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Abstract 8 

Geopolymer/nano carbon black composite is a promising electrically conductive smart material 9 

that can be used in self-heating and self-sensing applications. This paper studies the effect of 10 

adding nano carbon black to the physical, mechanical, electrical, and electrothermal performance 11 

of metakaolin-based geopolymer. Carbon black was added at the percent of 5%, 10%, 15%, and 12 

20% by weight of metakaolin; the compressive strength was tested at various ages of 7, 14, 28, 13 

and 90 days, and the electrothermal performance was tested using AC and DC voltages. The results 14 

showed that a compromise between suitable compressive strength and high electrothermal 15 

conversion could be achieved when a specific balance between the carbon black percent and the 16 

lowest water content is established. A composite with a compressive strength of 27 MPa and stable 17 

electrothermal performance reaching 142°C at 9V DC can be prepared using 20 wt% of carbon 18 

black and a water-to-metakaolin ratio of 0.549, which is used as a smart material in construction 19 

applications.  20 

Keywords: Geopolymer, Nano carbon black, Metakaolin, Electrothermal, Self-heating, Smart 21 

materials. 22 
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1. Introduction 24 

Geopolymer is a promising alternative to ordinary Portland cement, which is a traditional building 25 

material [1]. It is characterized by its resistance to high temperature and corrosion [2,3], high 26 

mechanical performance and high durability [4–6]. Also, it is an environmentally friendly material 27 

due to the low emission of CO2 gas from its production processes [7,8]. Because of its unique 28 

properties, geopolymer can be used in construction applications  as well as in many other 29 

applications, such as heavy metal immobilization [9–11], coating applications [12], and fire 30 

resistance applications [13]. 31 

Geopolymer is manufactured from raw materials rich in alumina and silica after mixing with an 32 

alkaline solution. Geopolymer materials are generally formed by three types of polysialate 3D 33 

networks consisting of SiO4 and AlO4 tetrahedrons, which are polysialate (-Si-O-Al-O-), 34 

polysialate-siloxo (-Si-O-Al-O-Si-O-) and polysialate-disiloxo (-Si-O-Al-O-Si-O-Si-O-). The 35 

cavities within these networks are filled by corresponding cations (Na+, K+, Ca++, and Cs+) 36 

contributing to balancing the negative charge for Al+3 [14]. The performance of geopolymer 37 

depends mainly on the properties of its raw materials; metakaolin is considered one of the best 38 

precursors for manufacturing geopolymer due to its high fraction of silica and alumina, low 39 

impurities, stable chemical composition, and high purity compared to fly ash and slag [15–17]. 40 

Carbon black is a substance that is difficult to dispose of and is produced from various industrial 41 

processes as byproducts, in the form of a fine powder containing a high percentage of carbon; it is 42 

characterized by high specific surface area, high chemical and thermal stability, and good electrical 43 

conductivity, also this waste is usually decomposed into landfills causing soil contamination and 44 

water pollution [18].  45 

Geopolymer is not electrically conductive in its dry state, so carbon black can be added to improve 46 

its electrical conductivity, and thus, it becomes a material that can be used in self-heating [19] and 47 
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self-sensing [20] applications. Carbon black cannot be added in high proportions due to the 48 

negative effect on the mechanical properties [19,21,22]. 49 

 Many studies have dealt with adding carbon black to improve the electric performance of 50 

geopolymers. Arif et al. made a composite material from geopolymer with the inclusion of carbon 51 

black to be used as an X-ray shield [23]. Rauf et al.  added carbon black with Fe3O4 to improve the 52 

electrical and optical properties and gamma ray absorption of the geopolymer [24]. Gu et al. added 53 

nanocarbon black with carbon fibers to improve the electrothermal performance of geopolymers 54 

used in paving Airports [25]. Han et al. found that adding 15 vol% and 0.05 vol% of both nano 55 

carbon black and carbon fibers to the geopolymer gives the best result in terms of electrical 56 

conductivity [26]. Mizerová et al. studied the effect of adding carbon black, at a percentage not 57 

exceeding 2% by weight of fly ash, on the self-sensing property of geopolymer [27]. Irshidat et 58 

al.  studied the effect of adding carbon black at percentages of 5%-40% by weight of fly ash on the 59 

mechanical and physical properties of geopolymer; they found that adding carbon black at 5% and 60 

