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Graphical Abstract

Thisreview 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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The Processing and Analysis of Graphene and the &ingth
Enhancement Effect of Graphene-based Filler Materiks: A

Review
Chen Shen, S. O. Oyadiji

Faculty of Science and Engineering, School of Eegiimg,
Department of Mechanical, Aerospace and Civil Eagring,

University of Manchester, Manchester M13 9PL, UK

Abstract

Research on graphene, a single-atom thick matdrgal,been an intensive research
area since the end of the™@entury, especially after the discoverers of gemgh
were awarded the Nobel prize in 2010. The matbaalattracted much interest and in
the past decade the development of graphene cgnbentlescribed as outstanding.
Tens of thousands of papers relevant to the apilicaof graphene have been
published. Graphene has good physical propertietudmg strength, electrical
conductivity and thermal conductivity. It also hstable chemical properties. Among
all of the outstanding properties of graphenemeghanical properties are one of the
best. Ideally its Young’s modulus can reach 1 TRé its tensile strength can reach
130 GPa. These theoretical values are higher thasetof all metals and are the
highest values among all materials discovered soTlae potential applications of
graphene products have even exceeded those ansiti@terial. For some time, this
has led to a greater research activity on graplieae on silicon. Currently the
research on graphene is mainly focused on medicaiipment, composites,
conductive materials and super capacitors.

This review will introduce the processing and as&lyf graphene and the application
of graphene in the material strength enhancemelt. fThe application of graphene
family material in this area will be introduced adp with its processes. At this

moment, the application of graphene in materiab@ckment is limited by the lack of



large volume of graphene and cost. Graphene angh@n&-based materials can
enhance material strength to some extent, but foisyet cost-effective enough.
Currently, the application of graphene and graphHmased materials for strength

enhancement is more realistic in the military aabapace sectors.

1. Introduction

In recent years, many advanced materials have diseovered and which have arisen
huge research interests. Among them, silicon car{fC), silicon carbide nanowires
(SiCnw), carbon nanotube (CNT) and graphene arerewtly the most
intensely-researched materials. Since single |&[@r structured carbon material
graphene had been first exfoliated by Geim and Nelw from HOPG (highly
oriented pyrolytic graphite, a kind of high qualéagd high purity graphite material) in
2004 and awarded the Nobel Physics Prize in 2010 tghs of thousands of
researches have been conducted in this area. Resmathis advanced material has
been treated as one of the most important reselm@ttions in the past decade.

One of the most significant properties of graphénets outstanding mechanical
properties, especially its theoretical tensilerggth, which could reach 130 GPa [2].
Its specific surface area could reach 268Qg. A vivid example to describe these
values is a high quality graphene “hammock” ah4surface area that weighs 0.77
mg only and, which ideally can be able to holdkg4at [3]. Theoretically, graphene
is the “strongest” material that has been discayes@ far and has been applied to
material enhancement to some extent. Most of tBearehes relevant to material
enhancement using graphene are based on solidosottitengthening method which
involves mixing it into the composite matrix in erdto fabricate an advanced
composite, or sintering it with metal powder togwoe an enhanced alloy.

In this review, materials from the graphene fanigsaphene, graphene oxide, reduced
graphene oxide) and their current applications bellintroduced first. The reduction
of graphene oxide to graphene as well as grapheateris enhancement will be
reviewed in detail in the following sections. Basmeasurement and analysis

equipment and test methods related to graphendeviliscussed at the end.
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2. Graphene and Graphene Family Materials

2.1 Differences in morphological and physical propties

Graphene is a 2D single atom thisk? bonded carbon atom. Its microstructure is
based on the benzene-ring. Graphite, the most camynawailable carbon material in
a laboratory, could be treated as an accumulationuge amounts of single-atom
thick and multi-atom thick graphene. Novoselov le{H used adhesive tape to peel
graphene from highly oriented pyrolytic graphite Kimd of high-purity graphite
material) directly and produced this material fwe first time. During the past decade,
the application of this advanced material has dgyed rapidly. In 2010, Andre Geim
and Konstantin Novoselov from the University of Mhester were awarded the
Nobel Prize in Physics due to their “outstandingngiering research, discoveries and
groundbreaking experiments on graphene, a two-diraeal material”.

