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Abstract 

In this paper, the influence of three-dimensional graphene (3DG) on the microstructure and chloride diffusion 
properties of fly ash cement paste was investigated. 3DG accounting for 0.0–0.2% of cement mass was evenly 
dispersed in hardened cement paste containing fly ash by using ultrasonic and polycarboxylate superplasticizer. 
The microstructure of the cement paste was characterized by mercury intrusion test (MIP), X-ray diffraction (XRD), 
and scanning electron microscope (SEM). The results indicate that an appropriate amount of 3DG accelerates the 
secondary hydration of fly ash and provides a platform for the growth of cement hydration crystals. Moreover, the 
hydrated crystal fills the pores, reduces the harmful porosity, and refines the pore structure. The enhanced micro-
structure significantly improved mechanical properties and chloride diffusion resistance of hardened fly ash cement. 
With the addition of 0.1% 3DG, the compressive strength increased by 31.33%, and the chloride diffusion coefficient 
was reduced by 49.44%. The findings are beneficial to promote the generalized application of 3DG in cement in the 
marine environment.
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1  Introduction
As an important building material in ocean structural 
engineering, the corrosion of sulfate and chloride ions 
seriously endangers the safety and durability of concrete 
structures (Ariyachandra et al., 2021; Li et al., 2020; Park 
& Choi, 2012). Concrete is a porous material with many 
pores and cracks inside. The cracks in the concrete struc-
ture (Morga & Marano, 2015; Nguyen et  al., 2017) and 
the chloride concentration gradient in the seawater lead 
to chloride diffusion in the concrete (Jiang et  al., 2019). 
It is easy to induce damage and affect the average service 
life of the structure. However, studies have shown that 

the use of supplementary cement materials (SCMs) can 
significantly impact the transport of chloride in concrete.

Fly ash (FA), as industrial waste, has been widely used 
as a partial substitute for cement (Park & Choi, 2012; 
Yu et  al., 2017; Zhao et  al., 2020a). The utilization of 
fly ash as partial replacement to cement reduces pro-
duction costs and enhances the property of hardened 
cementitious composites. The workability of cement-
based materials improved because of the morphological 
effect of fly ash (Zhang et al., 2019a). In addition, fly ash 
has contributed to the improvement of the pore struc-
ture and microstructure of cement in active effect and 
micro-aggregate effect (Shen & Zhang, 1981), which fur-
ther provide enhanced mechanical strength (Hefni et al., 
2018) and durability (Yamato et al., 2020). However, the 
early strength of cement-based materials develops slowly 
due to the addition of fly ash (Du et al., 2020; Kaur et al., 
2020; Wu et al., 2018).
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The emergence of nanomaterials provides a new direc-
tion for improving the early mechanical properties. 
Nanomaterials, such as nano-SiO2, nano-Fe2O3, and car-
bon nanotubes, have been proven to effectively enhance 
the performance of cement-based materials (Konstanto-
poulos et al., 2020; Mittal et al., 2015; Zhang et al., 2019b). 
Graphene nanomaterials have attracted the attention of 
researchers because of their high strength and large spe-
cific surface area (Muthu et  al., 2021). The compressive 
strength, tensile strength, and flexural strength of cement 
composites improved with GO up to 0.03%. The addition 
of GO regulated the hydration products to form dense 
flower-like and polyhedral-like shapes (Lv et  al., 2013, 
2014a; 2014b). In addition, graphene derivatives, such as 
GO (Zhao et al., 2020b) and graphene nanoplates (GNP) 
(Du & Dai, 2015; Du et  al., 2016), reduced the average 
diffusion depth of chloride and chloride diffusion coeffi-
cient. The improved barrier properties were attributed to 
the enhanced pore structure and the dense microstruc-
ture induced by graphene. At the same time, it was found 
that GO-modified cement can form a three-dimensional 
network structure, and the formation mechanism was 
also illustrated (Li et al., 2018; Wang et al., 2016). There-
fore, in addition to the nanofilling effect, graphene can 
significantly improve the macroscopic performance of 
cement-based materials by influencing the morphol-
ogy of hydration products, template effect, and bridging 
mechanism.

