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Abstract: 9 

This study investigates the interfacial characteristics between aggregates and cement 10 

paste matrix in nanofillers modified concrete. A three-point bend test on the specimens 11 

composed of two pieces of aggregates bonded with a thin layer of cement pastes 12 

with/without nanofillers was carried out to characterize the interfacial bond strength of 13 

the composites. The scanning electron microscope observations and energy dispersive 14 

x-ray spectrometry analysis were also performed to characterize the interfacial 15 

microstructures and compositions of the composites. The experimental results indicated 16 

that the nanocomposites have higher interfacial bond strength and narrower interfacial 17 

transition zone thickness as well as more optimized intrinsic compositions and 18 

microstructures than that of composites without nanofillers. Specifically, the interfacial 19 

bond strength of nanocomposites can reach 7.67 MPa, which is 3.03 MPa/65.3% higher 20 

than that of composites without nanofillers. The interfacial transition zone thickness of 21 

nanocomposites ranges from 9 m to 12 m, while that of composites without 22 

nanofillers is about 18 m. The ratio of CaO to SiO2 in the interface of composites 23 

without nanofillers is 0.69, and that of nanocomposites increases to 0.75-1.12. 24 

Meanwhile, the nanofiller content in nanocomposite interface is 1.65-1.98 times more 25 

than that in the bulk matrix. The interfacial microstructures of nanocomposites are more 26 

compact and the content and crystal size of calcium hydroxide were significantly 27 

reduced compared with that of composites without nanofillers. 28 
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microstructure; compositions 30 

 31 

1 Introduction 32 

One of the major advances in the study of concrete is the utilization of nanomaterials 33 

to achieve higher mechanical properties as well as durability and multi-functionality 34 

(for example electric and thermal conductivity) of concrete [1-8]. Nanopowder is 35 

among those first incorporated into concrete composites. Givi et al. [9] found that 36 

compressive, split tensile, and flexural strengths of 1.5 % nano-SiO2 modified concrete 37 

composites maximally increased by 10.1 MPa/23.9%, 2.3 MPa/100.0%, and 2.6 38 

MPa/55.3%, respectively. Han et al. [10] experimentally investigated the compressive 39 

and flexural strengths of concrete composites incorporating 3 wt.% nano-ZrO2 and 40 

found considerable increases of 14.4 MPa/14.5% and 4.2 MPa/36.6%, respectively. 41 

Rahim et al. [11] and Nazari et al. [12] reported that the incorporation of nano-TiO2 42 

maximally enhanced the compressive and tensile strengths of concrete composites by 43 

17.2 MPa/45.0% and 1.0 MPa/43.5%, respectively. Apart from strength, the addition of 44 

nanopowder can meliorate the durability of concrete composites with respect to the 45 

chloride permeability [13-15], fire resistance [16], and abrasion resistance [17]. In 46 

addition, lots of researches have demonstrated the potential of nanofiber and nanosheet 47 

for modifying concrete composites. In literature, the nanofiber modified concrete 48 

composites can maximally increase the compressive, tensile, flexural strengths by 159 49 

MPa/274%, 34.3%, 269%, respectively [18-20]. The fracture toughness and fracture 50 

energy can be improved by 270% and 14% with the addition of nanofiber [21, 22]. In 51 

terms of nanosheet materials, Lv et al. [23] observed that even at a low dosage of 0.03 52 

wt.%, graphene has the ability to enhance the compressive, tensile, and flexural 53 

strengths of concrete composites by 23.1 MPa/38.9%, 3.0 MPa/78.6%, and 5.4 54 



MPa/60.7%, respectively. Rafiee et al. [24] found that the addition of hexagonal nano-55 