Graphene can be treated as a general term for ity falnmaterials. Most commonly
used graphene types are pristine graphene (G)hegnapoxide (GO) and reduced
graphene oxide (rGO). Table 1 compares their diffees approximately. Pristine
graphene, as its name suggests, has the bestamedtgbroperties to ‘pure graphene’.
It is a mixture of single layer (majority) to mudtyer graphene. Its structure is shown
in Table 1, in which the gray atoms represent aarligraphene oxide is exfoliated
from graphite oxide and usually dispersed in watsrmanufacture still follows the
Hummer’s method which was first applied in thé"t@ntury [4]. As shown in Table
1, its micro-structure contains a large numbengfgen atoms (shown in red in Table
1), which typically appears in the hydroxyl ion. Bgmoving the majority of the
oxygen containing functional groups from GO, reduagaphene oxide can be
obtained. Its micro-structure still contains a draatount of oxygen but its property is
close to pristine graphene. It is the most commaoskd graphene family material in
research and applications.

Table 1: Comparison of Commonly Used Graphene

Difficulties of
Structure Properties
Manufacture




High, normally
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If we classify graphene by its thickness, then il Wwe classified as monolayer
graphene, bilayer graphene (or double-layer graghemnd few-layer graphene (3-9
layers). When layers of single atom thick graphemeeed 10 layers, due to the
thickness it can no longer be treated as a 2D mhteFherefore, commercial
graphene typically has up to ten layers. For mbam t10 layers, the material will be
treated as graphite [5].

The properties of graphene can be modified by anated method. Graphane can be
obtained after the hydrogenation of graphene. prosess adds hydrogen to graphene
structure. Ideally, in a pure sample of graphamehecarbon atom bonds with one
hydrogen atom, which endows the material with mégrgroperty which traditional
graphene does not possess. The new C-H bond wlithigraphene structure would be
in sp3 hybridization compared with the initiadp? C-C bond [6]. Similarly,
fluorination process of graphene could break tpé bond within graphene and form
C-F sp® bond to add fluorine into graphene structure ideorto influence the
electronic and optical properties of the new matefi’]. Fluorination can be
conducted on different types of graphene includadoliated graphene, CVD
(chemical vapour deposition) grown graphene anduaed graphene oxide [8].
Chlorine modified chlorographene can give grapheogerlow sliding friction
coefficient after the modification [9].

Apart from the types of graphene mentioned abdweretare other types of graphene
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that are commonly reported in the literature. Geagghnanosheet (GN), which refers
to high quality single layer graphene, is usuallgated as a general name for
graphene in the literature. Graphene nanoplat€lNP) refers to material with
nanometric thickness from 3-100nm. It is typicathulti-layer, more likely to be
applied in industrial products, and is being used the strength enhancement of
polymer composite and to boost the thermal perfomadthermal conductivity) when
embedded in epoxy resin [10]. Nevertheless, theofiseano-’ in the description of
graphene material is not necessary due to thetfettthe thickness of graphene
material is always ultra-small (<100 nm) and alsead the nanoscale range.
Therefore, ‘Graphene nanosheet’ and ‘Graphene natedgt’ are probably over

defined [11].

2.2 Differences in methods of manufacture

Large scale production of high quality graphenerie of the current bottlenecks for
the application of graphene. The methods of mamufaaccan be divided into direct
methods and indirect methods. Direct methods pmdostine graphene while
indirect methods produce rGO, which is the comna¢naplacement of graphene in
applications, via the reduction of GO. The most swnly used methods for
graphene manufacture include exfoliation, epitagi@wth on SiC, chemical growth
(CVD method) and reduction from graphene oxide. éMorethods can be seen in

figure 1.
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Figure 1: Fabrication methods of Graphene Familyevals

