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Graphical Abstract 

 

This review is about the application of graphene family materials in material strength 

enhancement field. Apart from detailed mechanical data of graphene enhanced 

material, the background information, manufacture, classification and processing 

methods of graphene family materials are introduced. This article is suitable for 

beginners doing research in graphene to acquire necessary knowledge of graphene 

and the approach to enhance the mechanical strength of common materials. 
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Chen Shen, S. O. Oyadiji 
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Department of Mechanical, Aerospace and Civil Engineering,  
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Abstract 

Research on graphene, a single-atom thick material, has been an intensive research 

area since the end of the 20th century, especially after the discoverers of graphene 

were awarded the Nobel prize in 2010. The material has attracted much interest and in 

the past decade the development of graphene can only be described as outstanding. 

Tens of thousands of papers relevant to the application of graphene have been 

published. Graphene has good physical properties including strength, electrical 

conductivity and thermal conductivity. It also has stable chemical properties. Among 

all of the outstanding properties of graphene, its mechanical properties are one of the 

best. Ideally its Young’s modulus can reach 1 TPa and its tensile strength can reach 

130 GPa. These theoretical values are higher than those of all metals and are the 

highest values among all materials discovered so far. The potential applications of 

graphene products have even exceeded those of silicon material. For some time, this 

has led to a greater research activity on graphene than on silicon. Currently the 

research on graphene is mainly focused on medical equipment, composites, 

conductive materials and super capacitors.  

This review will introduce the processing and analysis of graphene and the application 

of graphene in the material strength enhancement field. The application of graphene 

family material in this area will be introduced along with its processes. At this 

moment, the application of graphene in material enhancement is limited by the lack of 
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large volume of graphene and cost. Graphene and graphene-based materials can 

enhance material strength to some extent, but it is not yet cost-effective enough. 

Currently, the application of graphene and graphene-based materials for strength 

enhancement is more realistic in the military and aerospace sectors.  

1. Introduction  

In recent years, many advanced materials have been discovered and which have arisen 

huge research interests. Among them, silicon carbide (SiC), silicon carbide nanowires 

(SiCnw), carbon nanotube (CNT) and graphene are currently the most 

intensely-researched materials. Since single layer 2D structured carbon material 

graphene had been first exfoliated by Geim and Novoselov from HOPG (highly 

oriented pyrolytic graphite, a kind of high quality and high purity graphite material) in 

2004 and awarded the Nobel Physics Prize in 2010 [1], tens of thousands of 

researches have been conducted in this area. Research on this advanced material has 

been treated as one of the most important research directions in the past decade.  

One of the most significant properties of graphene is its outstanding mechanical 

properties, especially its theoretical tensile strength, which could reach 130 GPa [2]. 

Its specific surface area could reach 2630 m�/g. A vivid example to describe these 

values is a high quality graphene “hammock” of 1 m� surface area that weighs 0.77 

mg only and, which ideally can be able to hold a 4 kg cat [3]. Theoretically, graphene 

is the “strongest” material that has been discovered so far and has been applied to 

material enhancement to some extent. Most of the researches relevant to material 

enhancement using graphene are based on solid solution strengthening method which 

involves mixing it into the composite matrix in order to fabricate an advanced 

composite, or sintering it with metal powder to produce an enhanced alloy.  

In this review, materials from the graphene family (graphene, graphene oxide, reduced 

graphene oxide) and their current applications will be introduced first. The reduction 

of graphene oxide to graphene as well as graphene material enhancement will be 

reviewed in detail in the following sections. Basic measurement and analysis 

equipment and test methods related to graphene will be discussed at the end. 
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2. Graphene and Graphene Family Materials 

2.1 Differences in morphological and physical properties  

Graphene is a 2D single atom thick ��� bonded carbon atom. Its microstructure is 

based on the benzene-ring. Graphite, the most commonly available carbon material in 

a laboratory, could be treated as an accumulation of huge amounts of single-atom 

thick and multi-atom thick graphene. Novoselov et al. [1] used adhesive tape to peel 

graphene from highly oriented pyrolytic graphite (a kind of high-purity graphite 

material) directly and produced this material for the first time. During the past decade, 

the application of this advanced material has developed rapidly. In 2010, Andre Geim 

and Konstantin Novoselov from the University of Manchester were awarded the 

Nobel Prize in Physics due to their “outstanding pioneering research, discoveries and 

groundbreaking experiments on graphene, a two-dimensional material”. 

Graphene can be treated as a general term for a family of materials. Most commonly 

used graphene types are pristine graphene (G), graphene oxide (GO) and reduced 

graphene oxide (rGO). Table 1 compares their differences approximately. Pristine 

graphene, as its name suggests, has the best and closest properties to ‘pure graphene’. 

It is a mixture of single layer (majority) to multilayer graphene. Its structure is shown 

in Table 1, in which the gray atoms represent carbon. Graphene oxide is exfoliated 

from graphite oxide and usually dispersed in water, its manufacture still follows the 

Hummer’s method which was first applied in the 19th century [4]. As shown in Table 

1, its micro-structure contains a large number of oxygen atoms (shown in red in Table 

1), which typically appears in the hydroxyl ion. By removing the majority of the 

oxygen containing functional groups from GO, reduced graphene oxide can be 

obtained. Its micro-structure still contains a small amount of oxygen but its property is 

close to pristine graphene. It is the most commonly used graphene family material in 

research and applications.  

Table 1: Comparison of Commonly Used Graphene  

 Structure 
Difficulties of 

Manufacture 
Properties 
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Pristine Graphene 

 

High, normally 

small-scale and small 

size 

Best 

Graphene Oxide 

 

Low, normally in water 

dispersion 

Can be used as 

reinforcing fillers 

Reduced Graphene 

Oxide 
 

Medium, depends on 

methods 

Depends on the quality; 

supposed to be better 

than GO 

 

If we classify graphene by its thickness, then it will be classified as monolayer 

graphene, bilayer graphene (or double-layer graphene), and few-layer graphene (3-9 

layers). When layers of single atom thick graphene exceed 10 layers, due to the 

thickness it can no longer be treated as a 2D material. Therefore, commercial 

graphene typically has up to ten layers. For more than 10 layers, the material will be 

treated as graphite [5]. 

The properties of graphene can be modified by a chemical method. Graphane can be 

obtained after the hydrogenation of graphene. This process adds hydrogen to graphene 

structure. Ideally, in a pure sample of graphane, each carbon atom bonds with one 

hydrogen atom, which endows the material with magnetic property which traditional 

graphene does not possess. The new C-H bond within the graphene structure would be 

in ���  hybridization compared with the initial ���  C-C bond [6]. Similarly, 

fluorination process of graphene could break the ��� bond within graphene and form 

C-F ��� bond to add fluorine into graphene structure in order to influence the 

electronic and optical properties of the new material [7]. Fluorination can be 

conducted on different types of graphene including exfoliated graphene, CVD 

(chemical vapour deposition) grown graphene and reduced graphene oxide [8]. 

Chlorine modified chlorographene can give graphene superlow sliding friction 

coefficient after the modification [9].  

Apart from the types of graphene mentioned above, there are other types of graphene 
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that are commonly reported in the literature. Graphene nanosheet (GN), which refers 

to high quality single layer graphene, is usually treated as a general name for 

graphene in the literature. Graphene nanoplatelet (GNP) refers to material with 

nanometric thickness from 3-100nm. It is typically multi-layer, more likely to be 

applied in industrial products, and is being used for the strength enhancement of 

polymer composite and to boost the thermal performance (thermal conductivity) when 

embedded in epoxy resin [10]. Nevertheless, the use of ‘nano-’ in the description of 

graphene material is not necessary due to the fact that the thickness of graphene 

material is always ultra-small (<100 nm) and already in the nanoscale range. 

Therefore, ‘Graphene nanosheet’ and ‘Graphene nanoplatelet’ are probably over 

defined [11]. 

2.2 Differences in methods of manufacture  

Large scale production of high quality graphene is one of the current bottlenecks for 

the application of graphene. The methods of manufacture can be divided into direct 

methods and indirect methods. Direct methods produce pristine graphene while 

indirect methods produce rGO, which is the commercial replacement of graphene in 

applications, via the reduction of GO. The most commonly used methods for 

graphene manufacture include exfoliation, epitaxial growth on SiC, chemical growth 

(CVD method) and reduction from graphene oxide. More methods can be seen in 

figure 1. 
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Figure 1: Fabrication methods of Graphene Family Materials 

2.2.1 Direct Methods 

Normal graphite can be treated as multiple layers of graphene that are connected 

together by Van der Waals force. The exfoliation method is a purely physical approach. 

Its main mechanism is to break the bond between adjacent layers of graphene and 

separate them from the raw graphite material. Approaches from mechanical peeling [1] 

to ultrasonic [12] and hydro-exfoliation [13, 14] can all be applied. Mechanical 

peeling using adhesive tapes was first applied in 2004 and it can be considered to be 

the first successful fabrication of graphene. Chemical vapor deposition (CVD) method 

is a commonly used method in the laboratory. Generally, the base material (for 

graphene to grow) will be heated up and placed in a chamber with constant H2 flow at 

high temperature. This procedure is to remove residue air. CH4 and H2 will then be 

pumped across the material for few hours and this gas flow will be gradually reduced 

until it stops. The material will then be allowed to cure for graphene to form and grow 

[15]. As for the epitaxial growth on SiC, the process can be treated as the sublimation 

of SiC and was first reported by Bommel et al. [16] in 1975. The growth of graphene 

is achieved by heating up a piece of SiC wafer in a vacuum environment under high 
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temperature. Silicon atoms are vaporized to leave a thin layer of carbon atoms on the 

surface, i.e. graphene, under a specific direction [17]. The product is typically large 

scale with high quality.  

2.2.2 Indirect Methods 

In practice, using reduced graphene oxide as graphene is a well-accepted method 

considering its performance in application and the difficulties of fabrication. In the 

following sections, most of the references to ‘graphene’ in the papers reviewed are 

actually references to ‘reduced graphene oxide’. The most common method to 

synthesize graphene oxide was proposed by Hummers and Offeman in 1958. It 

involves adding graphite to a H2SO4-NaNO3-KMnO4 mixture and gradually adding 

water. After it is further diluted, filtered, dried, washed and dispersed in warm water, 

graphite oxide solution is formed [4]. This method is called conventional Hummer’s 

method and is still in use 60 years later. Precisely, the material fabricated from 

Hummer’s method is graphite oxide, which can be treated as multi-layer graphene 

oxide. The properties of graphene oxide and graphite oxide are similar despite their 

different structures. To synthesis graphene oxide from graphite oxide, it still needs 

further exfoliation operation [18]. The biggest problem with the conventional 

Hummer’s method is the toxic and flammable gases such as NO2, N2O4 and ClO2 that 

are produced during the reaction process. In recent years, researchers have optimized 

the process by changing the raw material and the ratio of raw material (eg. 

replacement of NaNO3 with a 9:1 mixture of H2SO4/H3PO4) to minimize the 

hazardous gas emission and enhance the level of oxidation for better fabrication 

quality [19]. Common methods of graphene oxide reduction are thermal method, 

chemical method and photo-reduction, which will be discussed in section 2.3.  