BN can help reach an enhancement of 89% in compressive strength and 85% in 56 

toughness. Likewise, the durability of concrete composites can be notably improved by 57 

the addition of nanofiber/nanosheet as well [25-29]. The modification effect of 58 

nanofillers is attributed to their unique nano-core effect. The nanofillers together with 59 

cement hydration products constitute nano-core-shell elements to form an extensive 60 

modification networks inside concrete matrix [4, 30]. 61 

Concrete is widely regarded as a type of three-phases composites constituted of 62 

aggregates, cement paste matrix, and interface between them. Many researchers have 63 

pointed out that the addition of nanofillers can facilitate the hydration of cement and 64 

compact the microstructures of concrete composites, thereby modifying the properties 65 

of concrete composites [31-41]. However, few studies report the interfacial 66 

characteristics of nanofillers modified concrete composites. The aggregate-matrix 67 

interface is widely accepted to be critical to the mechanical property and durability of 68 

concrete composites. Such interface has the characteristics of lower strength, higher 69 

porosity, higher calcium hydroxide (CH) crystal and ettringite content, and lower molar 70 

ratio of CaO to SiO2 (Ca/Si ratio) compared with the matrix. Although the interface 71 

between aggregates and matrix itself is a quite narrow region (5-50 μm), it takes up a 72 

considerable proportion in the concrete composites. In traditional concrete composites, 73 

the mean inter-aggregate spacing is 100-200 μm. It can be estimated that the aggregate-74 

matrix interface occupies 20-40% in cement paste matrix when the thickness of the 75 

interface is taken as 20 μm. The aggregate-matrix interface, as the “weakest link in the 76 

chain”, deeply affects the composite properties such as strength, stiffness, shrinkage, 77 

and transport [42-51]. Therefore, it is of great significance to reveal the interfacial 78 

characteristics between aggregates and matrix in nanofiller modified concrete 79 



composites. 80 

The interfacial bond strength between aggregates and cement paste matrix is an 81 

important indicator of characterizing the interfacial characteristics of concrete 82 

composites. The specimens with scale-up interface are commonly used to characterize 83 

the aggregate-matrix interfacial bond strength. The classic specimen forms were 84 

summarized by Alexander, and most of them were half aggregate and half cement paste 85 

[52, 53]. Recently, a novel specimen with a cement paste sandwich between two bulk 86 

aggregates was proposed by Jebli [54-56], which could not only solve the poor 87 

compatibility between the two elastic moduli of specimens but also make the shrinkage 88 

of cement pastes closer to the state of cement paste matrix in concrete composites. 89 

This paper aims to investigate the interfacial characteristics between aggregates and 90 

cement paste matrix in nanofillers modified concrete composites. For this purpose, 91 

some representative types of nanofillers (namely nano-SiO2 (NS), nano-TiO2 (NT), 92 

nano-ZrO2 (NZ), untreated CNT, hydroxyl-functionalized CNT (H-CNT), nickel-93 

coated CNT (Ni@CNT), graphene, and nano-BN (NB)) were added into the specimens 94 

containing a cement paste sandwich. The interfacial bond strength was firstly measured 95 

by a three-point bend test. The microstructures and chemical compositions of 96 

aggregate-matrix interface in nanofillers modified concrete composites were also 97 

analyzed by scanning electron microscope (SEM) and energy dispersive x-ray 98 

spectrometry (EDX).  99 

2 Experiments 100 

2.1 Materials and mix proportions 101 

All specimens were fabricated with Portland cement (PC) CEM I 42.5 R, class II fly 102 

ash (FA), silica fume (SF) with particle size ranging from 0.05 μm to 0.15 μm, 103 

superplasticizer (SP) having 30% water reducing capability, water, limestone, and 104 



nanofillers. Limestone prisms were made with dimensions of 40 mm×40 mm×80 mm. 105 

In order to ensure that the surface roughness of all limestone prisms was similar, the 106 

sawing method was the same for all limestone prisms. Commonly used nanofillers are 107 

selected for the current investigation; their properties are listed in Table 1. All chosen 108 

nanofillers have positive modification effects on the properties of concrete composites 109 

as reported in previous studies by the authors [10, 57-60].  110 

 111 
Table 1. Properties of nanofillers. 112 

Types Abbreviation Morphology 
Diameter 

(nm) 

Lengt

h 

(μm) 

Thickness 

(nm) 

Density 

(g·cm-3) 

Specific 

surface 

area 

(m2·g-1) 

