity of the mortars at elevated temperatures was also studied. Zhang et al. [63] reported that temperature affects k-value. They reported that the k-value decreased at a high temperature. In Figure 14, the curves indicate that the k-value of the mortars decreased as the temperature increased. The control sample (M1) exposed to increasing temperatures of 27 °C–1000 °C recorded decreasing thermal conductivity of 2.20–0.64 W/(m.K) (a 70.9% reduction). For the samples with 100% OPBC exposed to increasing temperatures of 27 °C–1000 °C, the thermal conductivity decreased significantly from 1.18 W/(m.K) to 0.41 W/(m.K) (a 65.3% reduction). Similarly, the other mixes (M2, M3, M4) exposed to increasing temperatures of 27 °C–1000 °C recorded a reduction in thermal conductivity between 65% and 69%.





4. Conclusions


This paper presents the changes that occurred in cement mortar mixes when natural sand was replaced with OPBC waste under elevated temperatures of up to 1000 °C and under two different cooling conditions. A total of five mortar mixes containing OPBC aggregates as a replacement for natural sand with percentages of 0%, 25%, 50%, 75%, and 100% were examined on physical, mechanical, and thermal properties. From the analysis of the test results, the following conclusions could be drawn.



	
Heating led to many changes, especially in the properties of cement mortar samples. These changes affected colour as reported in Section 3.2, mass loss in Section 3.3, compressive strength in Section 3.4, microstructure and mineral compositions in Section 3.5, and thermal conductivity in Section 3.6



	
The colour of OPBC mortar samples was shown to fade and was higher in lightness contrast starting at the temperature of 400 °C. These changes may be an apparent indicator of the variation in the moisture content of the samples.



	
Major mass loss was observed at the temperature of 600 °C, possibly due to the degradation of organic compounds in the presence of OPBC aggregate.



	
The presence of OPBC in the mortar mixes resulted in an insignificant mass loss effect after exposure to heat of up to 600 °C.



	
The existence of OPBC aggregate improved the compressive strength of mortar at elevated temperatures. The compressive strength of sample mixes at high temperatures was higher in both cooling conditions compared to that of the control mix.



	
Amongst various blended samples, the M4 sample performed better at elevated temperatures. That is, the combination of 75% OPBC aggregate and 25% natural sand aggregate showed better performance in terms of mass loss and compressive strength, even at high temperatures.



	
The effect of water-cooling condition on the samples showed less damage and higher compressive strength compared to that of the air-cooling condition.



	
The FESEM images of the raw materials proved that the changes in colour, mass loss, and compressive strength of the samples at elevated temperatures were influenced by the microproperties of the constituent materials at unheated and heated conditions.



	
The mortars containing OPBC aggregates resulted in lower thermal conductivity compared to the control cement mortar. This result demonstrated that OPBC mortar is suitable for use as a heat-resistant material. The higher the percentage of OPBC in the mortar was, the lower the k-value was. After heat exposure, the k-value of the samples decreased as the temperature increased.
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Figure 1. Natural sand and OPBC aggregates. (a) Natural sand aggregates. (b) OPBC aggregates. 
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Figure 2. Flow table test results of mortar mixes. 
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Figure 3. Colour changes of samples at elevated temperatures immediately after removal from the furnace. 
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Figure 4. Colour changes at different temperatures: (a) cement; (b) sand aggregate; (c) OPBC aggregate. 
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Figure 5. Mass loss of full-water-cured samples at elevated temperatures (where AC is air cooling, and WC is water cooling). 
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Figure 6. Mass loss of partial-water-cured samples at elevated temperatures (where AC is air cooling, and WC is water cooling). 
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Figure 7. Mass loss of air-cured samples at elevated temperatures (where AC is air cooling, and WC is water cooling). 
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Figure 8. Compressive strength of full-water-cured samples at elevated temperatures (where AC is air cooling, and WC is water cooling). 
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Figure 9. Compressive strength of partial-water-cured samples at elevated temperatures (where AC is air cooling, and WC is water cooling). 
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Figure 10. Compressive strength of air-cured samples at elevated temperatures (where AC is air cooling, and WC is water cooling). 
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Figure 11. FESEM and EDX images of unheated and heated cements: Unheated cement at ambient temperature (top row); Heated cement at 600 °C (middle row); and, Heated cement at 1000 °C (bottom row). 






Figure 11. FESEM and EDX images of unheated and heated cements: Unheated cement at ambient temperature (top row); Heated cement at 600 °C (middle row); and, Heated cement at 1000 °C (bottom row).



[image: Crystals 11 00988 g011a][image: Crystals 11 00988 g011b]







[image: Crystals 11 00988 g012 550] 





Figure 12. FESEM and EDX images of unheated and heated OPBC aggregates: Heated OPBC at ambient temperature (top row); Heated OPBC at 600 °C (middle row); and, Heated OPBC at 1000 °C (bottom row). 
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Figure 13. FESEM and EDX images of unheated and heated sand aggregates: Unheated sand at ambient temperature (top row); Heated sand at 600 °C (middle row); and, Heated sand at 1000 °C (bottom row). 
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Figure 14. Thermal conductivity of mortar mixes under different temperatures. 
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Table 1. Chemical compositions of OPC.
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	Composition of Oxide
	Content (%)





	SiO2
	21.28



	Al2O3
	5.60



	Fe2O3
	3.36



	CaO
	64.64



	MgO
	2.06



	SO3
	2.14



	Total alkalis
	0.05



	Insoluble residue
	0.22



	Loss on ignition
	0.64
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Table 2. Physical properties of OPC.
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	Item
	Value





	Specific weight (g/cm3)
	3.05



	Specific surface area (cm2/g)
	3204



	Initial setting time (min)

Final setting time (min)
	110

215
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Table 3. Sieve analysis of OPBC and natural sand with BS882.
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Sieve, mm

	
Cumulative Passing (%)

	
BS882




	
OPBC

	
Natural Sand






	
4.75

	
99

	
89

	
89–100




	
2.36

	
63

	
60

	
60–100




	
1.18

	
39

	
44

	
30–90




	
0.60

	
23

	
30

	
15–54




	
0.30

	
10

	
19

	
5–40




	
0.15

	
0

	
0

	
0–15
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Table 4. Mix proportions of mortar mixtures in one batch.






Table 4. Mix proportions of mortar mixtures in one batch.





	Mix ID
	Water-to-Cement Ratio
	Cement (kg)
	Natural Sand (kg)
	OPBC (kg)
	SP

(kg)





	M1
	0.50
	38
	113
	0
	0.094



	M2
	0.50
	38
	84
	21
	0.150



	M3
	0.50
	38
	56
	42
	0.263



	M4
	0.50
	38
	28
	63
	0.413



	M5
	0.50
	38
	0
	84
	0.523
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Table 5. Curing conditions.






Table 5. Curing conditions.





	Curing Code
	Description





	A-C
	Specimens placed in the air under laboratory conditions



	PW-C
	Specimens placed in water conditions for 7 days after demoulding and cured under laboratory conditions



	FW-C
	Specimens placed in water conditions
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(a) Cement at 27 °C, 600 °C and 1000 °C

(c) OPBC aggregate at 27 °C, 600 °C and 1000 °C
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