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A B S T R A C T

Morphed graphene (MG) has only recently been put forward as the perfect reinforcement composite material for 
structure composites due to its unique mechanical properties. This article addresses the possibility of applying 
MG as a toughener phase in composites of cement for oil-well. MG was synthesized from petroleum coke through 
control milling and incorporated into cement with varying concentrations (0.1–1 %). The mechanical behavior of 
MG-reinforced cement demonstrated significant improvements, including enhanced fracture energy, flexural 
strength, and compression strength. Electron microscopy morphological analysis confirmed that MG effectively 
reduced porosity and improved particle cohesion.

1. Introduction

Studies have demonstrated that nano- and micro-scale reinforcement 
can enhance the fracture resistance of cement-based materials by 
reducing the formation and growth of cracks. This improvement has 
valuable potential for addressing issues such as seismic activity, 
pressure-related stresses, or structural flaws [1]. The addition of a very 
small amount of carbon-based nano-reinforcement can lead to signifi
cant enhancement in both compressive and flexural strength. This 
improvement is attributed to the combined effects of enhanced nucle
ation of cement hydration products and the inhibition of crack propa
gation [2]. Toughening of cement composites is a field of great interest 
[3] due to their intrinsic brittleness and great solicitations that are 
exposed to [4]. Different studies shown that the addition of a very low 
dosage of graphene the compressive strength increases due to a more 
regular structure of C-S-H that reduce the inner pores in cement [5]. 
Recently, a new carbon allotrope named MG was described [6–8]. MG is 
composed of distorted covalently cross-linked graphene layers bonded 
with a sp2 hybridization but a sp3 like arrangement. Among its phases, 
morphed graphene RH-II phase is rippled structure emerging when 
graphene sheets undergo mechanical deformation induced by 
compressive strain promoted by ball milling [6]. MG has shown sur
prising properties as reinforcement agent for a wide range of matrices in 
concentrations from 1 % to 5 % [9,10]. In this work, we are exploring 

the use of MG as toughening agent in oil-well cement showing an 
improvement in all the properties by using concentration of MG ranging 
from 0.1 % up to 1 %. The results underscore the promise of MG as an 
economical reinforcement material for high-performance cement com
posites, opening the door to advanced structural applications.

2. Materials and methods

The MG is manufactured from soots, in this case we used PetCoke 
that is an oil-and-gas by product and very abundant. The PetCoke is 
grind in a Nutribullet® for periods of 1 min at a time until fine powder 
(− 150 mesh) is produced. The fines are collected and milled in Spex. The 
Spex procedure was previously reported in [6,7]. The cement used for 
this study is an American Petroleum Institute oil-well cement Class G. 
The MG nanoparticles were used to prepare cement-based composites, 
containing 0.1; 0.5 and 1 % bwoc (by weight of cement). The percentage 
was chosen according to preliminary studies in the literature on the use 
of graphene-like materials cement composites [11]. The procedure to 
prepare cement consists in the dispersion of MG in water with an ul
trasonic tip for 15 min at 100 W power. The suspension of MG and water 
was mechanically stirred, and cement powder was gradually added. The 
mixture with a water-to-cement ratio of 0.45, was then cast into 
appropriate molds and cured for 24 h at 85 ◦C in 100 % relative hu
midity. Prismatic molds of size 20x20x80 mm were used for the cement 
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composites. The transmission electron microscopy (TEM) analysis on 
MG was carried under low dose conditions in the TEAM 05 microscope 
at the Molecular Foundry-Lawrence Berkeley National Laboratory 
operated at 80 keV. Raman spectroscopy was performed using a 
Renishaw inVia equipped with a green laser line (514 nm) with a 50×
objective. Raman spectrum was fitted by using the methodology pro
posed by Tagliaferro et al. [12]. The morphology of both MG and cement 
composite were investigated using a Field Emission Scanning Electrical 
microscope (FE-SEM) Zeis SupraTM 25. The mechanical behavior of the 
cement composites was evaluated using a three-point bending test, with 
crack mouth opening displacement (CMOD) control according to the 
JCI-S-001-2003 standard. Testing was conducted using a ZwickLine 
z050 single-column mechanical testing machine following the proced
ure described in literature [11].