Nano-SiO2 NS Powder 20 - - - ≥600 

SiO2-coated 

rutile nano-

TiO2 

NT Powder 20 - - 4 - 

Monoclinic 

nano-ZrO2 
NZ Powder 20 - - - ≥25 

CNT CNT Tube 20-30 0.5-2 - 2.1 >120 

Hydroxyl-

functionalized 

CNT 

H-CNT Tube <8 0.5-2 - 2.1 >380 

Nickel coated 

CNT 
Ni@CNT Tube 20-30 10-30 - - 70 

Graphene Graphene Sheet <2 - 1-5 2-2.25 500 

Nano-BN NB Sheet 0.12 - 5-100 2.3 19 

 113 

For the control group, the ratio of PC, FA, SF, water, and SP was 100: 25: 31.3: 37.5: 114 

1.5. The contents of superplasticizer were adjusted according to nanofiller types and 115 

contents, so that various mixing ratios possessed similar workability. Additionally, the 116 

content levels of powder nanofillers were 1%, 2%, 3% by weight of cement. Meanwhile, 117 

the content levels of tube/sheet nanofillers were 0.1%, 0.3%, 0.5%, respectively. The 118 

different content levels of nanofillers were determined by the optimum contents of 119 

different nanofillers according to the former studies [10, 57-60]. 120 

 121 



 
(a) 

 
(b) 

Fig. 1. Schematic diagrams (a) Specimen dimensions; (b) The three-point bend test. 

 

2.2 Specimen geometry and preparation 122 

In this experiment, the specimens had a thin cement paste layer of 3 mm between 123 

two limestone prisms, as shown in Fig. 1(a). The thickness of the cement paste layer 124 

was selected based on the Maximum Paste Thickness (MPT) estimated by Equation (1) 125 

[61].  126 

𝑀𝑃𝑇 = 𝑑𝑚𝑎𝑥 (√
𝑔∗

𝑔

3
− 1)                         (1) 127 

where 𝑑𝑚𝑎𝑥  is the maximum aggregate diameter, 𝑔  is the volume fraction of the 128 

coarse and fine aggregates, 𝑔∗ is the maximum dry packing density of the coarse and 129 

fine aggregates mixture. The MPT was estimated based on the China National Standard 130 

[62, 63] and an MPT of 3 mm was chosen in this study. 131 

The fabrication process of specimens is as follows: (1) The PC, FA, SF, water, SP, 132 

and nanofillers were weighted according to the mix proportions, and then mixed into 133 



fresh cement paste; (2) The cut limestones were placed 3 mm apart, and the oiled plastic 134 

formwork was installed on the side and bottom surfaces of specimens. (3) The fresh 135 

cement paste was poured into the middle of the limestones. (4) The specimens were 136 

demolded after curing at a temperature of 20℃ in 95% relative humidity for 24 h and 137 

then cured in water at 20 ± 1°C for 28 d before the test. The detailed process of specimen 138 

fabrication referred in the previous study [31]. Under the condition of the selected mix 139 

proportions and fabrication process, the nanofillers can be uniformly distributed in the 140 

concrete composites according to the previous researches [10, 57-60].  141 

2.3 Measurements 142 

As shown in Figure 1 (b), the three-point bend test was used to measure the interfacial 143 

bond strength between aggregates and cement paste matrix. The interfacial bond 144 

strength of each group equals to the average of interfacial bond strengths of 6 specimens. 145 

The loading rate was 0.02 mm·min-1 for the three-point bend test according to China’s 146 

standard GB/T 17671-1999 [64]. The interfacial bond strength 𝑓I can be calculated by 147 

Equation (2). 148 

𝑓I = 𝜎m =
3𝐹m𝑙

2𝑏ℎ2
                                                    (2) 149 

where 𝐹m is the ultimate load, l (=100mm) is the distance between the two supports, b 150 

(=40mm) and h (=40mm) are the width and height of the specimens, respectively. 151 

The interfacial microstructures were then observed by SEM, and the composition of 152 

interfacial element and the distribution of nanofillers were analyzed by EDX. These 153 

characterization methods were applied on the surfaces of aggregates and cement paste 154 

matrix as well as sections perpendicular to aggregate surface of each specimen. EDX 155 

scanning was carried out at intervals of 3 ± 0.5 μm from the aggregate surface. The 156 

element contents of different distances from the aggregate surface were the average of 157 