Based on the strengthening effect of graphene in 
cement, graphene also has been used in fly ash cement 
composite to improve its properties. The mechanical 
property of hardened fly ash cement paste increased 
when adding 0.125% GO, which was synthesized from 
mechanically milled graphite (Sharma et  al., 2018). The 
microstructure of hardened fly ash cement composite 
was refined by controlling the orientation of the hydra-
tion crystal. As reported in prior studies (Wang et  al., 
2017, 2019a), the combination of 0.01% GO and 20% fly 
ash had the best performance. The addition of fly ash 
could improve the fluidity of the GO cement system. 
The acceleration of the pozzolanic effect of fly ash, the 
reduction of harmful pores volume, and the refinement 
of calcium hydroxide crystal were helpful to improve 
the mechanical strength of the GO-FA-cement compos-
ite. In addition, mixed functionalized carbon nanotubes 
(FCNTs) and GO had a better ability over individual GO 
or FCNTs in the FA-cement mortars (Kaur & Kothiyal, 
2020). Previous studies have shown that two-dimensional 
graphene shows a good reinforcement effect in fly ash 
cement-based materials. However, the re-stacking caused 
by the poor dispersion ability of graphene severely inhib-
its its enhancement effect.

To maintain its unique characteristics and expand 
the practical application of graphene, researchers try to 
construct a three-dimensional graphene structure. At 
present, three-dimensional graphene has been widely 
studied in batteries (Li et  al., 2019) and supercapacitors 
(Luo et  al., 2019) because of its low density and unique 
three-dimensional connection electronic transmission 
network. Moreover, three-dimensional graphene is ideal 
for seawater desalination (Wang et al., 2019b) and envi-
ronmental pollutant management (Lai et  al., 2019). The 
large surface area and its well-defined porous structure 
enhance the opportunity to contact pollutants, which is 
conducive to the diffusion of pollutant molecules into the 
three-dimensional structure. Therefore, the above advan-
tages of three-dimensional graphene are of positive sig-
nificance to improving the properties of cement-based 
composites.

Based on the above advantages, 3DG, a new graphene 
material, was used in the fly ash cement paste for the first 
time in this study. The effect of 3DG on micromorphol-
ogy, fluidity, mechanical strength, and durability of fly 
ash cement paste was systematically investigated in this 
paper. Firstly, 3DG was dispersed by combining ultra-
sonic crusher and dispersant, and the cement paste was 
prepared. Then the fluidity was measured using a mini-
slump cone. The compressive strength and chloride ion 
diffusivity of hardened fly ash cement samples were also 
tested. In addition, techniques, including mercury intru-
sion porosimeter (MIP), X-ray diffraction (XRD), and 
scanning electron microscopy (SEM), were employed to 
characterize the influence of 3DG on the microstructure 
of fly ash cement paste.

2 � Experimental
2.1 � Materials
The cement used in this research was PO 42.5 ordinary 
Portland cement complying with the China National 
Standard GB175-2007. It was obtained from Fusui Xin-
ning Conch Cement Co., Ltd. Class I fly ash was procured 
from Gongyi Yuanheng water purification material fac-
tory (Gongyi, Henan). In addition, fly ash was used at a 
dosage of 20% as a partial replacement to ordinary port-
land cement (OPC) in the mixes. The chemical compo-
sition of cement and fly ash is presented in Table 1. The 
3DG used in this research was developed by the team of 
Shen from the Graphene Research Center of Guangxi 
University (Shen et  al., 2016). Graphene is economi-
cal and applicable, with a wide range of raw materials. 
The physical properties are shown in Table  2. The SEM 
images of three-dimensional graphene are shown in 
Fig.  1. Graphene is gathered and stacked together in a 
three-dimensional honeycomb structure in the figure. A 
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highly efficient polycarboxylate superplasticizer (PC) was 
used as a dispersant.

2.2 � Preparation of Graphene Dispersion
For 3DG to manifest its superior properties, 3DG must 
be well dispersed in the cement matrix. The 3DG has a 
small particle size and a large specific surface area. There 
is a large van der Waals force between the nanoparticles, 
and untreated nanoparticles are prone to aggregate. Fur-
thermore, these aggregations may appear later as defects 
in the paste and reduce the mechanical performance of 
the composites. Thus, it is necessary to improve the gra-
phene dispersity before mixing cement materials.