20% leads to an increase in compressive strength to 46.89 and 45.9 MPa, respectively, compared 61 

to the compressive strength of the reference sample at 44.79 MPa [18]. Cai et al. studied the effect 62 

of self-heating on accelerating the curing of geopolymer by adding carbon black and steel fibers 63 

at 6 and 2 vol%, respectively; they obtained a sample with the unstable electrothermal performance 64 

of 67°C at 110 DC Volts [28]. Fiala et al. studied the effect of adding carbon black to geopolymer, 65 

at 2.25% by weight of slag, on the physical, mechanical,  thermal, and electrical properties by 66 

applying 40 and 100 DC volts; they obtained samples with compressive strength of 7.31 MPa, 67 

electric conductivity of 1.3×10-1 S/m, and electrothermal performance of 44ºC, 125ºC at 40, 110 68 

DC volts, respectively [19]. 69 

The mechanical strength of the pristine geopolymer utilized in some of these studies is already low, 70 

as reported in [21,22] is due to the fact that the materials utilized are not really a geopolymer, based 71 

on the precise definition of the geopolymer given by Joseph Davidovits [14], but they are alkali-72 
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activated materials mistakenly called geopolymer, as many researchers use the two terms as 73 

synonyms. Also, the electrothermal performance reported in these studies is noticeably weak as a 74 

high voltage is required to produce low temperature, as reported in [19,28]. Moreover, the stability 75 

of the electrothermal performance of the self-heating composites isn't reported in the literature. 76 

It is well known that the geopolymer with a well-defined composition and structure has mechanical 77 

strength higher than that of the alkali-activated materials [29]. Thus, if the geopolymer is prepared 78 

with the right composition, it is expected that a suitable percent of carbon black can be incorporated 79 

into it while maintaining acceptable mechanical strength for structural applications. Hence, a high 80 

electrothermal performance can be achieved. 81 

The current study investigates the effect of adding nano carbon black on the electrothermal 82 

performance of metakaolin-based geopolymer as well as its mechanical, physical, and electrical 83 

properties. Carbon black was added at a weight percent of 5%, 10%, 15%, and 20%, with respect 84 

to the metakaolin content, and the compressive strength was measured at various ages of 7, 14, 28, 85 

and 90 days. The electrothermal performance was tested using AC and DC voltages up to 12 V, 86 

and the stability of this performance was also assessed.  87 

2. Materials and Methodology  88 

2.1. Materials 89 

Metakaolin (SiO2 w.t%= 54.46, Al2O3 w.t%= 33.68, Na2O w.t% =0.22), nano carbon black powder  90 

(N330, RPSG Group - India), industrial sodium hydroxide flakes (99% purity, from Al-Kout 91 

Company - Kuwait), industrial sodium silicate solution (Na2O w.t% = 13.1-13.7, SiO2 w.t%= 32-92 

33, United Arab Emirates), copper tape with a width of 21 mm and a thickness of 0.1 mm used as 93 

electrodes, and laboratory distilled water are the materials used for producing conductive 94 

geopolymer samples. Metakaolin was produced from the calcination of kaolin (Supplied by Al-95 

Mishraq Company - Iraq) at a temperature of 800°C for three hours. Figure 1(a) shows the XRD 96 
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patterns of the kaolin, metakaolin, and carbon black; the diffraction data are in good agreement 97 

with the JCPDS cards (00-001-0527), (00-033-1161), and (01-074-2330) of the kaolinite, quartz, 98 

and carbon respectively. D50 for the kaolin, metakaolin, and carbon black is (3.702, 14.99, and 99 