10 measurements at different positions. Moreover, EDX mapping analysis was carried 158 



out on the elements that are different from the components of cement and the elements 159 

introduced in sample pretreatment. Therefore, EDX mapping analysis was performed 160 

on the specimens with NT, NZ, and NB. 161 

3 Results and discussion 162 

3.1 Interfacial bond strength 163 

In this experiment, all specimens were broken along with the interface between 164 

aggregates and cement paste matrix. Fig. 2 shows the experimental results on interfacial 165 

bond strength and the absolute and relative increases are listed in Table 2. As shown in 166 

Fig. 2 and Table 2, all nanofillers can improve the bond strength between aggregates 167 

and matrix, except in 3 cases (CNT-0.3, CNT-0.5, and H-CNT-0.5). For powder 168 

nanofillers, the specimen with 2 wt.% of NT shows the highest interfacial bond strength 169 

between aggregates and matrix, achieving an increase of 2.32 MPa/50.0% compared 170 

with the control specimen. Meanwhile, the interfacial bond strengths of specimens with 171 

3 wt.% of NS and 3 wt.% of NZ increase by 2.23 MPa/48.1% and 1.65 MPa/35.6%, 172 

respectively. For tube nanofillers, surface treated CNT show a better modification effect 173 

on the interfacial bond strength than untreated CNT. The incorporation of 0.5 wt.% of 174 

Ni@CNT and 0.3 wt.% of H-CNT maximally increases the bond strength between 175 

aggregates and matrix by 2.76 MPa/59.5% and 1.96 MPa/42.2%, respectively. In 176 

addition, when the content of CNT is 0.1 wt.%, the interfacial bond strength increases 177 

by 0.65 MPa/14.0% compared with the control group. As for sheet nanofillers, when 178 

0.5 wt.% of graphene and 0.3 wt.% of NB are added, the maximum interfacial bond 179 

strength was increased by 3.03 MPa/ 65.3% and 1.73 MPa/ 37.3%, respectively. 180 

 181 
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 182 
Fig. 2. The interfacial bond strength of specimens with nanofillers. 183 

 184 
Table 2. Absolute and relative increases of interfacial bond strength of specimens with 185 

nanofillers. 186 

Type of 

nanofillers 

Contents 

(wt.%) 

Absolute 

increase 

(MPa) 

Relative 

increase 

(%) 

Type of 

nanofillers 

Contents 

(wt.%) 

Absolute 

increase 

(MPa) 

Relative 

increase 

(%) 

NS 

1 0.35 7.5 

H-CNT 

0.1 0.62 13.4 

2 1.03 22.2 0.3 1.96 42.2 

3 2.23 48.1 0.5 -0.12 -2.6 

NT 

1 0.15 3.2 

Ni@CNT 

0.1 1.13 24.4 

2 2.32 50.0 0.3 2.76 59.5 

3 1.93 41.6 0.5 1.92 41.4 

NZ 

1 0.8 17.2 

Graphene 

0.1 2.22 47.8 

2 1.03 22.2 0.3 2.23 48.1 

3 1.65 35.6 0.5 3.03 65.3 

CNT 

0.1 0.65 14.0 

NB 

0.1 0.44 9.5 

0.3 -0.03 -0.6 0.3 1.73 37.3 

0.5 -0.27 -5.8 0.5 1.51 32.5 

 187 

3.2 SEM observation 188 

Fig. 3 illustrates the typical microstructures of the aggregate-cement paste matrix 189 

interface. It is observed that lots of oriented CH crystals appear on the matrix surface 190 

of the control specimens, and the size of CH crystal is about 55 μm. In contrast, the 191 

microstructures of specimens with NS, NT, and Ni@CNT are more compact, the 192 

content of CH crystal decreases significantly compared with the control specimens, and 193 



the size of CH crystal decreases to about 32 μm, 24 μm, and 9 μm, respectively. In 194 

addition, the presence of graphene dramatically changes the matrix surface. The failure 195 

surface is no longer along the aggregate surface but in the middle of calcium silicate 196 

hydrate (C-S-H) gels. Therefore, numerous tearing C-S-H gels appear on the failure 197 

surface, and the matrix surface becomes rugged and rough. Moreover, no obvious CH 198 

crystal is observed on the matrix surface when 0.5 wt.% of graphene is added. 199 