2.2.3 Comparison of production methods 

Each method of manufacturing graphene has its own advantages. The main advantage 

of exfoliation is its cost. The required materials are graphite and some cheap 

chemicals. Part of the output product of this process, on one hand, has high quality. 

On the other hand, the average quality of the graphene flakes produced is not easy to 
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control and the quantity of flakes produced is relatively small. Consequently, the 

estimated price of a piece of hand size high quality graphene is more than a £1000. 

On the contrary, the price of high quality graphene oxide in the UK market is around 

£80 per gram, which is almost three times the market price of a gram of gold. 

However, the cost of industrial-grade graphene (low grade graphene), on the contrary, 

is relatively low and varies from 10p/g to £10/g depending on the quantity of 

graphene layers. Exfoliation method is more suitable for small scale laboratory use 

which is limited by the productivity and difficulty of operation. So far, CVD method 

is the most popular approach to fabricate a relatively large piece of graphene. It can 

not only produce large graphene sheets but also can guarantee the quality and 

uniformity of graphene to some extent regardless of the production time required. 

2.3 Reduction of Graphene Oxide to Reduced Graphene 

Oxide (Comparisons of GO to rGO reduction methods) 

As mentioned in the previous section, graphene is a hexagonal benzene ring shape sp2 

2D structure material. Graphene oxide, which is the oxidation of graphene, has the 

same structure and shape as graphene except that it also contains an oxygen functional 

group (typically as carboxyl or hydroxyl groups) at the edge of each ring, as the red 

dots in Figure 2 shows [20]. The oxygen functional group will weaken the properties 

of the original graphene material and the properties of GO can be improved via the 

reduction achieved by either chemical or thermal method.  

 

Figure 2: Reduction process of GO to rGO [20] 
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2.3.1 Thermal Reduction 

The core mechanism of thermal reduction is using temperature increment to boost the 

reaction between carbon and oxygen. The oxygen will be removed from GO and 

emitted as gas. The process always involves heating up GO at high temperature. 

Figure 3 [21] shows a detailed reduction process from graphene oxide to reduced 

graphene oxide under different ranges of temperature. GO crystal will be gradually 

heated up to 130°C, the first critical temperature point, then the water in the material 

is vapourised and a small amount of GO is peeled off. When the temperature reaches 

140°C-180°C, residual water within the GO structure will be evaporated. The next 

stage is between 180°C to 800°C, in which oxygen from the carboxyl and hydroxyl 

groups will form CO2 and will be removed through out-gassing. Then in the 

800°-1000°C range large amount of defect in the product’s structure will be generated 

due to the removal of epoxide group (-CH(O)CH-) and the breaking of C-C bond. 

Within 1000°-2000°C, layers of rGO crystal will slowly grow stacking onto the 

bottom layer to form thick rGO. However, it needs to be noted that the final product is 

a mixture of different quality of rGO, which means the quality of the final product is 

not being perfectly controlled. 

 
Figure 3: Process of the reduction of graphene oxide [21] 

Another commonly applied thermal method to reduce graphene oxide is rapid heating. 

Schniepp et al. [22] successfully acquired single sheet graphene by placing pre-dried 
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graphite oxide into a quartz tube rapidly pre-heated (>2000°C/min) to 1050°C for 30 

seconds in Argon flow. Similarly, the reduction mechanism is the vaporizing of CO2. 

The rapid heating process can also be defined as thermal annealing. Likewise, Li et al. 

[23] reduce GO at 800°C temperature to form rGO sheet, while Zainy et al. [24] 

produced rGO under 20 seconds 1000°C thermal treatment. However, not surprising, 

the purity of rGO systhesised from rapid heating is high yet the product is typically a 

mixture of rGO of different numbers of layers. 

Mild reduction is another possible method. Unlike rapid heating, the heating rate is 

relatively low and commonly conducted in liquid phase GO dispersion. The GO 

dispersion is reduced to rGO using different mild temperature conditions including a 

150°C oil bath [25], 200°C thermal treatment for 12 hours in an inert environment 

[26], 125°C thermal treatment for 3 hours [27], 165°C microwave-assisted treatment 

[28] and 300°C reduction [29-31]. The quality of the final product differs depending 

on the reduction time.  

To improve the quality of thermally annealed rGO, researchers have tried several 

possible improvements. Adding chemicals such as melamine [32] and surfactant will 

improve the quality of the product to some extent. Consequently, small amounts of 

impurity will be added into the final product and will reduce the product’s purity. 

Changing the raw material from GO to coronene trichlorobenzene solution and 

pre-polishing the base material for rGO to grow will make the final product relatively 

better [33]. Low temperature (90°C) and long time (5-9 days) annealing [34] could 

synthesis good quality of rGO as well.  

To summarise, thermal reduction of GO to rGO is a good approach to acquire rGO. 

The temperature of reduction varies from dozens of degrees to few thousand degrees. 

Treatment time also differs from few seconds to few days. The quality of synthesized 

rGO is not easy to control. 

2.3.2 Chemical Reduction 

Chemical method is also an option for the reduction of graphene oxide. The most 

commonly applied chemical reduction regents are hydrazine [35-43], sodium 
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borohydride [44-46] and hydrohalic acid [47, 48]. Other materials such as sodium 

ascorbate[49], L-ascorbic acid [50, 51], sodium-citrate [52] can be used as well. 

The mechanism of chemical reduction of GO to rGO is a complicated process. So far 

this question has not been fully answered by researchers. For halogen acid, Pei et al. 

[47] believe that halogenation agents like HBr acid and HI acid can catalyze the 

convertion of epoxy groups into hydroxyl groups. Under specific temperature, 

halogen atoms are easy to be attached or removed from graphene without breaking the 

structure of the carbon lattice. The epoxy group at the edge of a graphene flake will be 

broken via ring-opening reaction and the hydroxyl group will be substituted by a 

halogen atom, which is easy to be removed because the binding energy of C-halogen 

atom is lower than C-H bond. The reason for using HI acid is because C-I binding 

energy is the lowest among all C-halogen bonds.  

As for hydrazine, Stankovic et al. [37] suggest that small amounts of 

carbonyl-containing oxygen functional group react with hydrazine to form hydrazones 

and partly remove the oxygen in the GO structure. Though this reaction is not the 

dominant reason. The majority of oxygen is assumed to be removed through the 

reduction of epoxide group by hydrazine to form hydrazine alcohol (open ring 

epoxides+hydrazine) first. The next process is dehydration to form aminoaziridine. 

The 2-stage process is illustrated in Figure 4 [37]. However, this theory still needs to 

be further validated. The reduction mechanism of using L-ascorbic acid is similar to 

using hydrazine [51]. The underlaying principle of the mechanism for the chemical 

reduction of graphene oxide is still an open question. 

 

 

Figure 4: Possible mechanism of chemical reduction of graphene oxide [37] 

2.3.3 Photo Reduction 

Photo-reduction is typically laser-assisted. The thermal effect caused by laser 

irradiation could generate local high temperature and break the chemical bond 
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between oxygen-containing functional group and carbon atoms of GO in areas 

exposed to the laser in order to remove oxygen as CO2. In other words, 

photo-reduction method is similar to thermal method to some extent and could be 

considered as an extremely high temperature thermal method. Figure 5 shows a piece 

of rGO synthesized by Calina et al. [53] by exposing a freestanding GO film to 

660nm continuous wave diode laser. The colour of the sample transforms from brown 

to black after reduction. 

 

Figure 5: Laser reduced solid rGO acquired after continuous wave laser beam exposure of GO [53] 

The output power of the laser beam depends on the laser generator and input voltage. 

Wavelength is the other important parameter for a laser beam. It could be used to 

calculate the power of a photon, which follows the equation of motion for photon 

	 
 ��/
, in which 	 represents the power of a photon (��), � is the Planck 

constant 6.62 � 10���� ∙ �, � is the speed of light, 3 � 10��/�, and 
 is the 

wavelength of light (nm). The definition of individual photon’s energy should not be 

confused with the power of a laser beam generated by the laser machine. The 

calculated value using the equation only represents the power of a single photon, 

which typically is a very small value though a beam of laser consists of millions of 

photons and the power can reach an extremely high value.  

Commonly applied coating methods to coat GO onto a substrate material before laser 

reduction includes drop casting [53-57], spin coating [58-61], electro-spray coating 

[62], electroplating [63, 64] and even direct immersing [65-67]. Before coating, a 

sample needs to be entirely cleaned to remove oil, dirt and rust on the surface of 
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material to ensure good bonding quality. High temperature annealing, plasma etching, 

dry ice blasting, laser blasting, chemical cleaning are the most commonly used 

methods of cleaning [68]. In real application the distribution of GO droplet on a 

sample may not be as uniform as expected. The non-uniformity of the liquid 

distribution is defined by the coffee ring effect [69]. This effect could be suppressed 

by adding surfactant [70] and for graphene oxide, titanium oxide is one of the suitable 

surfactants [55]. Other approaches like wet transfer [71, 72], direct CVD [71, 73-76], 

Langmuir-Blodgett film [23] and ultrasonic kinetic spraying [77] could be used as 

well. However, each of these methods requires special equipment and it is relatively 

complicated to operate. Consequently, the coating quality using these methods is 

relatively more uniform. 

The operation for the reduction of solid phase graphene oxide is relatively simple. 

After GO solution has been coated onto a base material, it is cured and dried until it is 

totally dried. The laser will then be used to scribe on the dried GO in order to reduce 

graphene oxide to reduced graphene oxide. Figure 6(a) shows rGO sample attached 

on polyethylene terephthalate (PET) wafer produced by Marquez et al. [78], Figure 

6(b) shows a SEM picture of laser scribed area with clear scribing lines, the magnify 

rate is around 400,000 times [79]. 

 

Figure 6: (a) rGO sample on PET substrate [78], (b) SEM image of laser irradiation line on GO [79] 

A major advantage of laser reduction method to produce rGO is that a programmable 

laser machine can be used to produce the rGO of any desired shape and size. Due to 

that flexibility, laser reduced graphene oxide is commonly applied to produce 
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products with complicated shapes. The product varies from µm level electrical circuit 

to hand size super capacitor. Figure 7 shows rGO samples of different complicated 

shapes produced by Gao et al. [80] at Rice University.  

 
Figure 7: Schematics of laser reduced rGO in different patterns [80] 

Liquid phase GO solution can also be directly reduced via direct irradiation using 

pulse laser [81-86]. The entire reduction process is swift: it only takes few minutes. 

