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A B S T R A C T   

This study aims to explore bond capacity between monolayer graphene and cementitious composites for the first 
time through a pullout test. The low-pressure chemical vapor deposition method was used to synthesize 
monolayer graphene on the copper substrate to be embedded in the mortar made by the briquette mold. The 
bond capacity between them was higher than the tensile strength of the copper sheet with as-grown monolayer 
graphene on the surface since all specimens failed in fracture with embedment length of more than 30 mm. The 
monolayer graphene enhanced the copper tensile fracture stress and normalized energy during the test as the 
copper sheet width increased. This short communication explores a new path to quantify the bond between the 
monolayer graphene and the mortar to promote the understanding of the behavior of graphene-enhanced 
cementitious composites.   

1. Introduction 

Graphene is two-dimensional carbon atom single layer with a hex-
agonal lattice, exhibiting excellent and unique mechanical performance 
(such as large specific surface area, ultra-low bending rigidity and 
excellent thermal and electrical properties) [1–3]. Various theoretical 
studies and practical applications [4,5] have been conducted on 
graphene-based cementitious composites to enhance inherent brittle-
ness nature at nanoscale [6–10] and resulting mechanical performance 
because of the improvement on hydration and microstructure (i.e., 
nano-filler, nucleation template and bridging crack). However, bond 
capacity between monolayer graphene and cementitious composites has 
not been directly studied yet, while it can influence reinforcement 
effectiveness. 

In this study, the bond capacity between the monolayer graphene 
and cementitious composite is explored. The monolayer graphene grows 
on the copper substrate first using chemical vapor deposition method 
[11–16] in our lab. One research hypothesis is that an ideal bond (i.e., 
high bonding strength and adhesion energy of 0.72 J m− 2) between 
graphene and copper [17–19], and the interatomic force between gra-
phene and metal is stronger than the typical van der Waals force be-
tween graphene and a dielectric material due to increasing electronic 

density at the interface. This hypothesizes the bond failure first between 
graphene and cementitious composites and motivates the pullout test 
design. The copper sheets with as-grown graphene on the surfaces are 
embedded into the mortar made by the briquette mold. The pullout test 
method has been used to investigate the steel fiber-matrix bond per-
formance in fiber reinforced cementitious composites [20–22]. The 
failure modes, load-extension curves, and normalized energies of all 
specimens with varying dimensions are presented to identify the lower 
limit bond capacity between the monolayer graphene and mortar. This 
study inspires new insights into the test method design for 
graphene-cementitious composites bond capacity exploration. 

2. Experimental program 

2.1. Procedures for graphene grown on the copper sheet 

Chemical vapor deposited method was used to grow graphene on the 
copper substrate. Fig. 1(a) and (b) shows this graphene synthesis process 
in the lab. The mass flow controller regulated the volume of gas that 
flowed into the chamber (quartz tube) for reaction. A 25 mm × 100 mm 
copper foil (99.9%, Alfa Aesar 13380) with a thickness of 125 μ m was 
soaked in acetic acid (99.7%, Sigma Aldrich 695092) for two days and 
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then cleaned with deionized water, isopropyl alcohol, and acetone 
before the copper foil was placed in the chemical vapor deposition 
chamber. A 5-sccm (standard cubic centimeter per minute) hydrogen 
flowed into the chamber for 30 min, and a 5-sccm methane as precursor 
flowed into the chamber for 10 min at 1030 ◦C under ~100 mTorr 
vacuum pressure before cooling down to room temperature to synthe-
size monolayer graphene on the copper foil surface. The copper foil with 
as-grown graphene was cut into desirable size (i.e., length and width) for 
use later. As shown in Fig. 1(c), Raman spectrum was used to validate 
the presence of monolayer graphene. It is found that the intensity ratio 
(IG/I2D) of characteristic G and 2D peaks of monolayer graphene at 1600 
and 2650 cm− 1 is 2.11. 

2.2. Specimen preparation and pullout test 

The briquette mold fabricated specimen (Fig. 2(a)) and the pullout 

test setup (Fig. 2(b)) were applied in the experiment to analyze possible 
bond capacity between the monolayer graphene and mortar. The spec-
imen was separated into two equal halves, namely a fixed half and a 
pullout half. A 3D printed PVC (i.e., polyvinyl chloride) separator was 
used at the middle. This separator had a cross-section of 25 × 25 mm and 
a thickness of 1.5 mm, which matched the cross section of the mold at 
the middle. A slot (0.2 mm width) was created at the center of the 
separator to insert the copper sheet in. The copper sheet with as-grown 
monolayer graphene passed through the slot and was attached using 
liquid glue at the edge. Then, the separator with the installed copper 
sheet was placed at the center of the mold. Finally, the fresh mortar was 
cast into the mold. This mortar was composed of cement (mass usage: 
662 g/L and density: 3.15 g/cm3), silica fume (42 g/L and 2.20 g/cm3), 
fly ash C (413 g/L and 2.70 g/cm3), river sand (527 g/L and 2.65 g/cm3), 
masonry sand (308 g/L and 2.64 g/cm3), lightweight sand (120 g/L and 
1.81 g/cm3), high range water reducer (13.30 g/L and 1.05 g/cm3), 

Fig. 1. (a) Schematic illustration (MFC: mass flow controller) (b) low-pressure chemical vapor deposition system (c) monolayer graphene grown on the cop-
per substrate. 
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defoamer (9 g/L and 1 g/cm3) and water (205 g/L and 1 g/cm3). Carbon 
nanotube (3.35 g/L) with 0.30% weight content was added in mortar 
mixture in an attempt to refine the pore structure of the matrix and fiber- 
matrix interface (if fiber was included), improve cement hydration, and 
enable the bridging of cracks at nano or microscale due to the nucleation 
and filling effect of the nanomaterials. 