4.304) m, respectively, as can be seen in Figure 1(b, c, d). 100 

 101 

FIGURE 1 (a) XRD patterns of the kaolin, metakaolin, and carbon black; and the particle size 102 

distribution of the (b) kaolin, (c) metakaolin, and (d) carbon black 103 

 104 

2.2. Methodology 105 

2.2.1. Samples Preparation   106 

Table 1 presents the weights of metakaolin (MK), carbon black-to-metakaolin ratio (CB/MK), 107 

sodium silicate-to-metakaolin ratio (SS/MK), sodium hydroxide-to-metakaolin ratio (SH/MK), 108 

and the water-to-metakaolin ratio (W/MK) used in the sample preparations for this study. For these 109 
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samples, the geopolymer has the formula Na2O. Al2O3.3.6SiO2, which was optimized in our 110 

previous work to have a compressive strength of 117 MPa [30]. 111 

TABLE 1 Samples ID and the composition of the samples 112 

Sample ID MK (g) CB/MK SS/MK SH/MK W/MK  

GP-0 120.812 0 0.9755 0.0934 0.116 

GP-1A 90.609 0.05 0.9755 0.0934 0.549 

GP-1B 90.609 0.05 0.9755 0.0934 0.632 

GP-1C 90.609 0.05 0.9755 0.0934 0.715 

GP-2A 90.609 0.1 0.9755 0.0934 0.549 

GP-2B 90.609 0.1 0.9755 0.0934 0.632 

GP-2C 90.609 0.1 0.9755 0.0934 0.715 

GP-3A 90.609 0.15 0.9755 0.0934 0.549 

GP-3B 90.609 0.15 0.9755 0.0934 0.632 

GP-3C 90.609 0.15 0.9755 0.0934 0.715 

GP-4A 90.609 0.2 0.9755 0.0934 0.549 

GP-4B 90.609 0.2 0.9755 0.0934 0.632 

GP-4C 90.609 0.2 0.9755 0.0934 0.715 

 113 

Sodium hydroxide (99% purity, Al-Kout Co. - Kuwait) solution was prepared by dissolving 114 

sodium hydroxide flakes in 10 ml of laboratory distilled water, the desired amount of the sodium 115 

silicate solution was added to the sodium hydroxide solution, and the solution was heated up to 116 

82±2°C for 15 minutes, under stirring at a speed of 750 rpm, and it was left to cool before use.  117 

Carbon black (Industrial grade, N330, RPSG Group - India) powder was added to the solution 118 

resulting from the previous step and mixed for 2 minutes at a speed of 700 rpm using an electronic 119 

overhead stirrer (SL3000D - global lab. co). During mixing, water is added according to the 120 

composition given in Table 1, excluding the 10 ml used to prepare the sodium hydroxide solution. 121 

After that, the metakaolin powder was mixed with the mixture resulting from the previous step at 122 
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a speed of 3000 rpm for 5 minutes. The paste resulting from the previous step was poured into 123 

molds made of silicone rubber, which are of three types: cylindrical molds with dimensions of 124 

23x46 mm for testing compression strength, cubic molds with dimensions of 20x20x20 mm 125 

containing two longitudinal slots on opposite sides, separated by 8 mm to fix copper electrodes, 126 

used to investing the electrical properties and electrothermal performance, and rectangular molds 127 

with dimensions of 20x20x6 used for testing the physical properties and SEM examination. The 128 

copper electrodes were installed after pouring the paste into the molds through the mold slots. The 129 

samples were demolded after 72 hours and kept in the laboratory atmosphere at a temperature of 130 

18±2°C and relative humidity of 50% until the tests; all tests were conducted 28 days after 131 

demolding the samples except the compression strength test, which is performed at different ages 132 

of 7, 14, 28, and 90 days. 133 

2.2.2. Characterization   134 

The bulk density, true density, apparent porosity, and water absorption of the samples were tested 135 

according to Archimedes' principle. An Impact-Automatic Console-2000 KN machine was used 136 

to test the compressive strength of samples. SEM examination was used to investigate the 137 

microstructural features of the samples using TESCAN- VEG 3 SBU nanospace machine. Hioki 138 

IM 3536 device was used to measure impedance (Z), phase angle (), and electrical resistance 139 

(Rdc). The EIS Spectrum Analysis software was also used to analyze the results and determine the 140 

equivalent electrical circuit for the spectrum of the tested samples by using the NM Simp algorithm 141 

and the Amplitude function. A direct and alternating voltage was applied to study the 142 

electrothermal performance of the geopolymer/carbon black samples. A device consisting of a 143 

processing unit board connected to a sensor for measuring current, a sensor for measuring the 144 

surface temperature of the sample, and an AC/DC power supply, was used to detect the surface 145 

temperature of the sample and the consumed current when a given voltage is applied. Figure 2 146 
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shows the test device schematic. The operation of the device is controlled via a computer, which 147 

provides simultaneous measurement of current and temperature. The test voltage was selected 148 

based on the electrical resistance of the samples. To avoid overheating, all samples were tested at 149 