Ultrasonic dispersion or mechanical stirring alone 
cannot achieve a good dispersion effect. Chemical treat-
ments of 3DG through copolymer modification are 

complex, making it unsuitable for industrial applications. 
In order to make 3DG uniformly and stably combined 
with cement-based composites, the functions of ultra-
sonic dispersion and surfactants were experimentally uti-
lized to disperse graphene in aqueous solution referring 
to the method of researchers from Du and Pang (2018), 
Tragazikis et  al. (2019), and Liu et  al. (2019). In this 
experiment, a type ultrasonic instrument of the HSD-
1800Y model (50  kHz, 1800  W) was used to disperse 
3DG, which was supplied by Ningbo high tech Zone 
Oulan Technology Co., Ltd. (Ningbo, China). The sample 
preparation steps were carried out as follows:

(1)	 Firstly, the required 3DG, polycarboxylate super-
plasticizer, and water were weighed.

(2)	 Then, 3DG was placed in water and stirred until 
the graphene was thoroughly wetted. After that, a 
polycarboxylate superplasticizer was added slowly 
to this solution according to the mass ratio of 
3DG:PC  = 1:1.

(3)	 An ultrasonic disrupter was used to reduce the 
aggregation of 3DG in water. And the total soni-
cation time was controlled at 20 min. The suspen-
sion was placed in ice water to prevent foaming and 
heating caused by the sonication process.

(4)	 Take out the dispersion after 20 min.

Table 1  Chemical composition of cement and fly ash (wt.%).

SiO2 Al2O3 Fe2O3 CaO SO3 MgO P2O5

Cement 22.09 6.7 4.43 58.13 2.22 0.87 –

Fly ash 58.6 15.3 14.4 4.11 0.92 1.26 1.87

Table 2  Properties of three-dimensional graphene.

Properties Description

Specific surface area ≥ 600 m2/g

Pore size distribution 10–9–10−5 m

Porosity ≥ 30.0%

Fineness ≥ 10−7 m

Electrical conductivity 1000 s/m (25 Mpa)

Impurity metal content ≤ 2%

Fig. 1  SEM images of three-dimensional graphene: a 20 μm; b 5 μm.
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2.3 � Specimen Preparation
In order to study the effect of three-dimensional gra-
phene (3DG) on fly ash cementitious matrix, six different 
mix proportions are given in Table 3. The ratio of water to 
cement was 0.4 for all the preparations. The first mixture 
was the basic paste mixture containing 100% cement. The 
second mix was the reference mix containing 20% FA as 
partial replacement to cement, and 3DG was not added 
to it. The remaining four mixes were all 3DG-FA-cement 
samples at a 3DG proportion of 0.02%, 0.05%, 0.1%, 
and 0.2% (by weight of binder FA  +  OPC), which were 
labeled as FG02, FG05, FG10, and FG20, respectively. 
To evenly mix the mixture, the cement and fly ash were 
put into the mixing pot and stirred for the 60 s. Then the 
homogeneously dispersed 3DG suspension was mixed 
with cement and fly ash powders, and stirred at low speed 
for 3  min, then at high speed for 1  min. After that, the 
readily mixed cement paste was poured into molds and 
then vibrated for the 30  s to avoid possible air bubbles. 
All the specimens were wrapped with plastic films for 
24 h to prevent water loss. After demolding, all the sam-
ples were placed in saturated calcium hydroxide solution 

for standard curing until the testing age. The specimens 
were dried before testing.

2.4 � Testing and Characterization
2.4.1 � Fluidity Measurements
In order to characterize the influence of 3DG content 
on the workability of fly ash cement paste, the fluidity 
of cement paste was tested according to the test method 
for homogeneity of concrete admixtures (GB/T 8077-
2012). The mixtures were poured into a truncated cone 
mold immediately after mixing. The dimensions of the 
cone model were top diameter 36  mm, bottom diam-
eter 60  mm, and height 60  mm. The cement paste was 
smoothed with a spatula. Then the mold was removed 
vertically. The maximum diameter of the fresh fly ash 
cement paste in two directions perpendicular to each 
other was measured. The average value of the two vertical 
directions was recorded as the final fluidity.

2.4.2 � Compressive Strength Measurements
According to the Chinese standard GB/T 17671-2020, the 
compressive strength of samples was tested at 28days by 
the MTS810 hydraulic servo testing machine. The size of 
specimens for measurements was 40 × 40 × 40  mm. The 
loading rate was set to 2.4  kN/s. Three specimens were 
repeated for compressive strengths. The average of three 
values was taken as representative compressive strength.

2.4.3 � Chloride Diffusion Measurements
The Ion Selective Electrode method (ISE) was applied 
to evaluate the effect of 3DG on chloride diffusion of 
hardened fly ash cement paste in this study. The con-
tent of water-soluble chloride in fly ash cement-based 
composites was determined by the NJCL-B chloride ion 
rapid determination instrument (Beijing, China). The 

Table 3  The number and composition of fly ash cement paste.