The specimens were demolded 24 h after casting and cured at normal 
or steam conditions and then stored in the laboratory environment 
before testing. Normal curing was in water for 28 days and steam curing 
at a temperature of about 90 ◦C for three days. Three different copper 
sheet sample sizes were prepared: 5 mm × 30 mm, 5 mm × 50 mm, and 
10 mm × 50 mm (width b x length l), while the thickness (0.127 mm) of 
all sheets was consistent. Each group had three specimens with the same 
parameters. 

The test setup was shown in Fig. 2(b). An INSTRON testing machine 
with load capacity of 5 kN was used. The loading rate was 0.5 mm/min 
to achieve a quasi-static loading. The load versus extension relationship 
was recorded. We noted that the extension measured from the stroke 
movement included small elastic deformation of the mortar and the steel 
frame. Before formal loading, the upper steel grip was raised first to 
check alignment and make the testing specimen fully contacting with 
the grip. 

3. Results and discussion 

All specimens show copper sheet fracture failure at relatively small 
extensions near the PVC position after the maximum load, and the 
copper sheet with as-grown graphene on the surface cannot be pulled 
out from the specimen, which indicates that the failure is controlled by 

the tensile strength of the copper and monolayer graphene. Fig. 3 shows 
the load-extension relationships of all specimens, and they show good 
consistency in each group generally. The experimental phenomenon 
during the pullout test was described as follows: the pullout started from 
the interface separation between the mortar and PVC sheet and then, the 
separation gap gradually expanded due to the extension from the 
deformation of copper reinforced with monolayer graphene layer. From 
the test, the copper with monolayer graphene was not actually pulled 
out from the mortar. We Noted that the interface separation started at a 
relatively low load since the oil was applied to the surface of the PVC 
sheet before casting mortar into the briquette mold and the interface 
between the mortar and PVC sheet was weak. 

The maximum tensile stress can be calculated by dividing the 
maximum load to the cross-sectional area of the copper sheet as shown 
in equation (1) 

σf =
Fmax

Af
(1)  

where σf is the maximum tensile strength (MPa); Fmax is the maximum 
load (N); Af is the cross-sectional area of the copper sheet (mm2). The 
energy during the test can be calculated by equation (2) to evaluate the 
energy dissipation. 

Wp =

∫

F(s)ds (2)  

where Wp is the energy which represents the area under the load- 
extension curve from mathematic view of point. Due to different 
widths of the copper sheet, a normalized energy is calculated by dividing 

Fig. 2. (a) Geometrical details of mortar and copper sheet (b) pullout test setup.  
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equation (2) by the width. 
Fig. 4 shows the maximum loads, normal stresses, and normalized 

energies of different specimens. The error bars are included in Fig. 4(a) 
and represent the standard deviation of the results of the three samples 
in the test. As expected, the 5 × 30-Gr and 5 × 50-Gr as well as 10 × 50- 
Gr and HS-10 × 50-Gr have similar maximum load. However, it is 
noticed that the normal stress of 10 × 50-Gr/HS-10 × 50-Gr is about 
14.5% higher than that of 5 × 30-Gr/5 × 50-Gr. This enhancement is 
likely attributed to the thin-film graphene on the copper sheet surface 
and similarly, this reason applies to the enhancement of the normalized 
energy by 65.5%. From a study by Kim et al. [23], a new material design 
in the form of Cu-graphene nanolayered composites and Ni-graphene 
nanolayered composites has been synthesized to achieve ultra-high 
strengths of 1.5 and 4.0 GPa, respectively from compressing testing of 
nanopillars. The enhancements of the performance of these 
metal-graphene nanolayered structures stems from the effective 
constraint of dislocation propagation across the metal-graphene inter-
face by the monolayer graphene [23]. In addition, the improvement of 
metal nanolayered composite system strengthened with graphene layer 
is much better than graphene flakes enhanced metal mixtures due to 

non-uniform dispersion of graphene flakes within the matrix. 

4. Conclusions 

In this study, the potential bond capacity between the monolayer 
graphene and mortar is explored through the pullout test. The bond 
capacity is higher than the tensile strength of the copper sheet with as- 
grown monolayer graphene on the surface from the fracture failure of all 
specimens with minimum embedment length of 30 mm. We also found 
that the maximum loads are similar for the specimens having the same 
copper width (regardless of embedment length and curing condition), 
while as the copper sheet width increases, the enhancements of the 
tensile fracture stress and normalized energy (by 14.5% and 65.5%, 
respectively for example) are attributed to the contribution of the 
monolayer graphene on the substrate surface. Further study directs to 
analyze full pullout response between monolayer graphene and 
cementitious composites and the pullout response is to validate molec-
ular dynamics simulation model of the graphene-enhanced cementitious 
composites to further clarify the role of graphene in the performance 
improvement. The research achievement can be potentially used for 

Fig. 3. Load-extension relationships (a) 5 × 30-Gr and 5 × 50-Gr (b) 10 × 50-Gr (c) HS-10 × 50-Gr (Gr: graphene; HS: high temperature steam curing).  
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guiding the design of graphene-enhanced cementitious composites. 
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