The reduction time depends on the power of the laser and the distance between the 

laser head and the solution. Figure 8 shows some examples: Figure 8 (a) from Huang 

et al. [81] shows the application of a 248 nm KrF excimer laser to irradiate GO 

solution for 5 min and Figure 8 (b), from Kumar et al. [84], shows the irradiation of 

GO solution (brown) using a 300 mJ excimer laser for 1h to produce a rGO solution 

(black). The product shows clear changes from brown-yellow colour GO solution to 

black colour rGO solution before and after reduction, respectively. 

 

Figure 8: KrF excimer laser reduced liquid GO to liquid rGO: (a)Huang et al. [81], (b)Kumar et al. [84] 

Table 2 compares parameters of the laser used for GO reduction. 

Table 2: Laser parameters for the reduction of GO 

Laser Type Wavelength 
Pulse 

Duration  
Frequency 

Laser 

Size 

Irradiation 

Time 

Laser 

Power 
Source 

Liquid Phase GO 

KrF excimer 248 nm 10 ns    4-72 [59] 
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laser mJ/cm2 

KrF excimer 

laser 
248 nm 20 ns 5 Hz 

240 

mm2 
5 min 

83 

mJ/cm2 
[81] 

KrF excimer 

laser 
248 nm  10 Hz  1h/2h 

300 

mJ/ 

530mJ 

[82] 

Nd:YAG 

pulsed laser 
532 nm 5 ns 10 Hz 

28 

mm2 
15-300 min 

320 

mJ/cm2 
[83] 

KrF excimer 

laser 
248 nm  5 Hz   300 mJ [84] 

Nd:YAG 

pulsed laser 
532 nm 5 ns 10 Hz 

28 

mm2 
1, 2, 3, 4h 

320 

mJ/cm2 
[85] 

Ti: Sapphire 

laser 
800 nm 35 fs 1 kHz  75min 2W [86] 

Solid Phase GO 

CO2 laser      2W [54] 

532 nm 

continuous 

wave laser 

system 

532 nm     
6W/ 

cm2 [57] 

Continuous 

wave diode 

laser 

660 nm     80 mW [53] 

LightScribe 788 nm    25 min 5mW [60] 

Ti: Sapphire 

laser 
800 nm 100 fs 1 kHz   

35 

mJ/cm2 
[61] 

Ad hoc laser 550 nm     

65 

mW-10

5mW 

[78] 

Picosecond 

laser 
1064 nm  100KHz  10-50 mm/s 

10-300 

mJ/cm2 
[79] 

Nanosecond 

laser 
355 nm    20 s 2.3W [87] 

Pulse Fiber 

laser 
1064 nm 100 ns 20 kHz 

460 

µm 

2m/s, 2-time 

scanning 

1.87 k

W/cm2 
[88] 

Nd:YAG 

pulsed laser 
532 nm 7 ns 30 Hz 6mm 

6, 10, 30, 

60,180s 

30-80 

mJ/cm2 
[89] 

Nd:YAG 

pulsed laser 
266 nm 5 ns 10 Hz  

1.5 mm/s, 

104 pulses 

200 

mJ/cm2 
[90] 

Fiber-rod 

amplified 

femtosecond 

laser 

1030 nm 280 fs 2 MHz   20W [91] 

LightScribe       [92] 
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in DVD 

drive 

[93] 

        

DVD laser 788 nm     5mW 
[94] 

[95] 

To aquire the best quality of synthesised laser reduced graphene oxide, it is necessary 

to choose a laser of appropriate power and the irradiation time/scribbing speed need to 

be adequate. Also, the base material should be entirely cleaned and polished in order 

to remove the barrier between graphene layer and base material so as to improve the 

quality and purity of coating. In addition, the sample needs to be kept flat during the 

laser reduction process. If possible, the sample should be left in an inert atmosphere or 

vacuum enviroment during drying and reduction process to improve the quality of 

reduced graphene. 

2.3.4 Other Approaches 

There are other methods to reduce graphene oxide into rGO apart from those three 

most commonly used approaches. For instance, electrochemical approach, using 

alternating current passed through metal electrodes immersed in GO solution to 

produce rGO via local heating and the rGO produced will be deposited on the 

electrodes [96-98]. UV reduction, similar to laser irradiation, is another modified 

photo-reduction approach. It involves the replacement of a laser power source by UV 

light [99, 100]. Another method is the hydrothermal approach. It uses an autoclave to 

heat up GO solution for few hours followed by a period of cooling down during 

which the GO reduction occurs [101]. The GO reduction method employed depends 

on the availability of equipment in a laboratory and the quality requirement for the 

product.   

2.3.5 Discussion 

The most commonly used methods to reduce GO to rGO are thermal, chemical and 

photo-reduction methods. Each method has its own advantages and disadvantages. 

The thermal method can produce a relatively large sheet of rGO. However, it requires 

thermal annealing equipment. Unlike commonly used laboratory furnace, the furnace 
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used for thermal annealing has rapid heating function achieved by an accurate 

temperature control system and sample delivery system. Consequently, this equipment 

is not easy to access in many laboratories considering its massive weight and high 

cost. Moreover, the complicated control system is not easy to operate. For the 

chemical method, it does not require specific equipment, a standard flask is enough. 

The operation is relatively simple and not risky. Nevertheless, the final product is 

typically a water dispersion, it needs post processing to acquire the final product and 

is environmentally unfriendly with toxic waste gas emission. In addition, the 

reduction may not be successful every time. As for photo-reduction, it can be used to 

manufacture rGO in any wanted pattern. The main shortcoming of this method is that 

GO coating before laser induction needs a long time to cure, typically at least 24h to 

entirely dry. The distribution of rGO on the substrate is not uniform and the quality of 

rGO is not easy to be controlled.  

Currently, the best approach to synthesis good quality graphene is not by GO 

reduction. Reduction method is more suitable to fabricate enhancement micro-filler, 

capacitor and conductive electronics due to the quality and purity. Laboratory-grade 

high quality graphene for analysis and research still relies on low productivity but 

high quality CVD and exfoliation methods. If the high cost of SiC wafer is acceptable, 

SiC epitaxial growth is a good option for large-scale laboratory-grade high quality 

graphene. 

2.4 Physical and Mechanical Properties  

To take graphene into applications in real life, the properties of graphene needs to be 

understood firstly. In this section, the physical and mechanical properties of graphene 

will be introduced. This section will also focus on the introduction of its mechanical 

properties at both micro- and macro-levels and comparison of the differences between 

them. 

2.4.1 General Physical Properties 

Table 3: Physical properties of graphene 

Properties Value Reference 
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Colour Black  

Specific Surface Area 2630��/� [102] 

Intrinsic Mobility 200000���/� ∙ � [103] 

Theoretical Young’s Modulus 1 TPa [2] 

Theoretical Tensile Strength 130 GPa [2] 

Thermal Conductivity  Around 5000 W/mK [104, 105]  

Electric Resistance Rate 200 Ω/m [106] 

Optical Transmittance 97.7% [35] 

Melting Temperature 4510K [107] 

Dissolvability Hydrophobic [108] 

Chemical Stability Prominent [109] 

Table 3 lists the most important properties of graphene. From the data, it can be 

concluded that graphene has outstanding properties. Its chemical stability is 

prominent. Graphene does not easily react with other materials and it is stable under 

normal conditions [109]. As for its physical properties, it has low electric resistance 

rate of close to 200 Ω/m, which is attributed to its good electrical conductivity [106]. 

Its thermal conductivity is close to 5000 W/mK [104, 105] and its melting 

temperature is 4510 K [107]. Graphene’s absorption rate of white light is 2.3% [35], it 

is highly hydrophobic and it forms a good dispersion in water [108].  

Graphene can be applied in various areas. Many researchers are currently trying to 

combine the high electrical conductivity of graphene with commercial electronic parts 

to produce better performance electrode for cell systems [110-112], super capacitors 

[113-115], flexible sensors for wearable devices [116-118] electronic textiles [119, 

120], and batteries with long lifetime [121, 122]. However, graphene-based 

electronics does not have significant improvement on its power storage capability but 

incurs significant increase in production cost. Therefore, it is not currently 

cost-effective to apply graphene electronics in daily life. Researchers from the 

University of Manchester have developed graphene-based ions sieve for the 

desalination of sea water. This is considered to be one of the most successful 

applications of graphene in recent years [123]. It provides a relatively low cost 

solution compared with currently used sea water desalination methods to solve the 

shortage of drinking water problem in dry areas.  

The main objective of this review is the application of graphene for material 

Jo
urn

al 
Pre-

pro
of



-18- 

enhancement, which will be introduced in detail in the following sections. 

2.4.2 Differences in micro and macro mechanical properties  

As introduced in previous sections, the theoretical values of graphene’s Young’s 

modulus and tensile strength are up to 1 TPa and 130 GPa, respectively [2]. This 

extremely high value of tensile strength is more than 600 times of the tensile strength 

of steel which makes graphene to be the strongest material discovered so far. One 

explanation for this ultrahigh value is that the ultrathin mesh of carbon atoms has an 

hexagonal honeycomb pattern. It has a large specific surface area (2630 m�/g) [102], 

and contains large amounts of high strength carbon-carbon bonds [3]. However, in the 

real world, to tear a piece of graphene apart is as easy as tearing a piece of paper. The 

reason is because graphene sheet always contains large numbers of micropores, in 

other words, bad quality. Besides, unlike traditional method using tensile test to assess 

a material’s mechanical properties, the measured values of graphene properties are 

derived at micro-level on ultra-small sample pieces. The tensile strength value of 

130GPa was measured using AFM (atomic force microscope) nanoindentation 

method. This method uses a silicone membrane full of circular wells of 500 nm depth 

with 1.5µm and 1µm diameters, which is placed on a 300nm thick SiO2 glass wafer as 

base, as shown in Figure 9(a) and Figure 9(b). Graphene layers are deposited onto the 

micro holes and an AFM is used to carry out nano-indentation of the free segments of 

the graphene layers covering the micro holes. Figure 9(c) illustrate the process of the 

nano-indentation: the curved cantilevered stylus of the AFM breaks the graphene 

segment covering the micro-holes (shown in Figure 9(d)) and the AFM records the 

breaking force and the breaking strain, which are used to derive the Young’s modulus 

[2]. The same measurement procedure has been performed by Zhang et al. [124] and 

they obtained a result of 0.89 TPa, which is less that the 1 TPa value reported by Lee 

et al. [2]. The nanoindentation process can be simulated via molecular dynamic 

packages and the simulation results confirms this value [125]. However, the AFM 

experiment performed by Frank et al. [126] obtained a relatively low value of elastic 

modulus of only 0.5 TPa, which is significantly smaller than the values obtained by 
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other investigators. 