“0,” “02,” “05,” “10,” and “20,” respectively, indicate that the weight percentage 
of 3DG is 0%, 0.02 wt%, 0.05 wt%, 0.1 wt%, and 0.2 wt% of cement and fly ash 
mixture.

F fly ash, G graphene with three-dimensional structure.

Sample Cement/% Fly ash/% 3DG/% PC/% Fluidity/mm

OPC 100 0 0 0 76

FG0 80 20 0 0 91

FG02 80 20 0.02 0.02 110

FG05 80 20 0.05 0.05 112

FG10 80 20 0.1 0.1 120

FG20 80 20 0.2 0.2 122
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Fig. 2  Pore structure of 3DG-fly ash cement paste: a Cumulative intrusion curves; b Differential distribution curves.
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size of the specimens was 10 × 20 × 30 mm. The samples 
cured for 28 days were conducted with the chloride dif-
fusion tests. In order to bond the epoxy resin tightly to 
the sample, the five surfaces of the dry test block were 
coated with epoxy resin. The uncoated epoxy surface 
was 10 × 20 mm in size and served as a chloride diffu-
sion surface. After the epoxy resin was dried, the sample 
was immersed in a NaCl solution (5% by mass). After 
the immersion of 7  days, the specimens were removed 
and split along the direction of chloride diffusion. Then, 
a 0.1  mol/L silver nitrate solution was sprayed onto the 
surface of the split samples. The color change border was 
identified as the chloride diffusion depth. After that, half 
of the sample was used to investigate the chloride content 
at different depths. Layers of 4  mm depths (0–20  mm) 
were milled, and the powders were collected. After being 
dried at 60 ℃ for 6 h in an oven, the powders were put 
in the bottle with deionized water. The bottle was shaken 
3–5 times before the test.

2.4.4 � Microscopic Characterization
The porosity and pore structure of the hardened fly ash 
cement paste was tested by an Autopore IV9500 auto-
matic mercury porosimeter (Micromeritics Co., USA) 
with a pressure ranges up to 228 MPa. The pore diameter 
was performed from 0.003 μm to 1000 μm. Cubes of size 
10 × 10 × 10 mm were used for MIP measurements. After 
28 days of curing, the samples were soaked in acetone to 
stop the hydration process. Then, the samples were dried 
at 60 ℃ for 6 hours before MIP measurements.

The fly ash cement paste of 28  days was carried out 
by X-ray diffraction (Mini Flex 600) using Cu Kα radia-
tion (λ  = 1.54056 Å) and operating at 40 kV and 15 mA 
with a step size of 0.02. The qualitative analysis of cement 
hydrates was examined with a scanning rate of 4°/min in 
the 2θ range of 2–70  °. Powder samples of hardened fly 
ash cement paste were produced by grinding.

To better understand the microstructure evolution of 
3DG-fly ash cement paste, the field emission scanning 
electron microscope (Carl Zeiss, Germany and Hitachi-
SU8220, Japan) was used. The fracture surfaces of the 
composites after the compressive strength test were 
selected to characterize the morphology. Samples were 
dried under vacuum conditions for 6  hours before the 
test. The working voltage of the scanning electron micro-
scope was 5.0 kV.

3 � Results and Discussion
3.1 � Microstructural Characterization
3.1.1 � Pore Structure
The pore characteristics of the 3DG fly ash cement sys-
tem of 28d were characterized by MIP. The cumulative 

and log differential intrusion curves are shown in Fig. 2. 
The detailed results of the mercury intrusion test are 
shown in Table 4. With the addition of 20% fly ash, the 
cumulative intrusion curve shifts down significantly in 
Fig. 2a. With the addition of 3DG, the cumulative intru-
sion curves shift downward and then upward. The sam-
ple with 0.1% content 3DG has the smallest cumulative 
intrusion volume. Compared with the FG0 group, the 
cumulative intrusion volume drops by 8.1%. The addition 
of fly ash and 3DG plays the synergetic role in reducing 
the pore volume of cement-based materials. The peak 
value of six specimens is mainly distributed between 10 
and 100 nm in Fig. 2b. With the addition of 3DG, it is evi-
dent that the peaks of the differential distribution curves 
shift toward smaller pore sizes. The most probable pore 
size, which corresponds to the peak in the differential 
distribution curves, represents pore size with the high-
est probability. The specific data measured in the test 
are listed in Table 4. Compared with the reference group 
FG0, the most probable pore size is reduced by 19.96% 
with 0.02% 3DG. When the 3DG content is 0.1%, the 
reduction quantity reaches a maximum and the decrease 
is 35.67%. When the content of 3DG further increases, 
the most probable pore size begins to rise.