  
(a) Cement paste matrix surface 

microstructure of control specimens (1000×) 

(b) CH crystals in the cement paste matrix 

surface of control specimens (5000×) 

  
(c) Cement paste matrix surface 

microstructure of specimens with 3 wt.% of 

NS (1000×) 

(d) CH crystals in the cement paste matrix 

surface of specimens with 3 wt.% of  

NS (5000×) 

  
(e) Cement paste matrix surface 

microstructure of specimens with 2 wt.% of 

NT (1000×) 

(f) CH crystals in the cement paste matrix 

surface of specimens with 2 wt.% of NT 

(10000×) 



  
(g) Cement paste matrix surface 

microstructure of specimens with 0.3 wt.% of 

Ni@CNT (1000×) 

(h) CH crystals in the cement paste matrix 

surface of specimens with 0.3 wt.% of 

Ni@CNT (10000×) 

  
(i) Cement paste matrix surface microstructure 

of specimens with 0.5 wt.% of graphene 

(1000×) 

(j) CH crystals in the cement paste matrix 

surface of specimens with 0.5 wt.% of 

graphene (10000×) 

Fig. 3. Interfacial microstructures of the cement paste matrix surface 

 200 

Fig. 4 demonstrates the morphology of calcium silicate hydrates (C-S-H) gels in the 201 

aggregate-matrix interface. It is found that the C-S-H gels in the interface of control 202 

specimens are loose and porous, meanwhile, the incorporation of nanofillers makes C-203 

S-H gels more uniform and compact. 204 

 205 

  
(a) C-S-H gel microstructure of control 

specimens (20000×) 

(b) C-S-H gel microstructure of with 

specimens 3 wt.% of NS (20000×) 

Tearing C-S-H gel 



  
(c) C-S-H gel microstructure of specimens 

with 2 wt.% of NT (20000×) 

(d) C-S-H gel microstructure of specimens 

with 0.3 wt.% of Ni@CNT (20000×) 

 
(e) C-S-H gel microstructure of specimens with 0.5 wt.% of graphene (20000×) 

Fig. 4. The morphology of C-S-H gels in the aggregate-matrix interface. 

 

3.3 EDX analysis 206 

Fig. 5 shows the contents of the main elements at different distances from aggregate 207 

surface. The thickness of aggregate-matrix interface can be deduced by the changing 208 

trend of elements. It is found that the presence of nanofillers can significantly reduce 209 

the thickness of the aggregate-matrix interface. The interfacial thickness of control 210 

specimens is about 18 μm, while that of specimens with NS, NT, Ni@CNT, and 211 

graphene reduces to about 10.5 μm, 9 μm, 12 μm, and 12 μm, respectively. The 212 

interfacial thickness is obviously smaller than that in previous studies [45-47], due to 213 

the addition of nanofillers. In addition, it can be found that Al and Mg elements enrich 214 

in the interface between aggregates and cement paste matrix, which is the same to the 215 

conclusion of reference [44]. As listed in Table 3, the contents of Al and Mg in the 216 

interface of the control group are about 4.7 and 5.5 times higher than that in the matrix, 217 

and the addition of nanofillers can reduce the enrichment degree (element content ratio 218 



between interface and matrix) of Al and Mg to 1.7-3.2. As for Ca and Si, the contents 219 

of these two elements do not change obviously, and the Ca/Si ratio of matrix maintains 220 

at about 1.2 whether nanofillers were added or not. However, it is observed that the 221 