 
 

Figure 9: Schematic of AFM nanoindentation method (a) Top view of wafer with micro-holes covered 

by graphene, (b) Depth profile of micro-hole, (c) Schematic of the measuring process through AFM 

nanoindentation, (d) Photo of broken graphene flake [2] 

Another method being used to measure the micro Young’s modulus of graphene was  

performed by Lee et al. [127] using Raman spectroscopy to derive Young’s modulus 

of graphene. Raman test uses a laser beam irradiated sample and records the spectrum 

of the reflected beam. Unlike AFM-nanoindentation method, Raman spectroscopy 

records the change of graphene spectrum before and after deformation caused by 

applying a vacuum. This process is shown in Figure 10(a). The spectrum will first be 

measured on a flat sample under normal pressure, then in an evacuated chamber to 

cause negative pressure on the surface of graphene and make the sample deform to 

measure the new spectrum. From the difference in the Raman spectroscopic, as shown 

in Figure 10(b), the value of the micro Young’s modulus of graphene is derived to be 

2.4 ± 0.4 TPa. From another Raman spectroscopic experiment Weng et al. [128] did 

derive a value of 1.48 TPa for the Young’s modulus of graphene.  
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Figure 10: (a) Schematic of graphene elastic property measurement using Raman spectrum, (b) Change 

of Raman spectrum of graphene before and after apply vacuum used for elastic property measurement. 

Red:Raman spectrum under 1 atm, blue:Raman spectrum under vacuum [127] 

In addition to previously mentioned AFM nanoindentation method and Raman 

analysis, numerical simulation using molecular dynamics software such as LAMMPS 

[125, 129-133], ABINIT [134], TINKER [135] and QUANTUM-ESPRESSO [136] 

have also been used to derive the theoretical values of the mechanical properties of 

graphene. The values of the Young’s modulus predicted using these simulation are 

astonishingly close. They lie within the range 0.8 to 1.15 GPa as shown in Table 4. In 

addition, traditional tensile test method can be used to determine the elastic properties 

of graphene oxide paper. A large sheet of graphene is not easy to manufacture. 

Therefore, GO paper and rGO paper are widely used to represent graphene in 

macro-level strength test. Dikin et al. [137] synthesised GO paper through filtration of 

pre-prepared GO colloidal dispersions via an anodisc membrane filter. The GO paste 

is air dried and peeled off from the filter to form a large GO paper and is cut into a 5 

mm * 30 mm strip to test, as shown in Figure 11 [137]. The average Young’s modulus 

of their GO paper is 32 GPa and the average tensile strength is 70.7 MPa. The 

maximum Young’s modulus is 42±2 GPa and maximum fracture stress is 133 MPa.  
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Figure 11: Tensile test under film tensile clamp [137]  

Chen, et al. [138] used a similar film tensile test equipment to run a tensile test on 

chemically reduced graphene oxide paper, which is closer to graphene. The result is 

slightly higher than the values obtained by Dikin et al. [137]. The Young’s modulus 

reached 41.8 GPa and the greatest failure stress was 293.3 MPa. Zhang et al. [139] 

performed a tensile test on different types of chemically modified rGO. The highest 

value of ultimate tensile strength obtained was 614 ± 12 MPa, which is close to the 

ultimate tensile strength of 304 stainless steel (585 MPa). Table 4 compares the elastic 

properties of graphene tested or calculated by various researchers.  

Table 4: Elastic Properties of Graphene from Various Sources (some values are roughly calculated from 

stress-strain curve in the paper) 

Sample Size 
Young’s 

Modulus 

Fracture 

Strain 

Ultimate Tensile 

Strength 
Method Source 

Φ1.5µm×0.335nm 1.0±0.1 TPa 0.25 130±10 GPa 
AFM 

Nanoindentation 
[2] 

1568nm2 0.89 TPa   
AFM 

Nanoindentation 
[124] 

 0.5 TPa   
AFM 

Nanoindentation 
[126] 

 2.4±0.4 TPa 0.19  Raman Analysis [127] 

 1.48 TPa    [128] 

23.53Å×262.24Å 3.4 TPa   

Molecular 

Mechanics and 

ANSYS Simulation 

[135] 

 0.95 TPa   LAMMPS [125] 
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 1.15 TPa   LAMMPS [129] 

21nm×25nm 950 GPa 0.24 170 GPa LAMMPS [131] 

  1050 GPa 0.208 107.4 GPa ABINIT simulation [134] 

 805.6 GPa 0.38  

Molecular 

Mechanics Method 

(Calculate) 

[140] 

 

5mm×30mm 42±2 GPa  133 MPa Tensile Test (GO) [137] 

3mm×15mm 41.8 GPa  293.3 MPa Tensile Test (rGO) [138] 

  6.67±0.44% 614±12 MPa Tensile Test (rGO) [139] 

3mm×27mm   85 MPa Tensile Test (rGO) [52] 

The data presented in Table 4 shows that all the values of graphene’s mechanical 

properties acquired through tensile test are far less in magnitude than the values from 

micro-level measurement and simulation. The main reason for this could be structural 

defect in the tensile test samples. Taking a look at sample size, AFM nanoindentation 

sample is in µm2 micro level while tensile test is in mm2 macro level. The size 

differences are more than 106 times, which means that there may be a much larger 

number of micro defects in a macro sample than in a micro sample, resulting in the 

large differences in test results. Besides, for micro-level measurement, any systematic 

errors and random experimental errors will be greatly magnified. Therefore, a small 

amount of error will influence the final result significantly. Also, because of the sharp 

stress concentration at the tip of the AFM cantilever beam, the AFM nanoindentation 

is only valid within the probe tip region [141]. Thus, it can be seen from the statistics 

in Table 4 that the simulation values of graphene properties, which are obtained via 

molecular dynamics analysis, are higher than the measured nanoindentation value. 

The main contribution of molecular dynamics simulation is to eliminate the influence 

of micro-defects and, thereby, obtain a more accurate property data of the flawless 

material. Furthermore, Young’s modulus may not be constant at the micro level of the 

strain range. Thus, current analytical equations may be unable to describe accurately 

the mechanical relationships at the micro level resulting in some differences between 

the property values at the micro and macro levels. Therefore, it will be useful to 

simulate at the macro level by using many layers and including intra-layer and 

inter-layer hypothetical defects. 

In conclusion, the chemical properties of graphene is stable and the theoretical 
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physical properties of graphene are outstanding, especially its micro-level elastic 

properties that can reach an extremely high level. However, the micro-level elastic 

properties of graphene are still not easy to be applied since it is complicated to 

combine micro-level properties with macro-level objects. This is a potential research 

area for future work on the application of graphene. 

3. Analysis of rGO Quality 

As introduced in previous sections, the quality of rGO is not easy to be controlled 

during reduction and its quality will influence its application. Thus, before rGO is 

applied, its quality needs to be checked.  

3.1 Colour Differences between GO and rGO 

The simplest way to observe and determine the transformation process from GO to 

rGO is to watch the changing colour during reduction. Many publications describe 

graphene oxide dispersion as a ‘brown-yellow colour liquid’. As reduction proceeds, 

the brown-yellow colour liquid gradually turns into black, as previously shown in 

Figure 8 for laser direct irradiation. Similarly, Figure 12 shows the change of colour 

before and after for other methods of GO reduction.  

 

Figure 12: GO dispersion before and after reduction (a) Reduction of graphene oxide through chemical 

reduction method [142], (b) Reduction of graphene oxide achieved using plant leaf extracts [143], (c)  
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Vegetable extracts reduced graphene oxide [144], (d) UV reduced graphene oxide for 24h 

irradiation[145], (e) Hydrazine reduced graphene oxide after centrifugation [146], (f) UV method 

reduced graphene oxide[147] 

However, the colour of the solution can affect the identification of the material. 

Sometimes the colour of GO dispersion is black if the concentration of GO is high. 

Figure 13 shows three concentrations of GO solutions, which are shown on the 

website of a UK graphene retailer GO-Graphene, with three distinct colours. The 

figure shows that the 0.5mg/ml GO dispersion has brown-yellow colour, while the 

1mg/ml GO dispersion has deep brown colour. The 2mg/ml GO dispersion is almost 

pure black. Therefore, the colour of a GO/rGO dispersion cannot be used to establish 

the concentration and material type. It can only be used as an approximate estimation. 

 

Figure 13: Colours of GO dispersions of different concentrations [148] 

3.2 Observation of Morphology and Layers of Graphene 

The number of layers of graphene is one of the most important parameters to assess 

the quality of synthesized graphene at micro-level. In real life, graphene and rGO 

products are likely to be a mixture of single and multi-layer flakes in which as defined 

before, each layer represents a single atom thick graphene or rGO flake. If the 

particles in dispersion are too aggregated in multi-layer then it might affect the 

application and requires further treatment like sonication to improve the quality.  

To determine the morphology of synthesized GO or rGO in dispersion and decide 

whether further treatment should be applied, specific optical analysis equipment 
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including conventional electron-microscope (EM), transmission electron microscope 

(TEM) and scanning electron microscope (SEM) need to be used. TEM [149, 150] 

and SEM [151-155] are more commonly used for the detail analysis of graphene. 

The working principles of these three types of microscopes are not the same. Their 

operating principles are compared in Figure 14 [156]. The main difference between 

EM and TEM / SEM is that EM is an optical technique while TEM / SEM require the 

assistance of an electron beam. The EM employs two lenses to enlarge the image, 

which will display on the screen. The output image is in 2D. Some advanced electron 

microscope can do image fitting and produce a 3D model using in-built algorithms. 

Considering its magnify rates (600-1000 times), the application of EM is to roughly 

observe the aggregation of graphene flakes in a liquid mixture or in the cross-section 

of solid composites. It should not be used for precise morphology analysis such as the 

observation of micro-defect at the edge of particles or the thickness of the produced 

rGO and the morphology of GO/rGO flakes. For TEM, it requires a beam of electron 

to pass through the sample and display the image on the display board underneath. 

Due to its working principle, the sample needs to be extremely thin. Otherwise, the 

electron beam cannot pass through the sample. The thickness of sample is typically 

between 50-100nm and the magnification rate can reach ten thousands to million 

times. SEM is suitable to capture 3D image. Its imaging mechanism uses electron 

beam to hit the sample. The reflected electrons will fall on detectors to form the image. 

Its magnification rate can reach 200,000 times and could be adjusted through 

changing the applied voltage. The images acquired by SEM has large depth of field 

and broad view, which can be used to illustrate the rugged surface. However, the 

power of the electron beam may damage the material. Therefore, SEM is not suitable 

for observing a delicate material surface.  
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Figure 14: Working mechanism of different kinds of microscopes [156] 

Apart from EM, TEM and SEM, scanning tunneling microscope (STM) and atomic 

force microscope (AFM) [157] are two other instruments for the observation of 

sample morphology. These two approaches can plot a similar 3D figure, which 

provides a full view of the captured area and also uses analysis software to observe 

and measure the detailed profile of selected cross-sections. Both STM and AFM use a 

measurement probe and their working principles are similar. However, STM is more 

suitable for conductive material, while AFM can be used for all types of materials. In 

both instruments, when the measurement probe tip is extremely close to the sample 

surface (in nanometer level), the sensor records ultra-small changes and plots the 

microstructure using their in-built algorithms. Both instruments provide a full view of 

the captured area as well as detailed profile of selected cross-sections, as shown by 

the AFM figure of thickness profile in Figure 15 [157]. Therefore, the surface flatness 

of graphene can be analysed using the thickness profile of AFM or STM. 
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Figure 15: AFM image with multilayer graphene flakes and thickness profile in different position [157] 

Nevertheless, due to the extremely close distance required between the probe tip and 

sample surface during the measurement process, it is possible for the probe tip to 

scratch and damage the surface of the sample. In practice, STM and AFM are more 

suitable for samples with hard surface. Consequently, the best equipment to analyse a 

sample may not be the one with the highest magnification rate. Table 5 compares 

properties of the different types of microscopes. The equipment should be chosen 

according to the properties of material and analysis requirement. 