2.2.1 Direct Methods

Normal graphite can be treated as multiple laydrgraphene that are connected
together by Van der Waals force. The exfoliatiorthrod is a purely physical approach.
Its main mechanism is to break the bond betweeaced} layers of graphene and
separate them from the raw graphite material. Aagnes from mechanical peeling [1]
to ultrasonic [12] and hydro-exfoliation [13, 14&rc all be applied. Mechanical
peeling using adhesive tapes was first appliedditd2and it can be considered to be
the first successful fabrication of graphene. Cluainrapor deposition (CVD) method
is a commonly used method in the laboratory. Gélyerthe base material (for
graphene to grow) will be heated up and placeddhaanber with constant,Hlow at
high temperature. This procedure is to remove vesar. CH and H will then be
pumped across the material for few hours and thssfigw will be gradually reduced
until it stops. The material will then be allowexddure for graphene to form and grow
[15]. As for the epitaxial growth on SiC, the presean be treated as the sublimation
of SiC and was first reported by Bommel et al. [t6]1975. The growth of graphene

is achieved by heating up a piece of SiC wafer ira@uum environment under high
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temperature. Silicon atoms are vaporized to leatrenalayer of carbon atoms on the
surface, i.e. graphene, under a specific diredtiail. The product is typically large

scale with high quality.

2.2.2 Indirect Methods

In practice, using reduced graphene oxide as grapl® a well-accepted method
considering its performance in application and diféculties of fabrication. In the
following sections, most of the references to ‘dw@pe’ in the papers reviewed are
actually references to ‘reduced graphene oxide’e Thost common method to
synthesize graphene oxide was proposed by HummetsCifeman in 1958. It
involves adding graphite to a,850,-NaNG;-KMnO,4 mixture and gradually adding
water. After it is further diluted, filtered, driedvashed and dispersed in warm water,
graphite oxide solution is formed [4]. This methedcalled conventional Hummer’s
method and is still in use 60 years later. Pregisttle material fabricated from
Hummer’s method is graphite oxide, which can batee@ as multi-layer graphene
oxide. The properties of graphene oxide and grapdwide are similar despite their
different structures. To synthesis graphene oxidenfgraphite oxide, it still needs
further exfoliation operation [18]. The biggest lpl@m with the conventional
Hummer’s method is the toxic and flammable gaseb si3 NQ, N.O, and CIQthat
are produced during the reaction process. In regemts, researchers have optimized
the process by changing the raw material and th® @ raw material (eg.
replacement of NaNQwith a 9:1 mixture of KHSOJ/H3PQ;)) to minimize the
hazardous gas emission and enhance the level ohtmm for better fabrication
quality [19]. Common methods of graphene oxide ctda are thermal method,

chemical method and photo-reduction, which willdigcussed in section 2.3.

2.2.3 Comparison of production methods

Each method of manufacturing graphene has its alvardages. The main advantage
of exfoliation is its cost. The required materiase graphite and some cheap
chemicals. Part of the output product of this pss¢cen one hand, has high quality.

On the other hand, the average quality of the gmapHllakes produced is not easy to
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control and the quantity of flakes produced is treddy small. Consequently, the
estimated price of a piece of hand size high qualiaphene is more than a £1000.
On the contrary, the price of high quality grapher&le in the UK market is around
£80 per gram, which is almost three times the ntapkize of a gram of gold.
However, the cost of industrial-grade graphene @oade graphene), on the contrary,
is relatively low and varies from 10p/g to £10/gpdeding on the quantity of
graphene layers. Exfoliation method is more suggbl small scale laboratory use
which is limited by the productivity and difficultgf operation. So far, CVD method
is the most popular approach to fabricate a redgtilarge piece of graphene. It can
not only produce large graphene sheets but alsogcamantee the quality and

uniformity of graphene to some extent regardlegt®fproduction 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, graphenehisxagonal benzene ring shapé sp
2D structure material. Graphene oxide, which is dRlation of graphene, has the
same structure and shape as graphene exceptdlhsd tontains an oxygen functional
group (typically as carboxyl or hydroxyl groups)taé edge of each ring, as the red
dots in Figure 2 shows [20]. The oxygen functiogrup will weaken the properties
of the original graphene material and the propertie GO can be improved via the

reduction achieved by either chemical or thermahioe.