12 volts, with the exception of GP-4A, which was tested at 9 volts. A quick test with a single 150 

heating cycle, 2 h of heating, and 0.5 an hour of cooling was conducted for all samples to determine 151 

the electrothermal performance. Subsequently, selected samples were chosen and tested over three 152 

cycles. 153 

 154 

FIGURE 2 A schematic of the test device 155 

3. Results and Discussions   156 

3.1. Physical Properties (Bulk and True density, apparent porosity, water absorption)  157 

Table 2 shows the values of the bulk density, true density, apparent porosity, and water absorption 158 

of the samples; it can be noted that the geopolymer samples have higher density compared to the 159 

composite samples that contain an additional percentage of carbon black. This is consistent with 160 
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studies showing that the incorporation of conductive filler can increase the porosity and reduce the 161 

bulk density of composite materials. While the relatively low density of carbon black may partially 162 

contribute to this effect, the increase in porosity is mainly attributed to its hydrophobic nature and 163 

the way it interacts with the binder matrix, and as the percentage of conductive filler increases, the 164 

pore size increases [31,32]. Also, it can be attributed to the low density of the carbon black as 165 

compared to the geopolymer, as well as the amount of water used to utilize the preparation of the 166 

composites seems to affect the density; part of this water is necessary to wet the carbon black and, 167 

hence, facilitate the preparation process while the residual amount of that water leads to the 168 

formation of more pores and, hence, lower bulk density. Also, this water works on impeding the 169 

polymerization process leading to lower true density for the geopolymer [33]. It can be noticed 170 

that the sample GP-3B has a lower porosity among the composites, indicating that it contains a 171 

lower amount of residual water. This is consistent with the study that shows that harmonizing the 172 

water / solid fraction leads to improving density [34]. 173 

TABLE 2 The bulk density, true density, apparent porosity, and water absorption of the 174 

samples 175 

Sample ID 

Bulk 

density 

(g/cm3) 

True 

density 

(g/cm3) 

Apparent 

porosity 

(%) 

Water 

absorption 

(%) 

GP-0 1.5351 2.3495 34.6 22.5 

GP-1A 1.2276 2.2208 44.7 36.4 

GP-1B 1.1645 2.3177 49.7 42.7 

GP-1C 1.1510 2.3347 50.6 44 

GP-2A 1.2001 2.1531 44.2 36.8 

GP-2B 1.1813 2.2250 46.9 39.7 

GP-2C 1.1470 2.1855 47.5 41.4 

GP-3A 1.1820 1.9343 38.8 32.9 

GP-3B 1.1980 1.8673 35.8 29.9 

GP-3C 1.1243 2.0628 45.4 40.4 
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GP-4A 1.1261 1.9316 41.6 37 

GP-4B 1.1119 1.8754 40.7 36.6 

GP-4C 1.1115 1.9835 43.9 39.5 

 176 

 177 

3.2. Compressive Strength  178 

Figure 3 shows the compressive strength of geopolymer samples with different percent of carbon 179 

black. From Figure 3(a), it is evident that the compressive strength of geopolymer samples is 180 

higher compared to those containing carbon black; this is because, in addition to the higher porosity 181 

of the composites, the carbon black is an inert phase within the geopolymer matrix that generates 182 

weak point via the aggregation [35], this can be clearly noticed in Figure 3(b-e) as the compressive 183 

strength at the age of 90 days of samples GP-1, GP-2, GP-3, and GP-4 are reduced due to the 184 

increase of the carbon black percent. Furthermore, there is a decrease in the compressive strength 185 

with increased water content for these samples due to the increase of the porosity. Notably, the 186 

samples GP-1 have the highest compressive strength among the composites due to their higher 187 

density.  188 

Additionally, it has been observed that the increase in the compressive strength over time, which 189 

indicates the progress of the polymerization process, for GP-0 between 7 and 90 days is about 190 