Table 5: Comparison of property differences between different microscopes 

 EM  TEM  SEM STM AFM  

Magnification  103 106 105 108 109 

Resolution 
mm 

level 

Sub-microscopic 

level 

Sub-microscopic 

level 

Atomic 

level 

Atomic 

level 

Plot Shape 
2D & 

3D* 
2D 3D* 3D* Real 3D 

Damage to 

sample 
No No Yes Possible Possible 

Special 

Requirement 
 Ultra-thin sample  

Conductive 

sample 
 

*3D image may not be a real 3D capture, it might be a 3D view or a 3D image reconstructed by 

algorithms in a computer. However, a real 3D capture is a pure 3D model. 

To obtain a view of the details at the edge of graphene flakes, the GO solution needs 

to be ultrasonicated or mechanically vibrated first, otherwise graphene flakes will 

stick together and the scanning instrument cannot capture enough details of the flakes 

to produce detailed plots to analyze. Figure 16 [153] compares aggregate graphene 

nanopletelets with and without sonication treatment. It is obvious that the left view 

graphene flakes stick together while in the right view graphene flakes spilt away. 
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Figure 16: SEM images of graphene nanoplatelets with (c) and without (d) ultrasonic treatment [153] 

However, from Figure 16 [153], although the morphology of graphene flakes can be 

observed, valuable information like the overlapping region, number of layers and 

micro-defects at the edges of flakes are not easy to be directly determined. Even with 

the higher magnification rate of the TEM image shown in Figure 17 [150], which 

clearly shows the hexagonal benzene ring shape, the information is still not easy to be 

obtained. With the assistance of the JEMS software, designed for high resolution 

electron microscopy image simulation, it is possible to estimate the layers of different 

regions. Figure 18 [149] shows an example of the output of the JEMS software. The 

orange region represents single layer region. Green and purple areas represent double 

layers and triple layers.   

 

Figure 17: HR-TEM of hexagon shape graphene oxide microstructure [150] 
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Figure 18: HR-TEM of hexagon shape graphene microstructure with different 0-3 layer region [149] 

3.3 Comparisons of Sample Analysis Techniques 

3.3.1 Fourier Transform Infrared Spectrum (FT-IR) 

The main difference between graphene oxide (GO) and reduced graphene oxide (rGO) 

is the oxygen-containing functional groups. To further analyse the content of material 

and the level of oxidation of rGO, several experiments can be performed. FT-IR test is 

the one which can be used to analyse various functional groups within the 

microstructure of a material sample. Infrared light is shown on the surface of the 

sample and the reflected infrared light is collected and is Fourier transformed into a 

spectrum. The peaks and valleys on the spectrum contain information about functional 

groups. In a FT-IR spectrum, different functional groups show as different peaks in 

specific ranges. As Figure 19 shows, spectra a, b, c represent graphite, GO and rGO, 

respectively. Spectrum d is not important. For instance, in Figure 19, valleys (troughs) 

can be found at 1396 cm-1, 1246 cm-1, 1116 cm-1and 3412 cm-1 of GO spectrum, 

which represent the hydroxyl, epoxy, alkoxy and carboxyl groups in turn. Comparing 

with the spectrum of graphite which does not contain these valleys, it is easy to 

identify an oxidation process. Further comparing with rGO spectrum, the oxide 

valleys reduce in intensity or disappear. 
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Figure 19: FTIR spectra of (a) graphite, (b) GO, (c) rGO, (d) ganoderma lucidum extract [158] 

Precisely, the same functional groups with different vibration mode have eigen peak 

in different range. For example, Coates [159] states that the methyl C-H 

antisymmetric stretching has functional peak within 2970-2950 cm-1 range while the 

peak of methyl C-H symmetric stretching appears in the range 2880-2860 cm-1. The 

peak of conjugated C=C locates at 1600 cm-1 yet alkenyl C=C stretch shows at 

1680-1620 cm-1. Detailed eigen peaks can be found from handbooks, for example 

[159-161]. The FT-IR spectrum is complicated to read and not easy to analyse. 

Although it can provide detailed information of a material’s microstructure, it cannot 

be used to analyse the quality of product through the thickness. Besides, the eigen 

peaks are not very accurate to read. In the analysis of graphene, FT-IR is mainly used 

to provide information of functional groups and the reduction level of GO.   

3.3.2 Raman Test 

Raman test is a widely used method to verify the type of material and to determine the 

quality of material. For graphene, the thickness and defects can be assessed through 

the intensity of characteristic peaks. A material can be approximately identified by 

observing the prominent peak of its Raman spectrum obtained from Raman test. 

Different kinds of materials have their own eigen peaks which show up at a relatively 

fixed position or a specific range on the wavenumber axis of a Raman spectrum. For 

carbon-based material, as shown in Figure 20 [162] for the Raman spectrum of 

graphite, the characteristic band is located at 1355cm-1 and 1575cm-1. The 
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wavenumber 1355cm-1 (D band) represents the distortions in the structure, 1575cm-1 

(G band) is the relative movement of sp2 pairs of atoms, which is the main indicator 

that the examined material consists of carbon. In graphene test, the ratio between D 

band and G band is related to the quality of graphene. With more disorder within the 

micro structure, the intensity of D band will be higher. The higher the ratio of the D 

band intensity to the G band intensity is, the worse the quality of generated graphene 

will be [163].  

 

 

Figure 20: Eigen peaks (D band at 1355cm-1 and G band at 1575cm-1) of single crystal graphite [162] 

Figure 21 [164] shows the comparison of Raman spectrum of graphite, GO and rGO. 

It is clear that all characteristic peaks appear in a similar location on the wavenumber 

axis. This means that the three materials are carbon based. Their differences are the 

intensities of different bands. D band is typically very weak in graphite and high 

purity graphene. With a large number of defects in the structure, the intensity of this 

band will be high and significant. G band is related to the number of layers of 

G/GO/rGO in a sample. With a large number of layers, the intensity of G band will be 

high and will be located rightwards on the wavenumber axis though it will affected by 

the environmental temperature and slight deformation in the sample.     
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Figure 21: Comparison of Raman spectra of graphite, GO and rGO [164] 

The 2D peak, shown in Figure 22 [165] at around 2700cm-1, on the wavenumber axis, 

is another prominent peak that is used to verify the quality of graphene. The 2D band 

is the second order of the D band. It is the exhibition of a two phonon lattice 

vibrational process. For single layer of graphene, the 2D band is a single symmetric 

peak. With increased layers of graphene, the 2D band will split into few bands and the 

level of symmetry will decrease. The ratio between I2D and IG can be used to describe 

the thickness. Ideally, for single layer graphene, I2D/IG should equals to 2. The 

reduction of this value refers to increased thickness of the sample. The value of I2D/IG, 

insignificant D peak and highly symmetric 2D peak is always used in Raman test to 

describe a good quality graphene sample. Application of Raman test for graphene 

analysis can also be found for example in [37-39, 54, 60, 76, 86, 88, 91, 146, 151, 

166-169]. It is easy to operate and does not require too much specific treatment of a 

sample.  
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Figure 22: Ration between I2D/IG represent different thickness of sample [165] 

3.3.3 X-Ray Diffraction (XRD) 

Similar to Raman test, XRD can also be used to determine a material and its content. 

X-ray was first discovered at the end of the 19th century. It can pass through almost all 

types of material and is widely applied in the chemical and medical fields. Unlike 

Raman test, the working mechanism of XRD is the diffraction of x-ray within the 

lattice of a material when X-ray passes through the material. X-ray will be enhanced 

or weakened in some specific direction and cause unique diffraction pattern. Through 

decades of development, the diffraction patterns of individual material have already 

been standardized and a material can be determined through the processed XRD 

curve. 

On an XRD curve, the content of analyzed material will be shown as the position of 

2θ axis. The value of 2θ angle (diffraction angle) of characteristic peak shows the type 

of content and the intensity of peak represents the level of contents. Figure 23 [163], 

as an example, illustrates the changing characteristic peak during the reduction 

process of GO to rGO. On the graphite curve, the peak appears at around 26°. The 

intensity peak of graphene oxide appears at 10°. Through Bragg’s equation 

� 
 2!�"�#, in which � represent the level of reflection (typically n=1),   equals 

to the wavelength of X-ray, # is the reflection angle on the x-axis. It needs to be 

noted that the value on x-axis is 2#. The interlayer distance ! can be calculated and 

the change of interlayer distance caused by oxidation will be derived. After reduction, 

the XRD pattern of rGO is shown as the blue curve in Figure 23. The peak of GO at 

10° disappears while around the location of the graphite peak, a wider and weaker 

peak appears. The disappearance of the 10° peak represents material that has been 

fully reduced and oxygen that has been removed. Comparing with graphite, the 

amorphousness of rGO is reduced and causes the change of peak shape for rGO 

curve. 
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Figure 23: XRD spectra of graphite, graphene oxide and reduced graphene oxide [163] 

XRD has been used to verify the quality of produced graphene and analyse its content, 

for example in ref. [24, 28, 38, 40, 66, 81, 82, 88, 142, 151, 164, 166, 170-172]. On 

the other hand, however, XRD is more difficult to operate than Raman test and the 

sample requires special treatment before conducting the test. 

3.4 Summary of Analysis Techniques 

Various pieces of equipment can be used to analysis synthesised graphene before it 

goes into application. Optical magnification equipment can be used to observe the 

aggregation of graphene flakes in solution or in solid material and to decide if further 

treatment is needed. However, it is not easy to use an optical magnification equipment 

to directly observe the details of thickness, micro-defects and overlapping areas. Also 

the morphology of flakes cannot be used to determine the type of material unless 

using specific analysis software. To sum up, the most suitable application for optical 

magnification equipment is to observe micro structure and aggregation. 

To determine material types and analysis the quality of graphene, using other methods 

are more suitable. XRD can be used to verify the type of material through the location 

of its characteristic band and to derive the inter-layer distance. FT-IR method can 

verify detailed functional groups in a material. However the range of functional group 

band is wide and it can provide large amount of detailed information about functional 

groups and is not very easy to conclude an accurate result. It is more suitable to be 

used to check and monitor the process of graphene production. Raman test can assess 
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the quality of rGO from the level of reduction and its thickness. It could be treated as 

the most useful test for the assessment of the quality of rGO.    