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



2.3.1 Thermal Reduction

The core mechanism of thermal reduction is usingperature increment to boost the
reaction between carbon and oxygen. The oxygen bllremoved from GO and
emitted as gas. The process always involves heagn@g&O at high temperature.
Figure 3 [21] shows a detailed reduction processnfgraphene oxide to reduced
graphene oxide under different ranges of tempeza@O crystal will be gradually
heated up to 130°C, the first critical temperafooent, then the water in the material
is vapourised and a small amount of GO is peeled/Mien the temperature reaches
140°C-180°C, residual water within the GO structuiéé be evaporated. The next
stage is between 180°C to 800°C, in which oxygemfthe carboxyl and hydroxyl
groups will form CQ and will be removed through out-gassing. Then he t
800°-1000°C range large amount of defect in thelypets structure will be generated
due to the removal of epoxide group (-CH(O)CH-) d@hd breaking of C-C bond.
Within 1000°-2000°C, layers of rGO crystal will sity grow stacking onto the
bottom layer to form thick rGO. However, it needse noted that the final product is
a mixture of different quality of rGO, which meatte quality of the final product is

not being perfectly controlled.
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SI RT-130°C | graduallattice contraction of GO, mild vaporizationofH,0 ™

52 140-180°C | Drasticlattice contraction of GO, drastic vaporization of H,O

53 180-600°C | graduallattice contraction, removal of main oxide group

54 600-800°C | lattice relaxation, removal of residual oxide group

Ss 800-1000°C | lattice relaxation, defect formation, partial C-C cracking

Sg [1000-2000°C]| lattice contraction, layer-by-layer grain growth, reducing the defects Thick GP

57 140-600°C | exfoliation of GO due to dractic vaporization of H2O, removal of residual oxide group
Sg |140-2000°C Poor quality of reduced GO and GP due to folding, defect, lattice dismatch, impurity, etc

Figure 3: Process of the reduction of grapheneeojdd]
Another commonly applied thermal method to redueglgene oxide is rapid heating.

Schniepp et al. [22] successfully acquired singlees graphene by placing pre-dried
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graphite oxide into a quartz tube rapidly pre-heégte2000°C/min) to 1050°C for 30
seconds in Argon flow. Similarly, the reduction rhanism is the vaporizing of GO
The rapid heating process can also be definedeas#h annealing. Likewise, Li et al.
[23] reduce GO at 800°C temperature to form rGOeshehile Zainy et al. [24]
produced rGO under 20 seconds 1000°C thermal tezdtrilowever, not surprising,
the purity of rGO systhesised from rapid heatingigh yet the product is typically a
mixture of rGO of different numbers of layers.

Mild reduction is another possible method. Unlikgid heating, the heating rate is
relatively low and commonly conducted in liquid ppaGO dispersion. The GO
dispersion is reduced to rGO using different méchperature conditions including a
150°C oll bath [25], 200°C thermal treatment for H@urs in an inert environment
[26], 125°C thermal treatment for 3 hours [27], AG5nicrowave-assisted treatment
[28] and 300°C reduction [29-31]. The quality o&thnal product differs depending
on the reduction time.

To improve the quality of thermally annealed rG®seaarchers have tried several
possible improvements. Adding chemicals such asmieke [32] and surfactant will
improve the quality of the product to some ext&@dnsequently, small amounts of
impurity will be added into the final product andllweduce the product’s purity.
Changing the raw material from GO to coronene loicdbenzene solution and
pre-polishing the base material for rGO to growl wibke the final product relatively
better [33]. Low temperature (90°C) and long tirbe9(days) annealing [34] could
synthesis good quality of rGO as well.

To summarise, thermal reduction of GO to rGO isnadgapproach to acquire rGO.
The temperature of reduction varies from dozendegirees to few thousand degrees.
Treatment time also differs from few seconds to t&ys. The quality of synthesized

rGO is not easy to control.

2.3.2 Chemical Reduction

Chemical method is also an option for the reductbrgraphene oxide. The most

commonly applied chemical reduction regents arerdmide [35-43], sodium
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borohydride [44-46] and hydrohalic acid [47, 48}th€& materials such as sodium
ascorbate[49], L-ascorbic acid [50, 51], sodiunnaté [52] can be used as well.