The incorporation of 3DG not only affects the porosity 
and the most probable pore size of cement paste but also 
affects its pore size distribution. According to the classi-
fication standard proposed by Wu (1979), the pore sizes 
can be divided into four categories, namely harmless 
pores (< 20 nm), less-harmful pores (20–50 nm), harmful 
pores (50–200 nm), and more-harmful pores (> 200 nm). 
The pore size distribution measured by MIP is shown in 
Fig. 3. Results indicate that the introduction of 3DG into 
the fly ash cement paste has a minor effect on both harm-
less pores (< 20 nm) and more-harmful pores (> 200 nm). 
The less-harmful pores (20–50  nm) and the harmful 
pores (50–200 nm) changed obviously. With the increase 
of 3DG content, less-harmful pores gradually become the 
dominant pores. The fraction of the less-harmful pores 
and the harmful pores are shown in Table 4. The fraction 
of less-harmful pores is calculated by dividing the poros-
ity of less-harmful pores (20–50 nm) by the correspond-
ing total porosity. The fraction of less-harmful pores 
in FG02, FG05, FG10, and FG20 samples are 56.18%, 
52.85%, 61.67%, and 51.95%, respectively. Therefore, the 
addition of 3DG can refine the pore structure of the fly 
ash cement system and promote the transformation of 
the harmful pores (50–200  nm) to less-harmful pores 
(20–50 nm).

3.1.2 � XRD Analysis
XRD was used to determine the qualitative interpretation 
of various phase compositions and evaluate hydration 
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reactions in the cement paste. The XRD results of ordi-
nary cement paste (OPC), cement paste with 20% fly ash 
(FG0), and 0.1% 3DG-fly ash cement paste sample (FG10) 
at 28  days of curing are shown in Fig.  4. It shows that 
the XRD diffraction peaks of FG0 and FG10 samples are 
similar to ordinary cement paste. It indicates that no new 
hydration products generate by adding fly ash and 0.1% 
3DG compared with ordinary cement paste. However, 
the peak intensity of the CH crystals in FG10 is stronger 
than in the FG0 sample. This shows that CH has better 
crystallinity. Thus, it is indicated that the addition of 3DG 
may promote hydration reactions in the cement matrix 
and create conditions for the secondary hydration of fly 
ash.

3.1.3 � SEM Microstructural Analysis
In this research, SEM was employed to observe the 
microstructure of the cement composites. Ordinary 
cement paste (OPC), reference group FG0 (20% FA), and 
FG10 (20% FA-0.1% 3DG) samples at 28  days of curing 
were tested to study the effect of 3DG on the microstruc-
ture and hydration product morphology of fly ash cement 
paste. SEM images are shown in Figs. 5,  6,  7, respectiv
ely.

Fig.  5a, b illustrates SEM images of the ordinary 
cement paste (OPC) cured at 28 days. There are still big 
and sparse holes randomly distributed in Fig.  5a, which 
decrease the density of the specimens. Fig. 5b presents a 
large number of needle-like hydration products randomly 
distributed throughout the matrix. And the cracks dis-
tribute in the slack hydration products in a straight man-
ner. Thus, the structure of hydration products in ordinary 
cement paste is loose.

Fig. 6a, b depicts the morphology of 20% fly ash cement 
paste. Many spherical FA particles distributed in hydra-
tion products are shown in Fig. 6a. Some fine particles of 
hydration products have been adhered to the surface of 
FA, indicating the hydration of FA is just at the beginning 
stage in fly ash cement composites. At this stage, FA par-
ticles mainly play the role of filling and micro-aggregate 

in cement. In addition, it is also can be observed that the 
continuous fine cracks pass through the cement matrix. 
As shown in Fig. 6b, the loose structure is C–S–H gel is 

Table 4  MIP results of fly ash cement paste with different amounts of 3DG.