Besides, for EM, AFM and Raman test, the test sample does not require complicated 

pre-processing and can be observed directly. For SEM, TEM, STM, FT-IR and XRD 

tests, samples require special treatment before being tested. The treatment of a sample 

includes, but is not limited to, grinding, coating and manufacturing thin film of the 

material. When choosing the equipment to assess the quality of rGO, the difficulties in 

preparing the sample should be taken into consideration. All the analysis techniques 

are compared in Table 6. 

Table 6: Summary of commonly used graphene analysis techniques 

Technique 
Operating 

Principle 
Application 

Maximum 

Magnification 
Limitations 

EM 
Electron 

transmission 
Observe aggregation 103 Low magnification 

TEM 
Electron 

transmission 
Observe aggregation 106 

Ultrathin sample; 

Specially prepared 

SEM 
Electron 

backscatter 
Observe aggregation 105 

Specially prepared 

sample 

STM 
Scanning Probe 

& Voltage 
Observe aggregation 108 

Conductive sample; 

Specially prepared 

AFM 
 Scanning 

Probe 

Observe aggregation & 

assess surface flatness 
109 

Probe can damage 

sample surface 

FR-IR 
Infra-red ray 

reflection 

Detailed identification of 

functional groups 
N/A 

Special sample 

treatment; Difficult 

to analyse spectra  

Raman 

Test 

Laser beam 

Scattering 

Identification of material 

group; thickness and 

distortion of sample; 

assess sample quality 

N/A 
Cannot identify 

specific material 

XRD X-ray reflection 

Identify type of material 

and the inter-layer 

distance; Assess sample 

quality 

N/A 
Specially prepared 

sample 

 

4. Application of Graphene (rGO) for Material Strength 

Enhancement 
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4.1 Traditional Material Strength Enhancement 

When parts are being manufactured, due to the manufacturing process, the properties 

of parts may not reach the same level as those of the pristine material. Therefore, in 

real application, the part needs to be treated before it goes into application to ensure 

that the part can attain the best material performance. For metal material, the most 

commonly applied traditional reinforcement methods in real life are work hardening 

[173-177], solid solution strengthening [178-182] second phase particle strengthening 

[183-187] and grain-boundary strengthening [188-194]. These four approaches have 

been applied for decades and their application is relatively mature. In industry, the 

process is defined as post-processing, which is a necessary step before parts go into 

application in order to extend their lifetime. The main mechanism of these methods is 

to modify the material from its lattice structure or create local plastic deformation, i.e. 

without adding a large amount of other materials.   

Apart from modifying the inner structure of the material, an addictive method can 

enhance the mechanical strength of the material in order to repair the small cracks in 

the material and extend its lifetime. Laser cladding and laser surface alloying are 

possible approaches to achieve that purpose. The working principle of these 

techniques is to use a material in powder form to fill the cracked/damaged region. 

Then, a laser beam is used to melt the cladding metal powder, which re-solidifies on 

the damage and repairs it. Typically, a cladding material has self-flux ability (does not 

require the addition of other flux to wet the substrate during heating) [169, 170, 

225-230] and usually contains nickel and cobalt to ensure a good combination with 

the base substrate [228, 230]. During the cladding process, not only the cladding 

powder will be melted, part of the base material will be melted to ensure perfect 

bonding to the cladding material in order to form a stronger composite and repair the 

damaged material.  

4.2 Composite Material and its Interfacial Properties 

As introduced in section 4.1, traditional material strength enhancement methods tend 

to locally modify a material’s structure or add small amount of another material to the 
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existing material. The operation is not so complicated but the enhancement effect is 

limited. A composite is a kind of hybrid material which is made from at least two 

kinds of materials whose properties have significant differences [195, 196]. Typically, 

comparing with traditional material, a composite at least has one or more of the 

following advantages: greater mechanical stiffness and strength, lower density, 

cheaper price, extra chemical resistant and better wear resistant ability [197]. By 

delicate design and systematic test, a composite can have the properties of all 

components and attain maximum performance. Consequently, the cost of 

development and the complexity of fabrication is far higher than traditional 

approaches. Composites are now widely applied in aerospace, automobile, military, 

robotic, medical and construction fields [198]. 

Composites are formed by a matrix and reinforcement materials. Generally, the 

matrix constitutes the highest proportion of the composite and is usually continuous 

while the reinforcement is distributed within the matrix. Details of the development, 

fabrication and application of composites will not be discussed in this review. 

During the forming process, the matrix spreads around the reinforcement and 

solidifies after curing to form a bulk piece. The process of the matrix entirely 

covering the reinforcement along with the reduction of Gibbs free energy is known as 

‘wetting’, while the ability of the matrix material in liquid form, that is before curing, 

to spread around the reinforcement is defined as wettability. The wettability is 

positively correlated with the composite quality. The interface region of composites 

refers to the micro region where the matrix and reinforcement couple, which ensures 

the integrity of the composite structure. Thus, the interface region is distinct from the 

rest of the composite which is made up of ‘two separate and identifiable materials 

mixed together’. Figure 24 shows a schematic of a composite interface structure. 
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Figure 24: Schematic of composite interface structure [199] 

The strength enhancement phenomenon comparing with the base materials of 

composites can be attributed to the interfacial stress caused by the differences of 

elastic modulus and is determined by the quality of coupling between the matrix and 

reinforcement materials in the interface region [200]. Hence, smoother and cleaner 

adhesion between reinforcement and matrix will make the composite stronger.  

The bonding mode of the interface can be divided into mechanical bonding (matrix 

bonding with reinforcement through the micro pores on the fibre), low energy 

physical coupling (matrix bonding with reinforcement through Van der Waals force), 

high energy chemical reaction coupling (matrix bonding with reinforcement through 

chemical bond), and diffusion bonding (particles from fibre dissolved in matrix) 

[201-203]. It should be noted that the structure and property of the interface plays a 

critical role in determining the properties of the composite. Thus, in order to achieve 

some specified properties of the composite, there is usually the need to make a 

delicate compromise between the intrinsic property of the reinforcement and the 

interfacial properties. 

When a composite material is loaded, due to the existence of the interface, a 

complicated deformation within the matrix will transfer the load onto the 

reinforcement, which, in turn, ‘holds’ the matrix tightly and results in the 

enhancement of strength [204, 205]. This can be described as the transfer effect of the 

interface. In addition, the interface also has a delay effect (it delays the propagation of 

micro-cracks and reliefs stress concentration to some extent), non-continuous effect 

(the appearance of non-continuous physical property including magnetic, 

electrical/thermal resistant, etc.), scatter and absorb property (scattering and 
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absorption of sound/shock wave, light wave, etc.) and induction effect (the surface of 

reinforcement induce the other material to change some of the properties) [206, 207]. 

A balance of matrix content and reinforcement content needs to be reached to acquire 

the best interfacial property and achieve the best performance of a composite material. 

4.3 Applications of Graphene in Material Strength 

Enhancement  

As introduced before, graphene is theoretically the ‘strongest’ material that has been 

discovered so far. Though its outstanding properties at the micro-level are not the 

same as the properties applied in real applications, they can still be applied to material 

enhancement through suitable treatment. 

4.3.1 Metal Materials 

As a form of carbon, it is easy to link graphene with solid solution strengthening 

mechanism of metal enhancement. Its operation can be simply viewed as mixing 

reduced or original graphene oxide with metal powder before sintering, or mixing 

reduced or original graphene oxide particles into liquid metal before its 

re-solidification. 

Aluminum is a widely applied metal material. In order to use graphene to enhance its 

mechanical properties, its chemical properties needs to be considered. Metal oxide 

can form easily on the surface of aluminum and influence the bonding quality 

between graphene and aluminum. In 2011, Bartolucci et al. [166] manufactured 

graphene-aluminum nanocomposites from aluminum powder and graphite oxide 

particles following blend-mill-press-extrude process. First, high quality aluminum 

powder and graphite oxidized graphene powder were finely mixed via an acoustic 

mixer. Then the mixture was milled in a high power attritor under argon flow and 2 

wt% stearic acid to prevent agglomerations. This operation improves the grain 

refinement and remove the nascent oxide layer on aluminum powder to ensure a clean 

metallurgical interface and homogenous composite powder quality, which further 

consolidates the product. Graphene enhanced aluminum composite was then extruded 

out after hot isostatic pressing under 65 ksi. Theoretically, the refinement of graphene 
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flakes will influence the grain boundary of the composite and increase the resistance 

to dislocation movement while breaking. At macro level, it should show as the 

strength enhancement of the composite. Unexpectedly, the Vickers hardness and 

ultimate tensile strength (σ%&') test results of the new composite show that σ%&' and 

hardness both decreased from 330MPa to 260MPa and from 96±7 to 84±5, 

respectively. They believe that the weakening mechanism is due to graphene flakes, 

which adhere to the surfaces of aluminum particles during milling. In the subsequent 

phases of consolidating, heating and extrusion, the graphene flakes react with the 

aluminum particles at the grain boundaries (between particles) to form aluminum 

carbide at the interface, which become points of brittle weakness and which make the 

dislocation of atoms easier under loading and decrease the mechanical properties of 

the composite. 

Wang et al. [208] modified graphene-enhanced aluminum matrix composite by pre- 

modified aluminum flakes. To achieve that, Al powder, comprising spherical balls of 

about 10 μm in diameter and of 99% purity, was transformed into Al flakes of 2 μm 

thickness by ball milling. The flakes were subsequently immersed in 3wt% Poly(vinyl 

alcohol) (PVA) solution. The bonding quality between PVA modified aluminum 

powder and graphene is better than normal aluminum due to the hydroxyl and epoxy 

groups introduced by PVA. This improved the water wettability of the aluminum and 

ensured the uniform distribution of GO nanosheet on the surface of the aluminum to 

enable stronger interfacial bonding through hydrogen-bonding. The GO in the mixture 

was reduced through rapid heating to high temperature along with the powder’s 

compaction, sinteration and hot extrusion process to form a bulk composite. With only 

0.3 wt% graphene nanosheet added, the increment of tensile strength of the modified 

aluminum composite reached 62%.  

Similarly, Gao et al. [167], Porwal et al. [209], Rashad et al. [210], Li et al. [211] all 

successfully synthesised graphene (rGO) enhanced aluminum composites. Porwal et 

al. [209] used a similar ball-milling process to improve the quality of the composite 

powder. Similarly, Li et al. [211] ball milled 10 μm aluminum micro sphere powder 

with GO to form the base composite material. Specifically, Li et al. [211] pointed out 
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that when the concentration of graphene exceed 2.5 vol%, micro-cracks will be 

produced at the interface of graphene-aluminum and increase the brittleness of the 

interface, which will result in lower mechanical properties of the composite produced. 

It should be noted that ball milling will not only disperse graphene flacks more 

uniformly within the composite matrix but it will also provide the required condition 

for the interfacial reaction to form the interface. However, ball milling cannot be 

perfectly controlled and might not work as expected. Besides, several researchers 

point out that ball milling can potentially damage the raw material powder and 

weaken the enhancement effect caused by graphene. For instance, the heat caused 

during the high-power milling process can burn the metal particles and influence the 

quality and properties of the final product.  