26%. For the composites, this percent varies not only with the water content, which is known to 191 

impede the polymerization but also with the percent of the carbon black; this indicates that carbon 192 

black affects the polymerization process; however, investigating its role in this process requires 193 

further studies. 194 

3.3. Scanning Electron Microscope Images 195 
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Figure 4 shows the SEM images of the GP-0 sample. Figure 4(a) confirms the presence of a 196 

continuous phase that is formed via the polymerization process; in this phase, different forms of 197 

scraps are impeded, as appears more clearly in Figures 4(b and c). This scrap can be assigned to 198 

the inert phases that can't participate in the polymerization process. Figure 4(d) shows the un-199 

polished surface of the sample in which the pores and the drying microcracks are clearly appeared. 200 

Figures 5-7 show the microstructure of the composites. The aggregation of the carbon black is 201 

observed in the composites; as the percent of the carbon black or the amount of water increases, 202 

the size of the aggregates increases. Also, the images confirm the presence of microcracks that 203 

pass through the geopolymer matrix, these cracks can be assigned to the drying of the surface of 204 

the samples [36], and it can be noticed that the cracks pass through the carbon black aggregates, 205 

Figures 5a and 6a, this indicates that the aggregates are weaker than the interface. Also, in the 206 

case of high percent of carbon black, Figures 6b, c and 7b, c, a separation between the geopolymer 207 

and the aggregates is noticed; this can be attributed to the hydrophobicity of the carbon black that 208 

led to weak interaction with hydrophilic geopolymer matrix [37,38]. 209 
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 210 

FIGURE 3 The compressive strength of geopolymer samples (a) GP-0, (b) GP-1, (c) GP-2, 211 

(d) GP-3, and (e) GP-4 212 

 213 

  214 
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 215 

FIGURE 4 The SEM images of sample GP-0  216 

 217 

FIGURE 5 The SEM images of sample GP-2A 218 
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    219 

FIGURE 6 The SEM images of sample GP-2B 220 

 221 
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FIGURE 7 The SEM images of sample GP-4A 222 

 223 

3.4. Electrochemical Impedance Spectroscopy  224 

Figure 8 shows the Nyquist plot, Bode plot, and the values of the phase angle for GP-0. It has 225 

been found, using the fitting and simulation of the Nyquist plot, that the equivalent electrical circuit 226 

that describes the geopolymer sample is CPE1/ (R1+CPE2). This indicates that the material has a 227 

dielectric feature. As expected, the magnitude of impedance decreases with increasing frequency. 228 

Furthermore, the phase angle between voltage and current is negative, which is a characteristic of 229 

materials with capacitive behavior. 230 

 231 

FIGURE 8 Nyquist plot (a) and (b-c) Body plot from EIS of GP-0 232 

 233 

Figures 9 show the Nyquist plot, Bode plot, and the values of the phase angle for geopolymer 234 

composites with various carbon black percent. The equivalent electrical circuit that describes each 235 

composite is given below: 236 

• GP-1A: (CPE1/(R1 + CPE2/R2)) 237 

• GP-1B: CPE1/(R1/CPE2) 238 

• GP-3C: (R1/CPE1 + (R2 + CPE2)) 239 
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• GP-4B: (CPE1/R2) + (R1/CPE2) 240 

From the EIS results, the presence of more than one resistance in equivalent electrical circuits has 241 

been noticed; this indicates the presence of more than one process area that affects the transfer of 242 

charges. These resistances are the result of the simple ohmic resistance resulting from the flow of 243 

current through the material, the resistance of the material, the resistance to the transfer of charge 244 

from the electrode to the material, and the resistance to the diffusion of charges [39]. In addition, 245 

the presence of more than one value for the constant phase element (CPE) was noticed; this 246 

indicates the presence of electrical complexities within the material that affect the electrical 247 

behavior; the causes of these complexities are electrochemical reactions on the surfaces of the 248 

granules and the surfaces of the pores, corrosion reactions, and the presence of thin films [39]. 249 

It should be noted that the equivalent electrical circuit, which describes each of GP-1C, GP-2A, 250 

GP-2B, and GP-2C, is the same equivalent electrical circuit that describes the sample GP-1B.  251 