Sample Porosity/% Total intruded volume/
mL/g

The most probable pore 
diameter/nm

Fraction of less-harmful 
pores/%

Fraction 
of harmful 
pores/%

OPC 30.00 0.1796 77.109 16.42 68.49

FG0 25.20 0.1543 50.35 42.22 43.36

FG02 24.84 0.1503 40.30 56.18 24.15

FG05 23.87 0.1445 40.29 52.85 30.89

FG10 23.25 0.1418 32.39 61.67 17.88

FG20 24.35 0.1457 50.38 51.95 23.39
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Fig. 3  Pore size distribution of 3DG-fly ash cement paste of 28 days.

Fig. 4  XRD patterns of OPC, FG0, and FG10 at 28 days.
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distributed in a disorder condition. Compared with the 
OPC group, the morphology of C–S–H changes from 
fibrous to loose network structure.

Fig. 7a–i shows the microscopic morphology of the fly 
ash cement sample with 0.1% 3DG. It can be observed 
from Fig. 7a that the surface of some FA particles is une-
ven. Fig. 7b, c depicts the morphology of hydration prod-
ucts attached to the surface of fly ash particles. A small 
amount of CH and a large amount of particle hydration 
products are attached to the surface of FA particles. 
Compared with the FA particle in Fig. 6a, the degree of 
secondary hydration of FA is higher. It is indicated that 
the addition of 3DG has accelerated the pozzolanic reac-
tions of FA particles. This can be attributed to the fact 
that three-dimensional honeycomb graphene provides 
nucleation sites to facilitate the precipitation of primary 
cement hydration products, which further triggers the 
secondary hydration of the FA particles (Kaur & Kothiyal, 
2020). Meanwhile, the accumulated layered C–S–H can 
be observed around the fly ash. It shows that the com-
bined effect of 3DG and fly ash is more beneficial to the 
formation of cement hydration products.

Fig.  7d–f shows the microstructure of 3DG in cement 
and its combination with hydration products. As shown 
in Fig. 7d, the three-dimensional honeycomb structure of 
graphene can be observed in the fly ash cement matrix. 
At the same time, the 3DG is closely connected with the 
cement matrix by providing the attachment point of hydra-
tion products. Fig.  7e, f shows the details of the connec-
tion between graphene and cement products. It can be 
observed that many small particles of C–S–H gel adhere to 
the cavity and thin wall of 3DG. 3DG is used as the nuclea-
tion site of C–S–H gel and used as a carrier to accelerate 
the growth of C–S–H. The continuously generated C–S–H 
forms a three-dimensional connecting network along 
the single-layer graphene wall of 3DG. The thin graphene 
wall acts as a bridge between the cement matrix and gra-
phene to connect them into an integral structure. Fig.  7g 
shows that the dense graphene sheet is closely bonded to 
the cement. The dense graphene sheet can effectively block 
the development of cracks to prevent the diffusion of chlo-
ride ions. This can be attributed to the barrier formed by 
the graphene sheet, which makes the entry path of chloride 
ions more tortuous (Du et  al., 2016). It can be observed 

Fig. 5  SEM images of ordinary cement paste: a Morphology of sample surface; b Morphology of C–S–H.

Fig. 6  SEM images of 20% fly ash cement paste: a Reaction degree of fly ash and b morphology of C–S–H.
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that a stacked connecting wall is formed at the connec-
tion between graphene and cement hydration products in 
Fig. 7h. Fig. 7i shows the details of the three-dimensional 
graphene. Graphene is used as the substrate for crystal 
formation and deposition because of its huge specific sur-
face area, which provides a platform for crystal formation 
and growth. At the same time, it can not only enhance the 
adhesion between cement and graphene but also prevent 
crack propagation to enhance the overall mechanical prop-
erties of cement-based materials (Li et al., 2018). Fig. 7j–l 

shows the morphology of C–S–H. Compared with C–S–H 
in Fig. 6b, C–S–H in Fig. 7i is denser and more regular. It is 
indicated that the addition of graphene and fly ash changes 
the trend of C–S–H and makes its arrangement more 
orderly. It is shown in Fig. 7l that the C–S–H are staggered, 
which is conducive to anchoring and bonding. The above 
results show that graphene can not only improve the mor-
phology of cement hydration products but also enhance 
the combination of them. It helps prevent the diffusion of 
chloride ions and improve its mechanical properties.