Ca/Si ratio of aggregate-matrix interface is lower than that of matrix, and the presence 222 

of nanofillers can increase the Ca/Si ratio of the aggregate-matrix interface and make it 223 

closer to that of matrix. The Ca/Si ratio of aggregate-matrix interface of control 224 

specimens is 0.69, meanwhile, that of specimens with 3 wt.% of NS, 2 wt.% of NT, 0.3 225 

wt.% of Ni@CNT, and 0.5 wt.% of graphene are 0.82, 0.75, 1.12, and 0.9, respectively. 226 

According to the change of Ca/Si ratio, it can be deduced that the polymerization of C-227 

S-H increases with the addition of nanofillers [65, 66]. 228 

 229 
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(a) Element content of control specimens. (b) Element content of specimens with 3 wt.% 

of NS. 
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(c) Element content of specimens with 2 wt.% 

of NT. 
(d) Element content of specimens with 0.3 

wt.% of Ni@CNT. 
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(e) Element content of specimens with 0.5 wt.% of graphene. 

Fig. 5. The element content along the normal direction of aggregate surface. 

 

Table 3. The contents of Al and Mg in the interface and in cement paste matrix. 230 

Sample 

Content of Al 

element (%) Enrichment 

degree 

Content of Mg 

element (%) Enrichment 

degree In  

interface 

In 

matrix 

In  

interface 

In 

matrix 

Control 21.15 4.53 4.7  4.28 0.77 5.6  

3 wt.% of NS 10.80 3.40 3.2  1.39 0.62 2.2  

2 wt.% of NT 9.92 3.78 2.6  1.44 0.66 2.2  

0.3 wt.% of 

Ni@CNT 
6.91 4.00 1.7  1.88 0.72 2.6  

0.5 wt.% of 

graphene 
10.04 4.24 2.4  1.80 0.87 2.1  

 231 

Fig. 6 illustrates the EDX mapping results of specimens with 2 wt.% of NT, 3 wt.% 232 

of NZ, and 0.3 wt.% of NB, respectively. It can be observed that the nanofillers are 233 

evenly distributed in concrete composites without obvious aggregation of nanofillers. 234 

For a particular element, the brightness and number of points in the graph can represent 235 

its content. Therefore, the average gray value can indicate the content of nanofillers 236 

[67]. For the specimens with 2 wt.% of NT and 3 wt.% of NZ, the average gray values 237 

of the cement paste matrix are 1.83 and 1.66 while that of the aggregate-matrix interface 238 

are 3.03 and 3.28, which indicates the contents of NT and NZ in the interface are about 239 

1.65 and 1.98 times higher than that in bulk matrix. Likewise, the average gray value 240 

of the aggregate-matrix interface (0.62) is 1.72 times higher than that of the matrix (0.36) 241 

for the specimens with NB. Therefore, the EDX mapping results evidence that the 242 

content of nanofillers in the interface is higher than that in bulk matrix. 243 



 244 

 

 
(a) Distribution of titanium in the aggregate-matrix interface 

 

 
(b) Distribution of titanium in the matrix 



 

 
(c) Distribution of zirconium in the aggregate-matrix interface 

 

 
(d) Distribution of zirconium in the matrix 



 

 
(e) Distribution of nitrogen in the aggregate-matrix interface 

 

 
(f) Distribution of nitrogen in the matrix 

Fig. 6 The EDS mapping results of the specimens with 2 wt.% of NT, 3 wt.% of NZ, and 

0.3 wt.% of NB. 

 245 



3.4 Discussions 246 

It is apparent from Fig. 6 that a nanofiller enrichment layer forms near the aggregate 247 

surface, which is attributed to the combination of the wall effect [44] and nanofiller 248 

migration effect [31]. A possible explanation is that, the smaller particles in fresh pastes 249 

initially transfer toward aggregate surface while the larger particles move away from 250 

aggregate surface due to the wall effect, leading to a scale separation phenomenon near 251 

the aggregate surface. Afterwards, water is absorbed by aggregate and migrates to the 252 

aggregate surface, causing nanofillers migration with water in the path among binder 253 

particles in fresh pastes, and finally forming a nanofiller enrichment layer near the 254 

aggregate surface (as shown in Fig. 7).  255 

 256 

 
Fig. 7. The formation of nanofiller enrichment layer near the aggregate surface. 