A different approach to the use of ball milling method to mix aluminum and graphene 

was proposed by Gao et al. [167]. They used surface surfactant hexadecyl trimethyl 

ammonium bromide (CTAB) to modify the aluminum, which keeps the integrity of 

graphene flakes. Through observation of the micro structure, it was noticed that the 

aluminum grain and graphene flacks are tightly bonded around the interface with no 

significant carbide. Thus, the detrimental effect of carbide formation on the material 

enhancement was prevented. Similarly, Rashad et al. [210] introduced a novel method 

of mixing which involves immersing GNP and aluminum flakes in acetone and finely 

mixing using a mechanical agitator. After mixing, the slurry was vacuum dried and 

filtered to acquire the composite powder. The operation ensures good quality of 

bonding and interface, which enables the interface to bear higher shear stress and, 

thereby, provide stronger reinforcement of the composite. 

The biggest challenge of forming aluminum composites is to remove the influence of 

oxide on the surface of metal particles. Apart from aluminum, the strength properties 

of other metal materials have been enhanced by graphene, for example, copper. Chu 

and Jia [212] produced graphene-enhanced copper composite using procedures that 

are similar to those of enhanced aluminum composite. The fine composite powder 

was produced through ball milling as well. The copper-graphene composite, of 8 vol% 

of graphene, has a Young’s modulus increment of 114MPa, which is an increment of 
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37% of the Young’s modulus of the sintered copper without graphene additive. 

However, considering the poor interfacial bonding caused by the insufficient wetting 

of the graphene and copper, the increment achieved was lower than their estimated 

value. Similar results have been reported by Hwang et al. [213], Li et al. [214], Tang 

et al. [215] and Jiang et al. [216]. They used similar procedures, except that the 

composite powders were prepared through mechanical stirring instead of ball milling 

to maintain the integrity of graphene flacks. Besides, Chen et al. [217] mentioned that 

graphene added into copper matrix should not exceed 0.8 vol.%. Otherwise the 

affinity between graphene and copper is going to become low and lead to poor quality 

of interface after solidification, which will weaken the performance of the material. 

Furthermore, graphene’s enhancement effect can take place on various metal 

materials including, but not limited to, magnesium [218-220] and nickel [168, 221, 

222]. From the papers reviewed so far, graphene reinforced metal material has four 

common features:  

A: Graphene (GO/rGO) needs to be finely mixed with metallic particles or powder 

through mechanical stirring or similar approaches to guarantee the uniformity of 

distribution in the final product.  

B: The properties of the composite is determined by its interface properties, which is 

related to the distribution, size and quantity of graphene content. It should be noted 

that too much graphene content will result in aggregation around the interface as well 

as the appearance of micro-cracks, which might weaken the mechanical properties. 

Thus, the amount of add-in graphene and metal matrix needs to reach a good 

compromise in order to receive the best performance. 

C: The particle mixture needs to be sintered to form the final product. The process is 

not only needed to melt the metallic particles but can also contribute to the reduction 

of GO to rGO at high temperature. This operation is called ‘in-situ reduction’, which 

means the reduction of GO is performed with the forming of metal matrix. The in-situ 

reduction of GO can be achieved by the high temperature during the sintering process. 

D: Sinteration process typically needs to be placed under a high pressure environment 

to ensure better bonding quality between graphene flakes and the metal. 
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4.3.2 Plastic Materials 

The previously reviewed articles are all related to graphene-enhanced metallic 

materials. Apart from only one aluminum-graphene composite with negative 

strengthening effect (reduced strength), all other metal-graphene composites that have 

been reviewed show a positive strengthening effect.  

The strength of plastic materials can also be similarly enhanced under proper 

treatment. Liang et al. [223] disperse GO into poly(vinyl alcohol) (PVA) by drying an 

ultrasonically-treated GO/H2O-PVA/H2O mixture. The mechanism of micro 

dispersion of GO and good interfacial quality of composite is achieved through 

hydrogen-bonding and the mechanism is similar to that of Wang et al. [208]. This 

composite has a 76% increment in tensile strength and 62% improvement in Young’s 

modulus comparing with the original PVA. Along the same lines, Zhao et al. [224] 

produced GO/PVA composite. They reported that 1.8vol% graphene add-in boosts the 

tensile strength of PVA from 17MPa to 42MPa despite the breaking elongation rate 

reduced to 98% of the original. The GO/PVA that Wang et al. [225] synthesized not 

only has higher strength and elongation rate but also a better waterproof (lower water 

absorption rate) ability. Both Zhao et al. [224] and Wang et al. [225] attribute the 

enhancement of the GO/PVA composites to the good interfacial properties achieved 

by the homogenous distribution of graphene within the matrix. Ramanathan et al. [226] 

report that functionalized graphene sheets dispersed in polymethyl methacrylate 

(PMMA) can increase Young’s modulus by 81% and tensile strength by 20%. 

Comparing with expanded graphite enhanced PMMA, functionalized graphene can 

provide a stronger interface to the composite. Yu et al. [227] successfully 

manufactured high quality graphene-poly vinylidene fluoride (PVDF) composite 

using high pressure sintering similar to metal composite manufacture. Mechanical test 

shows a significant improvement on PVDF’s storage modulus. Further experiment 

had been done by Layek et al. [228] on gum arabic (GA), Chiappone et al. [229] on 

Poly ethyleneglycol diacrylate (PEGDA), Salom et al. [230] on commercial epoxy 

glue, Chatterjee et al. [231], Prolongo et al. [232], Ashori et al. [233] and Ashori et al. 
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[234] on epoxy, Wan and Chen [169] on waterborne polyurethane, Ionita et al. [235] 

on polysulfone and Wu et al. [236] on natural rubber. Considering the relatively low 

melting point of raw material particles, the composite powder is prepared by wet 

mixing, mechanical stirring or low speed milling instead of the high power high 

velocity ball milling applied on metallic materials. In most cases, the mechanical 

properties of the plastic/GO/rGO composites produced unsurprisingly show higher 

elastic modulus and tensile strength and relatively lower strain rate. However, the 

tensile strength obtained by Salom el al. [230] for the epoxy/rGO composite that they 

produced was lower than the tensile strength of the original epoxy composite due to 

the non-uniform distribution of graphene within the structure. 

4.3.3 Discussion 

The mechanical property and strain rate of some materials that were enhanced with 

GO from the current reviewed literature has been collated in Table 7. 

Table 7: Mechanical properties of graphene enhanced materials  

Material  
Enhancement 

Filler Type* 

Change of Young’s 

Modulus (GPa) ** 

Change of ()*+ 

(MPa) **  

Change of strain 

(%) **  
Ref. 

Aluminum GO  330→260 (-21.2%)  [166] 

Aluminum GO  86→110 (+27.9%) 52→43 (-17.3%) [167] 

Aluminum GO  154→249 (+61.7%) 26→13 (-50%) [208] 

Aluminum 

Oxide 

Exfoliated 

graphene 
380→398 (+4.7%)   [209] 

Aluminum GNP 5-15nm  
252±4.5→280±5 

(+11.1%) 

13.4±2→9.53±1.5 

(-28.9%) 
[210] 

Aluminum GO  175→285 (+62.9%) 51→35 (-31.4%) [211] 

Copper GNP  150→320 (+113%)  [212] 

Copper RGO 102→131 (+28.4%) 255→335 (+31.4%) 38→13 (-65.8%) [213] 

Copper GO  175→240 (+37.1%) 28→9 (-67.8%) [214] 

Copper  GO 82→132 (+61.0%) 230→320 (+39.1%) 35→12.5 (-64.3%) [215] 

Copper 
2.4nm pristine 

graphene 
 210→230 (+9.5%) 55→42 (-23.6%) [216] 

Magnesium GNP 5-15nm 
7.4±0.3→14±0.16 

(+89.2%) 

164±5→260±5 

(+58.5%) 
 [219] 

Magnesium 
GNP less than 

10nm 
 

163±3→202±3 

(+23.9%) 

7.5±1.5→14.5±1.2 

(-93.3%) 
[220] 

Nickel GO 
166.7→252.76 

(+51.6%)  
  [168] 
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Nickel 
Graphene 

nanoflakes 

137-183→203-239 

(+48.2%) 
  [222] 

PVA GO 2.13→3.45 (+61.9%) 49→89 (+81.6%) 22→5 (-77.3%) [223] 

PVA GO 0.1→1.04 (+940%) 17→42 (+147%) 210→10 (-95.2%) [224] 

PVA GO  21→55 (+162%) 130→20 (-84.6%) [225] 

PMMA 

Functionalized 

graphene 

sheet 

2.1→3.8 (+81%) 70→84 (+20%)  [226] 

PVDF RGO 0.9→6.2 (+589%)   [227] 

GA GO 
0.77±0.06→0.27±0.05 

(-64.9%) 

3.3±0.12→7.4±0.15 

(+124%) 

25.1±0.4→10.6±1.1 

(-57.8%) 
[228] 

PEGDA GO 
9.3x10-3→1.1x10-2 

(+18.3%) 
  [229] 

Epoxy 

Adhesive 
GNP 6-8nm 

2.9±0.2→4±0.3 

(+37.8%) 
65±4→48±1 (-26.1%) 

3.0±0.2→1.8±0.1 

(-40%) 
[230] 

Epoxy  GNP  2.67→2.86 (+7.1%)   [231] 

Epoxy  GNP 6nm 
2.2→2.9 (glassy state, 

+31.8%) 

110~120→62 

(-43.6%) 
5.5→2.2 (-60%) [232] 

Epoxy GO  
53±4→63.7±8 

(+20.2%) 
 [233] 

Epoxy GO 
0.3x10-3→0.66x10-3 

(+120%) 
0.11→0.145 (+31.8%) 

0.36→0.22 

(-38.9%) 
[234] 

WPU GO  18→28 (+55.6%) 
1500→620 

(-58.7%) 
[169] 

Polysulfone GO 
0.187x10-3→0.218x10-3 

(+16.6%) 

3.33±0.28→3.84±0.39 

(+15.3%) 
 [235] 

Natural 

Rubber 
GO 

1.1±0.12→2.3±0.30 

(+109%) 

16.3±0.45→22.9±0.82 

(+40.5%) 

849±45→693±24 

(-18.4%) 
[236] 

* Raw material before being added into the matrix material 

** Some values are approximately calculated from the stress-strain curve in the paper 

From the statistics in Table 7 and the procedure used to produce each  composite, 

few conclusions can be made: 

A: The process of plastic/rGO composite fabrication is similar to that of metallic/rGO 

composites. Some researchers use ball milling method to create fine composite 

powder. However, ball milling can  cause the metal micro sphere particle to burn and 

can sabotage the integrity of graphene flakes. Low integrity of graphene flakes might 

weaken the enhancement effect. Mechanical stirring and ultrasonication treatment can 

solve the problem, but if the mixture is not finely mixed, the uniformity of graphene 

within the final product cannot be ensured and will influence the mechanical 
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properties of the final product as well. Thus, a proper method needs to be chosen 

based on the material quality, purity, size and environment factors. Due to the 

relatively low melting point of plastic materials, ball-milling is not preferred. Instead, 

wet mixing and mechanical stirring is widely applied. Besides, some researchers 

prefer to perform the reduction of GO before adding it to the base plastic material 

powder in order to optimize the quality of product. Moreover, since the thickness and 

the quality of raw graphene material cannot be entirely quantified, it is hard to 

conclude which type of raw graphene material is the best option. After all, different 

raw materials will be reduced into similar form within the final product. To 

re-perform these experiments, choosing the most easily obtained material and using 

similar fabrication operation for the reported ratios of graphene and the matrix 

material is recommended.      

