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INTRODUCTION 

Graphene materials have prospects to modify the cement-based composite 
performance at nano-micro scale. This paper presents the results of microscopic image 
analysis and dynamic vapor sorption (DVS) analysis to determine the influence of 
graphene materials on the graphene-cement composites. The graphene-cement 
composites were prepared with three types of graphene materials, pure graphene (G), 
graphene oxide (GO), and reduced graphene oxide (rGO). The concentration of 
graphene materials was 0.04 and 0.16 wt% of cement. The evaluation of the 
microstructure was performed through back-scattered electron (BSE) imaging using 
scanning electron microscopy (SEM) and optical fluorescence microscopy on thin 
sections. The thin sections were impregnated with epoxy containing a fluorescent dye 
and were examined using ordinary light, crossed polarized light and UV light. 
Fluorescent image intensity evaluation and BSE evaluation were used to compare 
density and capillary porosity within the hardened cement paste. Dynamic vapor 
sorption (DVS) analysis was used to study the gel porosity. The results showed that 
graphene materials increased C-S-H gel pores and densified the microstructure. GO 
had the best dispersion and compatibility with cement hydration products followed by 
rGO and G. 

BACKGROUND AND OBJECTIVE 

Graphene is carbon based two-dimensional nanomaterials with extraordinary physio-
chemical properties. There are three common forms of graphene materials, G, GO and 
rGO. Pure graphene (G) is a one atomic thick hexagonal 2D arrangement of Carbon 
atoms, whereas GO and rGO contain higher and lower proportions of oxygen-
containing functional groups on graphene surface [1]. The elastic modulus of G, GO 
and rGO is 1,000 GPa [2], 23-42 GPa [3], and 250±150 GPa [4], respectively. A lower 
elastic modulus of GO and rGO compared to G is due to the presence of functional 
groups in graphene layers. However, the functional groups make GO and rGO 
hydrophilic and dispersible in water.  
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Small proportions of graphene materials have the potential to modify the 
microstructure and improve the mechanical as well as durability properties of cement-
based composites. A previous study reported that the 28-day compressive strengths of 
the GO (0.04, 0.08 and 0.16%), rGO (0.04 and 0.16%), and G (0.02%) composites 
were increased approximately 28%, 30% and 39%, respectively, compared to the 
control specimens [5]. 

The objective of this work is to investigate the impact of graphene nanomaterials on 
the cement based composites density, capillary and gel porosity using microscopic and 
DVS techniques.  

MATERIALS AND METHOD 

Three forms of graphene materials (GO, rGO, and G) were supplied by Zenyatta 
Venture Ltd. Figure 1 and 2 present the atomic force microscopy (AFM) and SEM 
images of graphene materials. 

 
Figure 1: AFM images, (a) Graphene, (b) GO, and (c) rGO. 
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Figure 2: SEM images at x15,000, (a) Graphene, (b) GO, and (c) rGO. 

The AFM images indicated that G, GO and rGO were few-layer graphene materials 
with the stack thickness in water dispersion of about 0.33-169.3 nm, 1-2 nm, and 1-
175 nm, respectively. The SEM image analysis suggests that the plane size of G, GO, 
and rGO is 0.5-5 µm, 1-2 µm and 1-7 µm, respectively. X-ray energy dispersive 
spectra collected during SEM imaging confirms that the C and O content of G, GO, 
and rGO is about 99% and 0%, 62-65% and 35-38%, and 77-87% and 13-22%, 
respectively. The general use cement was supplied by CRH Mississauga plant. In-
depth chemical composition of cement and characteristics of G, GO and rGO are 
available in [5]. 

Graphene materials were dispersed in water as described in [1], and cubes (50 x 50 x 
50 mm) of the graphene-cement composite and a 100% cement paste (control) were 
cast following ASTM C1738 [6] using a high-shear mixer. Two concentration levels, 
0.04 wt. % and 0.16 wt. % of cement mix combination, were prepared for each type 
of graphene material. Small fragments were collected from the remains of 
compressive-strength-tested 28-day cubes, and placed layer-by-layer in a plastic 
centrifuge tube, each layer separated by a piece of filter paper. The tube was placed in 
a vacuum chamber and evacuated, after which fluorescent epoxy resin was introduced 
into the tube. Once the tube was full, the chamber was vented, forcing the epoxy resin 
into the fragments. After hardening, a thin slab was cut from the tube, and a pair of 



17th Euroseminar on Microscopy Applied to Building Materials 

 137 
 

polished thin sections were prepared. Mosaics of overlapping fluorescent microsope 
images were collected over the entire surface of each thin section, and stitched together 
to create a single image. After the optical microscope images were collected, the thin 
section was carbon coated and BSE image analysis performed using ImageJ to 
examine the graphene-cement composites capillary porosity and density. DVS 
analysis of hardened cement past powder was used to study the gel porosity of the 
composites. 