Fig. 7  SEM images of 0.1 wt% 3DG-fly ash cement paste: a–c Reaction degree of fly ash; d–i Combination of 3DG and hydration products; j–l 
Morphology of C–S–H.
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3.2 � Macro Experiments Analysis
3.2.1 � Flowability
In this research, a mini-slump cone test was conducted 
to find out the influence of 3DG on the fluidity of fly ash 
cement paste. At the same time, the increased content 
of dispersant will also affect the fluidity of cement-based 
materials. Therefore, fly ash  cement containing different 
doses of dispersant was added in this experiment. And 
the results are given in Fig. 8. When 3DG and PC were 
added into fly ash cement paste at the same time, it was 
found that the fluidity of FG02, FG05, FG10 and FG20 
groups was lower than that of fly ash cement paste con-
taining only PC. Due to the large specific area of 3DG, 
flocculation shape and accumulation of cement particles 
are formed. The flocculated structure entraps a large 
amount of water which leads to lower fluidity (Indukuri 
et al., 2019). The fluidity diameters are shown in Table 3. 
At the 20% replacement of fly ash in cement paste, the 
fluidity is obtained as 91  mm. Compared with the FG0 
group, the fluidity of samples with 0.2  wt% 3DG is the 
largest, which is increased by 34.07%. It can be attrib-
uted to the following two factors. Firstly, due to the less 
water demand and containing a lot of smooth spherical 
particles, fly ash particles take action as a ball between 
the cement particles to reduce the resistance of cement 
particles (Wang et al., 2017). As a result, the homogene-
ity and fluidity of the fly ash cement paste are improved. 
Secondly, because of the addition of PC with the same 
mass fraction as 3DG, PC can promote the dispersion of 
3DG and enhance the fluidity of the cement-based sys-
tem. Therefore, fly ash and high-efficiency polycarboxy-
late superplasticizer can help offset the obstruction of 
3DG to the fluidity of cement paste.

3.2.2 � Compressive Strength
The effect of 3DG on the compressive strength of fly ash 
cement-based materials was studied after 28 days of cur-
ing. The results are illustrated in Fig. 9. Compared with 
the OPC sample, the compressive strength of cement 
paste with a content of 20% fly ash (FG0) has been 
found to show a slight decrease. Due to the substitution 
of cement with 20% FA in the FG0 group, the propor-
tion of cement clinker minerals in the system decreases. 
Therefore, hydrated calcium silicate gel also declines 
(Shi & Fang, 2004). The compressive strength is reduced 
accordingly.

Moreover, with the increase of 3DG content, the com-
pressive strength of the paste presents a changing law 
that first increases and then drops. The compressive 
strength is improved progressively by increasing the 
3DG range from 0.02 to 0.1%. The percentage improve-
ment in compressive strength for FG02, FG05, and FG10 
has been observed to be 2.21%, 21.20%, and 31.33% with 
respect to the FG0 group without 3DG. After that, the 
compressive strength shows a reduction with the increas-
ing content of 3DG. A similar trend in these results was 
also found in previous studies (Birenboim et  al., 2019). 
The results demonstrate that the compressive strength 
can be improved when the content of 3DG does not 
exceed 0.1%. An appropriate amount of 3DG dispersed 
in the cement matrix can refine the pore size distribution 
and adjust the degree of compaction of hydration prod-
ucts. So, the compressive strength of fly ash cement is 
improved.

3.2.3 � Chloride Diffusion
After 7  days of diffusion in sodium chloride solution, 
the cement samples were axially split and sprayed with 
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AgNO3. The chloride diffusion depth of fly ash cement 
paste with different 3DG contents is shown in Fig.  10. 
The chloride diffusion depth of the OPC group is 16 mm. 
Compared with the OPC sample, the chloride diffusion 
depth of the FG0 sample decreases slightly. With the 
increase of 3DG content, the chloride diffusion depth of 
fly ash cement drops gradually until 3DG content reaches 
0.1%. Comparing to the FG0 samples, the chloride diffu-
sion depth of FG02, FG05, FG10, and FG20 are reduced 
by 20%, 40%, 53.3%, and 26.67%, respectively.

The diffusion of chloride ions into cement paste can be 
described by Crank’s solution to Fick’s second law:

(1)

C(x, t) = C0 + (CS − C0)

[

1− erf

(

x

2
√

Dappt

)]

,

where C(x, t) is the chloride content at depth x (mm) 
and time t (s), C0(%) is the initial chloride ion content 
in cement, CS (%) is the chloride content at the surface, 
the erf is the error function, and Dapp

(

10−12m2/s
)

 is the 
chloride diffusion coefficient.