Similarly, the equivalent electrical circuit that describes each of GP-3A, GP-3B, and GP-4A is the 252 

same equivalent electrical circuit that describes sample GP-3C. The GP-4C is described by the 253 

same equivalent electrical circuit as the GP-4B. Also, it should be noted that only the values of the 254 

elements forming the equivalent electrical circuit change with changes in the addition percent and 255 

water content. This is due to the increased electrical complexities within the material resulting 256 

from changes in density and porosity [39]. 257 

The Bode plots for GP-1, GP-2, GP-3, and GP-4 composites showed that the impedance decreases 258 

with increasing frequency across all water content. As for the phase angle, it remains negative for 259 

all samples at all frequencies; this behavior is due to the fact that the phase angle is negative, 260 

meaning that the material has capacitive behavior. 261 

3.5. Electric Resistance (Rdc) 262 
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Table 3 shows the electrical resistance values of geopolymer and geopolymer/carbon black 263 

composites. It is noted that the value of electrical resistance decreases with the increase in the 264 

percent of carbon black added; this is an expected result of the increase in conduction paths within 265 

the material. 266 

 267 

FIGURE 9 Nyquist plots (a, d, g, j) and (b-c; e-f; h-i; k-l) Body plots from EIS of GP-1A, 268 

GP-1B, GP-3C, GP-4B, respectively. 269 

 270 

It is also noted that the value of electrical resistance increases with increasing water content, and 271 

this behavior is due to the increase in porosity, which is observed in all samples except for (GP-272 
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2B, GP-3B, GP-4B), where there is a heterogenous distribution of additive within the samples, as 273 

appear more clearly in Figures 10. The electrical resistance of the composites is the result of the 274 

(i) formation of the conductive paths that reduce the electrical resistance, (ii) the presence of the 275 

pores filled with carbon black, which behave as a junction that facilitates the connection between 276 

the conductive paths, and (iii) the presence of empty pores which cut the conductive paths.  The 277 

time factor must be taken into consideration when examining electrical resistance, as its value 278 

increases with time as a result of the loss of water that participates in the electrical conduction 279 

process as the polymerization process continues [40], or its value decreases with the loss of water 280 

present in the pores, and thus the conductive filler agglomerates and forms additional paths [41]. 281 

TABLE 3 The values of the electrical resistance of the samples 282 

Sample ID 
Rdc 

(Ω) 

Sample 

ID 
Rdc (Ω) 

GP-0 8638 GP-3A 497.655 

GP-1A 4307.18 GP-3B 919.06 

GP-1B 8995.58 GP-3C 1413.838 

GP-1C 12508.2 GP-4A 142.009 

GP-2A 2549.53 GP-4B 535.039 

GP-2B 8657.59 
GP-4C 675.497 

GP-2C 4060.5 

 283 

 284 
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 285 

FIGURE 10 Distribution of carbon black (a) GP-2A, (b) GP-2B, (c) GP-2C  286 

3.6. Electrothermal Performance  287 

Due to the high electrical resistance of the GP-0, its electrothermal effect hasn’t a practical value. 288 

Figure 11 shows the electrothermal effect of the geopolymer composites tested over a single 289 

heating cycle of two hours and a cooling period of half an hour, with both AC and DC voltages. It 290 

has been found that GP-1 samples can reach a temperature of around 32.75°C, GP-2 samples 291 

achieve a temperature of 32-34°C, GP-3 samples reach a temperature of 34-44°C, and GP-4 292 

samples achieve a temperature of 37-50°C by an applied voltage of 12 volts, with the exception of 293 

GP-4A sample that reaches to a temperature of 62°C by an applied voltage of 9 volts. It has been 294 

observed that the electrothermal effect with AC voltage is better when compared to DC voltage. 295 