B: The Young’s modulus of almost all graphene-enhanced metal material is only 

slightly changed. However, for plastic material, the magnitudes of changes are 

relatively high. The main reason for this difference is the large relative difference 

between the Young’s modulus and tensile strength of the virgin materials. For 

example, the Young’s modulus and tensile strength of graphene is about 5 to 14 times 

the Young modulus and tensile strength of most metals, whereas it is about 200 to 

1000 times the Young’s modulus and tensile strength of many plastics. Thus, the 

strength enhancement of graphene-enhanced metal composite is only few percent. 

However, the enhancement effect is more significant for a plastic material with a 

strength increase of around 40%. For both metals and plastics, solid solute 

enhancement is the main mechanism for the material’s enhancement effect. 

C: Nearly all values of σ%&' increased for metallic and plastic material but for some 

epoxy-based resins, commercial adhesive and natural rubber, σ%&' dropped. That is 

caused by the low bonding quality between the base material and graphene. If we 

further analyze the data of σ%&', it can be found that some of the increment reaches 

several times more compared with the original value. However, in some cases, the 

strength is only slightly changed. For example, Rashad et al. [210]’s experimental 

results only show 11% increment and Jiang et al. [216]’s copper enhancement 
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achieved an increment of 9.5%. These experiments should be further reviewed 

because the value of changes is relatively less obvious, which might just be a 

measurement or system error. To verify the test result, experiments need to be 

repeated and confirmed on different samples. 

D: Breakage strain of almost all experimental samples shows a weakening trend, from 

a decrease of 20% of initial strain (i.e. strain of virgin material without graphene) to a 

decrease of 95% of initial strain. Around 60% decrease in strain is the most common 

statistics among reviewed data.   

E: From the experimental procedures reported in most of the literature reviewed so far, 

all graphene was bonded with the base material at the micro-level and the distribution 

of graphene flakes in the new composite formed was extremely fine (this was the 

reason for mechanical stirring or hydraulic mixing). Otherwise, if graphene forms a 

bulk in the final product, it may cause a stress concentration and further weaken 

mechanical strength, like in Salom el al. [230]’s experiment.   

F: It is not the case that the more the graphene add-in, the better the enhancement 

effect will be. As much of the data shows, when the amount of graphene add-in 

exceeds a critical value, the strength of the new material will start to drop, even lower 

than the initial value [167, 209, 229, 232, 235]. This is probably due to the 

aggregation caused by excess amount of add-in GO, which may cause negative effect 

towards the interfacial properties (more brittle, micro-cracks, weak linkage, etc.) of 

the final product and reduce its macro mechanical properties. 

There are still some other researchers who have recorded their attempts in applying 

graphene family material to enhance the strength of materials by other methods. For 

instance, by immersing cellulose paper in GO solution until GO permeates into the 

cellulose fibre and dries, the tensile strength and breakage strain of cellulose paper 

can be significantly improved [237]. Kim et al. [221] tested graphene’s strength 

enhancement effect on copper by producing copper-graphene multi-layer pile 

composite. They achieved this by layering alternatively ultrathin layers of copper 

followed by graphene, etc. The enhanced effect can reach few hundred times 

compared to the yield stress of the bulk single-crystal metal [221]. However, the test 
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sample is in micro-level and the diameter of the sample is 260nm, which makes it 

unlikely to be applied in real life. Similarly, Kim et al. [238] coated graphene on an 

ultrathin vanadium sheet to form a graphene-vanadium composite though the 

thickness of the composite is ultrathin (600nm) and may not have too much 

application potential in real life.   

5 Prospect 

With a rapid development and research on graphene within the last two decades, it is 

necessary to review what has been done to date. 

In the public’s view, graphene is a wonder or dramatic material that can be applied in 

almost all fields in people’s daily life. Indeed, theoretically it has superb mechanical 

properties, good electrical and thermal conductivity as well as good optical 

transmittance, low electrical resistance, large surface area and large permselectivity. 

For new comers to research on graphene, the astonishing mechanical properties may 

stimulate huge interests. However they might get dissappointed after realising that its 

outstanding mechanical properties are just theroretical values which have only been 

partially attained on a nano-/micro-scale level but are yet to be releasied on a 

macro-scale level. The application of micro-level property at macro-level is yet an 

interesting area that has remained unachievable. Assuming this problem can be solved 

in the future, then new and exciting engineering products with fantastic and highly 

desirable and beneficial physical properties can be developed. 

It is important to point out that there are few common misunderstandings by the 

public and new comers to research on graphene: 

A: A trully single-atom thick graphene is a ‘fancy or wonder’ material, theroretically. 

However, most of the currently isolated graphene is multi-layer and is not the 

expected ‘fancy’ material. Essentially, graphene is a form of graphite that can be 

treated as a stacked structure of multi layers of graphene. A line drawn by a pencil on 

paper contains a large amount of micro graphene flakes. The current difficultyis to 

produce a large amount of graphene of good quality, which is also the reason why the 

price of the very small sizes of graphene that is currently produced is high. 
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B: Similarly, single layer graphene is the strongest material currently known. 

However, the multi-layer material that is hyped as graphene is not ‘strong’. The 

astonishing mechanical properties of graphene is at the theoretical micro level. At that 

dimension, a material tends to be flawless without micro defect, while for macro level 

graphene pieces, the quantity of micro defects can be millions. The strength and 

properties of macro-level graphene pieces are not that outstanding and are 

significantly influenced by their quality. 

C: Furthermore, while a true single layer graphene material has outstanding properties, 

in general, graphene is not ‘a do-it-all’ material that can do anything. Not all products 

that have names associated with ‘graphene’ have superb functions. As a matter of fact, 

currently, in real life, graphene-dominated products are extremely rare. Materials 

presented as graphene are mostly multilayer graphene which contains many flaws that 

dominate the property of the product. The graphene content does not have significant 

influence on the properties of the product and can be replaced by other cheaper 

carbon-based materials. 

As a new and popular material that has been under research and development during 

the past decade,the achievement in this area is remarkable: from conductive coating to 

strength enhanced composites, from gas sensor to sea water filter, from high capacity 

mobile device battery to the scaffold used in tissue engineering, the application 

potential of graphene has been proposed in many fields. However, it should be noted 

that most of these applications are still on small scale laboratory level and the 

successful large-scale commercial application cases of using graphene in real life are 

rare to find. After a long period of development, the research enthusiasm in applying 

graphene nowadays is gradually cooling down and seems to have stepped into the 

‘bottleneck’ stage. A breakthrough of graphene application is expected to re-energise 

the research field. Nevertheless, the potential stimulation of the economy due to large 

scale production and applications of graphene should not be ignored. Almost all major 

universities across the world have relevant research projects. Graphene industrial 

parks have been built in many countries that have created thousands of job 

opportunities. though graphene-enhanced composites have not been widely applied 
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yet, the efforts that researchers have made have received good feedback. With 

availability of large volume of graphene and good fabrication procedures that produce 

high quality products, it is seemingly not complicated to produce strength-enhanced 

graphene composites.  

Comparing with traditional strength enhanced composites, graphene-enhanced 

material has better mechanical properties. Besides, due to the low density of graphene, 

the reinforced composite has light weight as well. If the interfacial properties of a 

composite can be fully controlled during the process of large-scaled production, it will 

be possible to produce large quantities of the composite for real applications. Another 

challenge is the cost. The add-in graphene is unable to exponentially improve the 

strength of a material but will massively increase the cost. For instance, the price of 

aluminum is around £2/kg. With 1 gram of graphene added (1 wt%), the price of the 

Al/G composite produced will increase 40 times, not to mention the loss of material 

during fabrication. Therefore, further developments are required to enable large-scale 

production of high quality graphene at competitive prices. The achievement of this 

goal will ensure that graphene-enhanced composites have bright application potential. 

6 Conclusion  

The four main areas of the review are on the production of graphene-based materials, 

their physical properties, instrumentation used for characterising their quality, and 

their applications especially in the area of material strength enhancement. Each of 

these four areas are summarised in the following paragraphs. 

For the production of graphene-based material, if it is not for laboratory use, then 

reduced graphene oxide is typically used as a replacement to simplify the synthesis 

process. The fabrication of graphene oxide still follows the Hummer’s method 

discovered almost a century ago. Reduction approaches applied are mainly chemical , 

thermal and photo reduction methods. One thing that needs to be noticed is that the 

quality of product is not easy to cotrol and has great randomness. 

To analyse the quality of synthesised graphene, apart from morphology observation 

using optical equipment, it is neecessary to use advanced equipment and procedures 
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such as AFM and TEM, Raman test, XRD analysis and FR-IR. These advanced 

equipment and procedures can provide more details including micro-defects at the 

edge of a sample and the thickness of material at different regions of the sample. 

Graphene and graphene-based materials are currently mainly being used in 

composites, electronics and medical devices. However, considering the current price 

of graphene-based materials and their current real applications, the commercial 

development of graphene-based products is still at an initial stage. 

For the application of graphene for the enhancement of the strength of conventional 

materials, current application approaches are similar. This is essentially using 

graphene as a nanofiller finely mixed with the base material matrix particles at the 

molecular level to form a stronger material. This synthetization process is not very 

easy to implement and requires large amounts of graphene, which will increase the 

cost. Thus, the application of graphene-enhanced material is more likely to be used in 

the military and aerospace sectors which consider the property of a material as 

priority rather than its cost. Surface coating enhancement using graphene has not yet 

been widely researched and it has been applied only on micro samples. Theoretically, 

associating graphene with surface coating technique like laser cladding can be a future 

research area. Laser cladding with graphene can potentially reduce the fabrication 

time of graphene-enhanced materials compared with currently applied 

graphene-material enhancement method. This is expected to have good application 

potential including material strength enhancement to extend the lifetime of parts and 

repair of damaged parts in order to avoid catastrophic damage when they are 

functioning. This will involve determination of suitable combinations of laser 

parameters, determining the amount of graphene and the base material type in order to 

achieve optimum enhancement effect. 

Apart from the quality of graphene-based raw materials, their price is the other 

important factor which limits their application. Only with further development and 

decrease in the price of raw graphene-based materials can more graphene-based 

products become part of our daily lives. 
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