The best-fitted curves of different 3DG contents are 
displayed in Fig. 11a. It is observed in the figure that the 
chloride content decreased with the increase of depth. 
And every sample has the same trend. The chloride dif-
fusion coefficient and surface chloride concentration are 
shown in Fig. 11b. The chloride diffusion coefficient and 
chloride content at the cement surface drop gradually 
until 0.1% and then increase. The chloride diffusion coef-
ficient and chloride content at the cement surface of the 
FG0 sample are 34.95 × 10–12  m2/s and 2.722%, respec-
tively. The chloride diffusion coefficient and surface 

Fig. 10  The diffusion depth of chloride in the splitting surface of fly ash cement paste with different 3DG contents (from bottom to top).
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chloride concentration reduce by 13.22% and 19.36% 
with the addition of 0.02% 3DG. The minimum chloride 
diffusion coefficient and surface chloride concentration 
value are achieved when the 3DG content is 0.1%. Addi-
tionally, the chloride diffusion coefficient and surface 
chloride concentration displayed a maximum reduction 
of approximately 49.44% and 73.29% compared to the 
FG0 mix.

In this experiment, the chloride diffusion depth and 
chloride diffusion coefficient gradually decrease when 
the content of 3DG is less than 0.1%. It indicates that the 
appropriate addition of 3DG can effectively improve the 
barrier performance of fly ash cement composites. This 
enhancement effect can be attributed to the following 
three aspects. Firstly, the addition of fly ash and poly-
carboxylate superplasticizer reduces the viscosity and 
improves the fluidity of the 3DG-fly ash cement system. 
It contributes to enhancing the compactness of compos-
ite cementitious materials and reducing the generation of 
pores (Wang et  al., 2019a). Secondly, MIP results show 
that the addition of 3DG significantly enhances the pore 
structure of fly ash cement-based materials. The pore 
volume, most probable pore diameter, and the fraction 
of harmful pores (50–200 nm) are decreased by the addi-
tion of 3DG. The decrease in the proportion of macropo-
res restricts the movement of chloride ion molecules into 
cement-based materials (Du et  al., 2016). Finally, 3DG 
becomes the nucleation point of hydration products with 
its large surface area, and the shape of hydration products 
gradually presents a regular and compact appearance. 
The improvement of hydration product morphology 
enhances the ability to resist chloride ion diffusion. How-
ever, when the dosage of 3DG exceeds 0.1%, the chloride 
diffusion depth and chloride diffusion coefficient start 
to increase, which can be attributed to the limitation of 
the current dispersion technique to disperse high con-
centration of 3DG uniformly. And the aggregated gra-
phene finally increases the porosity of the system, which 
reduces the resistance to chloride diffusion.

4 � Conclusions
The innovation of this research is that three-dimensional 
graphene (3DG) with different blending amounts was 
used in fly ash cement-based materials. In this study, 
microscopic characterization and macroscopic experi-
ments are carried out. The main conclusions are as 
follows.

(1)	 MIP analysis illustrates that the addition of 3DG 
refines the pore structure distribution in fly ash 
cement paste. After adding 0.1% 3DG into fly ash 
cement paste, the most probable pore size reduces 
from 50.35  nm to 32.39  nm and the fraction of 

harmful pore decreases from 43.36 to 17.88%. 
Therefore, the reduction in pore diameter limits the 
diffusion of chloride.

(2)	 3DG can be used as a substrate for crystal forma-
tion and deposition because of its huge specific sur-
face area. The addition of 3DG promotes the hydra-
tion of cement and then promotes the secondary 
hydration of fly ash. Moreover, hydration products 
are filled in cracks and pores, hindering the diffu-
sion of chloride ions. All these effects play a positive 
role in improving macroscopic properties.

(3)	 When the content of polycarboxylate superplas-
ticizer remains unchanged, the fluidity of  cement 
paste can be reduced by adding three-dimensional 
graphene. However, fly ash and polycarboxylate 
superplasticizer can counteract the adverse effect of 
graphene on the fluidity of  cement paste.

(4)	 The addition of 3DG improves the compressive 
strength and chloride diffusion resistance of the 
fly ash cement system. Compared with the con-
trol sample added only fly ash, the hardened fly 
ash cement paste with 0.1% 3DG has the best per-
formance in compressive strength and chloride 
diffusion resistance. The 31.33% improvement in 
compressive strength of fly ash cement composites 
is achieved, and the chloride ion diffusion depth 
and the coefficient decrease by 53.3% and 49.44%, 
respectively.
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