Also, the consumed energy in the case of DC voltage is found to be higher than that consumed 296 

when AC voltage is applied, and this is because of the Joule effect. Also, it has been observed that 297 

the higher the amount of water used in the preparation of the sample, the lower the electrothermal 298 

effect obtained; this is related to the higher porosity obtained and, hence, the higher electrical 299 

resistance achieved.  300 
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An important issue was noticed regarding the stability of the electrothermal performance of the 301 

samples. It has been observed that the samples gradually lose their ability to convert the electrical 302 

field into heat. The rate at which this happens depends on the type of the applied voltage; the AC 303 

voltage reduces that rate lower than the DC voltage. This indicates that something is changed in 304 

the electric circuit when the electric field is applied. Keep in mind that the mechanisms of electrical 305 

conduction in geopolymer depend either on the movement of sodium or potassium ions, the 306 

movement of free electrons, or the movement of hydroxide ions resulting from the water content 307 

when an electric field is applied [42–44]. Two possible reasons can explain this: the first is the 308 

increase of the electrical resistance due to the destruction of the conductive paths, and the second 309 

is the generation of a barrier between the sample and the electrode. Zhang et al. claimed that the 310 

decrease in the electrothermal effect of a sample containing 100 w.t% graphite, whose 311 

electrothermal performance was tested at 7 days, is due to the first reason: they suggested that the 312 

evaporation of water during the heating cycle leads to a shrinkage of the gel in the geopolymer 313 

and, consequently, to a destruction of the conduction network [45]. However, such a scenario may 314 

be accepted for the samples at an early age, when the polymerization process is going on and its 315 

byproduct, water, is formed. Nevertheless, that scenario is less probable when the sample is tested 316 

after the age of 28 days. 317 

In the current study, it has been found that a barrier layer is formed between the copper electrode 318 

and the sample surface, as shown in Figure 12; after removing this layer via polishing, the circuit 319 

restored its electrothermal performance. The presence of this layer suggests that there are mobile 320 

ions in the sample that can be drifted via the electric field and react with the copper electrode to 321 

form that layer. The presence of such ions in the geopolymer was proved by Cui et al. [46]. 322 
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 323 

FIGURE 11 The electrothermal effect of geopolymer samples (a) GP-1; (b) GP-2; (c) GP-3; 324 

(d) GP-4 325 

 326 

FIGURE 12 The barrier layer formed between the electrode and the sample 327 

 328 

In order to support this scenario, the electrothermal behavior was evaluated after immersing the 329 

samples in deionized water for 24 hours to remove the free ions and drying them at 100°C for 3 330 

hours. Figure 13 illustrates the electrothermal behavior of the chosen samples over three cycles; 331 
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it can be seen that the electrothermal behavior of the sample is noticeably stable over the three 332 

cycles; this confirms that the formation of the barrier layer is the reason behind the loss of the 333 

electrothermal behavior of the samples. It should be noted that the electrical resistance of samples 334 

GP3-A and GP-4A decreased after removing the free ions to become 141.5 and 23.4 ohms, 335 

respectively, and a temperature of 58 and 142°C could be achieved using 12 and 9V DC. This 336 

electrothermal performance is superior as compared to that reported in the literature [19,28,45] . 337 

 338 

4. Conclusion 339 

The current study aimed to study the effect of adding carbon black to the metakaolin-based 340 

geopolymer. The following conclusions can be driven: 341 

1- With the increase in the addition of carbon black, the compressive strength decreases and 342 

the electrical conductivity increases. However, using the right formula of the geopolymer 343 

along with the balance between the carbon black percent and the lowest water content 344 

possible, a conductive geopolymer with high compressive strength can be obtained. 345 

2- The electrothermal performance of conductive geopolymer samples can be improved by 346 

increasing the percent of the carbon black and lowering the water content. However, 347 

increasing the addition percent increases energy consumption; thus, a compromise is 348 

needed between the desired temperature and the energy consumption. Additionally, the 349 

electrothermal performance is better with AC voltage compared to DC voltage applied.   350 

The reason for the deterioration of the electrothermal performance is the formation of a barrier 351 

layer between the electrode and the sample surface. This can be avoided by removing the free ions 352 

from the sample via washing. 353 
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 354 

FIGURE 13 (a) electrothermal behavior and (b) energy consumption of GP-3A, GP-4A after 355 

removing the free ions 356 

 357 

5. Recommendation  358 

It is recommended to carefully evaluate the homogeneity of the composite geopolymer and 359 

to perform measurements of the compressive strength, electrical performance and 360 

electrothermal performance of the homogeneous geopolymer well to ensure the reliability 361 

of performance assessment. 362 

 363 
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