 

The enriched nanofillers can form nano-shell-core structure during hydration 257 

progress. As aforementioned, the presence of nanofillers can reduce the enrichment 258 

degree of Al and Mg in the interface between aggregates and cement paste matrix (as 259 



shown in Fig. 5 and Table 3). Based on the one-sided growth theory, all the Al and Mg 260 

elements migrate from cement particles to the aggregate surface in ionic form in the 261 

solution [68]. Additionally, previous studies [4] pointed out that the surfaces of all 262 

chosen nanofillers are negatively charged. Therefore, these indicate that the nanofillers 263 

between aggregate surface and binder particles can adsorb metal cations (namely Ca2+, 264 

Al3+, and Mg2+) at the early hydration stage. The adsorbed Ca2+ cannot form CH crystals 265 

due to the coordination number limitation, but does not affect the adhering of C-S-H. 266 

With the hydration progressing, nanofillers can be wrapped by C-S-H foils, and finally 267 

nano-shell-core structure forms in the late hydration stage. It can be deduced that the 268 

nano-shell-core structure is stronger than the pure C-S-H as it has a strong nano core. 269 

Meanwhile, reducing the enrichment of Al3+ is beneficial to modify the interface as well. 270 

On the one hand, it inhibits the formation of calcium aluminate hydrate (C-A-H), thus 271 

reducing the content of ettringite (reaction product of C-A-H and sulfate). On the other 272 

hand, low aluminum doping in C-S-H is propitious to increase the ordered degree of C-273 

S-H and decrease the distance between C-S-H layers [69, 70]. In addition, the 274 

nanofillers possess excellent water absorption compared with the binders in cement 275 

paste matrix [30]. Thus, the local water can be absorbed by the widely distributed 276 

nanofillers at the early stage and the absorbed water gradually releases with the change 277 

of the osmotic pressure, allowing concrete being self-cured. The nano-shell-core 278 

structure forming progress is illustrated in Fig. 8. 279 

 



   
Fig. 8. The nano-shell-core structure forming progress. 

 280 

The presence of nanofillers notably reduces the size and orientation of CH crystal 281 

and compacts the C-S-H gel according to the morphology analysis results (Fig. 3 and 282 

4), which can be explained by the effect of nanofillers on the hydration progress as 283 

shown in Fig. 9. In this paper, tricalcium silicate (C3S), the main component of cement, 284 

is used as an example to explain the effect of nanofillers on ITZ. In the specimens 285 

without nanofillers, the hydroxylation embraces all surface sites occupied by oxygen 286 

atoms while Ca2+, OH-, and H3SiO4
- are released into the solution. Then, the released 287 

irons will hydrate in the ITZ and produce CH and outer hydration C-S-H [49]. 288 

Differently, in the specimens with nanofillers, the nanofillers will form nano-shell-core 289 

structures during the hydration process [4]. Such nano-shell-core structure contributes 290 

to decreasing the concentration of Ca2+ in the solution at the early hydration stage, 291 

consequently, reducing the nucleation of CH crystals. Meanwhile, the nucleation of C-292 

S-H is not affected. Therefore, most of the space in solution is occupied by C-S-H at 293 

early hydration stage, limiting the growth space of CH crystals in the subsequent 294 

hydration process. In the final hydration products, the CH crystal content is 295 

significantly reduced and amounts of nano-shell-core structures are formed. Therefore, 296 

the presence of nanofillers can significantly refine C-S-H gel, reduce the crystal size 297 

and orientation of CH and improve the compactness of the interface between aggregate 298 

and cement paste matrix. 299 



 300 

   
Fig. 9. Effect of nanofillers on hydration progress (SNNF is the abbreviation of surface 

negative nanofiller). 