RESULTS AND DISCUSSION 

Areas from hardened cement paste fragments were outlined, covering 100,000 pixels 
from each mixture. Example fluorescent microscopic images (Figure 3a), and green 
intensity histograms are presented in Figure 3b. The fluorescent images of graphene-
cement composites, in particular, GO and rGO composites have darker intensity 
compared to G composite and the control mix (Figure 3a). The distribution of intensity 
using image-J analysis is drawn from the normalization of 100,000 pixels (Figure 3b). 
Lower intensity indicates denser and less capillary pores in the microstructure. 
Graphene materials, particularly GO and rGO, lowers the intensity of the composite 
about 36% and 47% in the 0.16% GO and 0.16% rGO composites, compared to the 
control mix. The average intensity from the ImageJ distribution suggests that rGO and 
GO results most densified microstructure followed by G (Figure 3c). Also, a higher 
percentage of graphene materials increases the density of the composites. 

 
(a) 

 

 
(b) (c) 

Figure 3: Fluorescent microscopic image analysis from thin section (a) typical images, (b) 
intensity distribution, and (c) average intensity. 
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The BSE image and ImageJ analysis results are presented in Figure 4. The thresholding 
of BSE images is an efficient way for segmenting capillary porosity of the cement 
paste composite. The tangent-slope threshold method was used to derive the porosity 
threshold [7], and the porosity is determined as described in [8]. The BSE images were 
taken randomly, but avoiding entrapped air voids, and at least twenty greyscale images 
were collected per sample at 3000x magnification, with each image containing 2560 x 
1920 pixels. A typical porosity measurment example is presented in Figure 4a-c. A 
BSE image of the composite (0.04% rGO) is presented in Figure 4a, the tangent-slope 
thresholding process is presented in Figure 4b, and pores segmented (black pixel) 
image using ImageJ is presented in Figure 4c. The porosity of the composite gradually 
decreases with a higher percentage of graphene materials (Figure 4d), and the trend is 
somewhat similar to fluorescence microscopic image analysis results (Figure 3c). The 
maximum porosity reduced about 2.6% in 0.16% rGO, compared to the control mix. 
However, unlike the fluorescent microscopy results, the porosity in the G cement 
composite reduced about 1.3% in 0.16% G, compared to the control mix. 

 
(a) (b) 

 
(c) (d) 

 
Figure 4: BSE image analysis from thin section (a) typical BSE images at x3,000 magnification 
(0.04% rGO), (b) cumulative greyscale histogram of BSE image of 0.04% rGO and tangent-
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slope thresholding technique, (c) pores segmented (black pixel) from 0.04% rGO BSE image at 
threshold level 97 indicating porosity of composite = 11.5%, and (d) porosity of the composites. 

Figure 5 shows the pore size distribution of composites in the range of 0.6-22 nm based 
on the BJH calculation [1]. The pore size lower than 2 nm radius is related to C-S-H 
and other refined gel pore structures. The gel pore volume (< 2 nm) slightly increases 
with the increase in G, GO and rGO content in the composite, compared to the control 
mix. The GO and rGO composites have slightly higher gel pore content compared to 
the G composites, which is due to the active influence of their functional groups during 
the cement hydration process [1]. The 2D nano-surface of graphene materials 
reinforces the micropores filling voids and act as nucleation sites during the cement 
hydration process increasing hydration compounds. This overall effect densifies the 
graphene cement composite microstructure. The reduced level of functional groups of 
rGO with efficient dispersion due to surfactant treatment was most effective for the 
reduction of porosity. 

 
Figure 5: DVS pore volume distribution. 

CONCLUSION 

Fluorescence microscopy and BSE image analyses suggest that graphene materials 
increase the density and lower the capillary porosity of the composites compared to 
the control mix. The DVS analysis also shows that graphene materials increase C-S-
H related gel pores in the composites compared to the control mix. Overall graphene 
materials bridge microspores and act as nucleation sites during the cement hydration 
process increasing hydration products which densify the composite microstructure. 
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