3. Results

The MG structure shown in Fig. 1b-d is not the typical graphene 
structure as this material has an intermediate plane that expands the 
planes from 0.33 nm to 0.36–0.38 nm and this is a new and a unique 
phase known as morphed graphene [6,7]. The arrows in Fig. 1d identify 
the intermediate plane seen un morphed graphene. Morphed graphene 
demonstrated to have unique characteristics for composites such as 
outstanding elasticity with an average particles size of up around 40 nm 
[9]. What is important about this phase is its ability to be preserved 
through manufacturing and permits improvements.

As reported in Fig. 1a, the Raman spectrum of MG showed sharp D 
and G peaks formed respectively by one component (named D) centered 
at 1343 cm− 1 and two components centered at 1480 cm− 1 (G1) and 
1580 cm− 1(G2) and a structured 2D region with three detectable 

components named 2D (2687 cm− 1), D + G (2915 cm− 1) and 2D (3163 
cm− 1). As reported by Shimoidara et al. [13], G2 peak raised from 
graphitic domains with a high bond angle order while G1 originated 
from amorphous domains with a higher angle disorder. Accordingly, the 
ration between G1 and G2 was proposed as measure of bond angle dis
order and MG showed a value of 0.4 inferior to the one observed in non- 
activated carbon black (around to 0.6) [13] proving a higher angle 
order. Furthermore, the ration between D and G peak of up to 0.9 sug
gests a long-range order close to those obtained by thermal annealing of 
non-graphitizable biomass derived carbon treated temperature higher 
than 1000 ◦C. Furthermore, we observed a peak at 863 cm− 1 reasonably 
due to iron based traces left by the milling media [14] or other trace 
materials present in PetCoke such as pure S or S rich compounds.

The mechanical performances of MG used as reinforcement in 
cement base composites is shown in Fig. 2. Flexural strength showed 
improvement compared to OPC of 38 % for 0.1 % and up to of 80 % for 
0.5 %. Further improvement of MG amount did not significantly change 
the flexural strength values. By adding up to 0.1 wt% of MG, we 
observed a toughening effect as shown by both fracture energy and 
compression strength results that reached up to 2.8 ± 0.5 J and 55.78 ±
1.5 MPa respectively. By increasing the quantity of MG up to 0.5 wt%, 
we observed an increment in the brittleness of the material with a sig
nificant decrement of both fracture energy and compression strength as 
shown in Fig. 3 b and c. We hypothesized that the decrement of me
chanical properties of MG based composites loaded with 1 wt% was due 
to the poor dispersion or the carbon additions act as stress concentrators 
in part due to a lack of cohesion. This is translated into the optimization 
of the requirements in terms of fillers into the composites as we mini
mize the morphed graphene additions, and we maximize the compos
ite’s mechanical properties. The FE-SEM captures reported in Fig. 3

Fig. 1. Characterization of morphed graphene: a) Raman spectra of MG and b-d) TEM microscopy.
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provided an intriguing point of view of the differences between the 
fracture section of oil-well cement. As shown in Fig. 3a, the oil-well 
cement showed fracture section characterized by lamellae tighter with 
porous network (indicated by the red arrows) with large hole left behind 
after the material failure. The MG based oil-well cement composites 
showed the presence of round shape particles embedded into the cement 
matrix (Fig. 3b, red circle) due to the presence of MG that reduced the 
local porosity of the materials. This could be accountable for the 
improved mechanical properties observed. In other words, morphed 
graphene fills the gaps within the cement particles creating reinforce
ment sites. The nano-reinforcement and nano-bridging between the 
graphene nanoparticles and C-S-H phase typically happens due to the 
nucleation effects. These mechanisms subsequently increase the tough
ening of final cement composites [11].

4. Conclusions

This work reported the use of MG as toughening agent for cement- 
based composites. The empirical evidence proved the toughening 
effectiveness induced by the addition of up to 0.5 % of MG reaching an 
improvement of both fracture energy and compression strength results 
of up to 42 % and 18 % compared with OPC. The presence of morphed 
graphene (MG), which fills gaps and strengthens the cement matrix 
through nano-reinforcement and nucleation effects, leading to improved 
mechanical properties. This study was a first attempt on the spread of 
MG to produce new classes of improved reinforced cement composites 
for high tech applications.
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