 301 

To sum up, the effects of nanofillers on the interface between aggregates and cement 302 

paste matrix mainly include nanofiller enrichment effect and nano-core effect, as 303 

presented in Fig. 10. First, the combination of the wall effect and the nanofiller 304 



migration effect forms an enrichment layer in the aggregate-matrix interface and 305 

provides numerous nucleation sites between aggregates and matrix. Then, the enriched 306 

nanofillers can facilitate hydration products, restrain CH crystal generation, and 307 

compact the microstructures. Finally, the water absorption of nanofillers can optimize 308 

local W/C ratio and endow concrete composites with the ability of self-curing. In 309 

addition, different nanofillers possess different effects on the interface between 310 

aggregates and matrix due to their different features. Active nanofillers, such as NS, 311 

have pozzolanic activity that can decrease the crystal size and content of CH [3, 14]. 312 

Moreover, the pinning effect of inactive nanofillers, such as NZ, can restrain growth 313 

and development of initial cracks [30]. As for tube/sheet nanofillers, these nanofillers 314 

have the long-range advantage in specific dimensions corresponding to powder 315 

nanofillers. On the one hand, tube/sheet nanofillers endow the temperature distribution 316 

more evenly owing to the high thermal conductivity of tube/sheet nanofillers, which 317 

can obviously decrease the thermal stress between aggregates and matrix and further 318 

reduce the generation of initial cracks [4]. On the other hand, one tube/sheet nanofiller 319 

can adhere to the aggregate surface and immerse in the matrix at the same time with the 320 

migration of nanofillers at the early stage, and finally be attached on the aggregate 321 

surface by C-S-H gels. When a large number of attached nanofillers exist, the 322 

aggregates and the matrix are bridged by tube/sheet nanofillers until they are pulled out 323 

or snapped, resulting in the improvement of aggregate-matrix interfacial bond strength. 324 

Particularly, a part of interfacial bond strength measurements shows that excessive 325 

contents of nanofillers will impair the modification effect of nanofillers. This 326 

phenomenon is caused by the agglomeration of nanofillers. The agglomeration hinders 327 

the nano-core effect, thereby weaken the enhancement effects of nanofillers on interface 328 

between aggregates and cement paste matrix [7, 10]. 329 



 330 

 
Fig. 10. The effects of nanofillers on aggregate-matrix interface  

 

4 Conclusions 331 

This study determined the interfacial characteristics between aggregates and cement 332 

paste matrix in concrete modified with nanofiller. According to the experimental results, 333 

the interface between aggregates and cement paste matrix showed characteristics of 334 



higher interfacial bond strength, smaller interface thickness, better intrinsic 335 

composition, and denser microstructures than that of concrete composites without 336 

nanofillers. The incorporation of 2 wt.% of nano-TiO2, 0.3 wt.% of Ni@CNT, 0.5 wt.% 337 

of graphene can increase the interfacial bond strength by 2.32 MPa/50.0%, 2.76 338 

MPa/59.5%, and 3.03 MPa/65.3%, respectively. The interfacial transition zone 339 

thickness of nanocomposites ranged from 9 μm to 12 μm, while that of composites 340 

without nanofillers was about 18 μm. Besides, the contents of Al and Mg in the interface 341 

of the composites without nanofillers were about 4.7 and 5.5 times higher than that in 342 

the matrix, and that of nanocomposites can be reduced to 1.7-3.2. In addition, the Ca/Si 343 

ratio of aggregate-matrix interface of composites without nanofillers was 0.69, and that 344 

of composites with 3 wt.% of NS, 2 wt.% of NT, 0.3 wt.% of Ni@CNT, and 0.5 wt.% 345 

of graphene increased to 0.82, 0.75, 1.12, and 0.9, respectively. It was found that the 346 

incorporated nanofillers enriched in the interface between aggregates and matrix 347 

compared with that in the matrix. The enriched nanofillers can provide numerous 348 

nucleation sites to form a large number of nano-shell-core structures, so as to improve 349 

the interfacial characteristics of nanofiller modified concrete composites. Moreover, 350 

microstructural observations indicated that the C-S-H gels in the interface of 351 

composites without nanofillers were loose and a large number of CH crystals exist 352 

among C-S-H gels, in contrast, the C-S-H gels were more compact and the content and 353 

crystal size of CH were significantly reduced in the nanofiller modified concrete 354 

composites. In summary, this study reveals the interfacial characteristics in nanofiller 355 

modified concrete composites, which is helpful to further understand and control the 356 

mechanical and durable performances of nanofillers modified concrete. 357 
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