The mechanism of chemical reduction of GO to rG@ emplicated process. So far
this question has not been fully answered by rebeas. For halogen acid, Pei et al.
[47] believe that halogenation agents like HBr aarmt HI acid can catalyze the
convertion of epoxy groups into hydroxyl groups.dén specific temperature,
halogen atoms are easy to be attached or remoweddraphene without breaking the
structure of the carbon lattice. The epoxy grouthatedge of a graphene flake will be
broken via ring-opening reaction and the hydroxsdup will be substituted by a
halogen atom, which is easy to be removed bec#gsbinding energy of C-halogen
atom is lower than C-H bond. The reason for usingaéid is because C-1 binding
energy is the lowest among all C-halogen bonds.

As for hydrazine, Stankovic et al. [37] suggest tthemall amounts of
carbonyl-containing oxygen functional group reatthviydrazine to form hydrazones
and partly remove the oxygen in the GO structutgufh this reaction is not the
dominant reason. The majority of oxygen is assuntwedbe removed through the
reduction of epoxide group by hydrazine to form rdaygihe alcohol (open ring
epoxides+hydrazine) first. The next process is dedtjon to form aminoaziridine.
The 2-stage process is illustrated in Figure 4.[Blwever, this theory still needs to
be further validated. The reduction mechanism aigis-ascorbic acid is similar to
using hydrazine [51]. The underlaying principletbé mechanism for the chemical

reduction of graphene oxide is still an open goesti

fﬂ‘{r‘ sHoM—NH..

Figure 4: Possible mechanism of chemical reduatfographene oxide [37]

2.3.3 Photo Reduction

Photo-reduction is typically laser-assisted. Thexnial effect caused by laser

irradiation could generate local high temperatune lareak the chemical bond
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between oxygen-containing functional group and @artoms of GO in areas
exposed to the laser in order to remove oxygen@s I8 other words,
photo-reduction method is similar to thermal mettmdome extent and could be
considered as an extremely high temperature therma#diod. Figure 5 shows a piece
of rGO synthesized by Calina et al. [53] by expgsrfreestanding GO film to
660nm continuous wave diode laser. The colour @sdmple transforms from brown

to black after reduction.

Figure 5: Laser reduced solid rGO acquired aftetinaous wave laser beam exposure of GO [53]
The output power of the laser beam depends oratiez fenerator and input voltage.
Wavelength is the other important parameter f@asaid beam. It could be used to
calculate the power of a photon, which follows dggiation of motion for photon
E = hc/y, in which E represents the power of a phot&ij), h is the Planck
constant6.62 x 10734J - s, ¢ is the speed of light3 x 108m/s, and y is the
wavelength of light (nm). The definition of indiwdl photon’s energy should not be
confused with the power of a laser beam generatedeblaser machine. The
calculated value using the equation only represdetpower of a single photon,
which typically is a very small value though a beafntaser consists of millions of
photons and the power can reach an extremely lagjlev
Commonly applied coating methods to coat GO ordolestrate material before laser
reduction includes drop casting [53-57], spin au@a{b8-61], electro-spray coating
[62], electroplating [63, 64] and even direct imsirg [65-67]. Before coating, a

sample needs to be entirely cleaned to removéidiland rust on the surface of
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material to ensure good bonding quality. High terapge annealing, plasma etching,
dry ice blasting, laser blasting, chemical clearanggthe most commonly used
methods of cleaning [68]. In real application th&tribution of GO droplet on a
sample may not be as uniform as expected. The nidoroity of the liquid

distribution is defined by the coffee ring effe68]. This effect could be suppressed
by adding surfactant [70] and for graphene oxid@nium oxide is one of the suitable
surfactants [55]. Other approaches like wet trar3fk, 72], direct CVD [71, 73-76],
Langmuir-Blodgett film [23] and ultrasonic kinespraying [77] could be used as
well. However, each of these methods requires apequipment and it is relatively
complicated to operate. Consequently, the coatiradity using these methods is
relatively more uniform.

The operation for the reduction of solid phase hemg oxide is relatively simple.
After GO solution has been coated onto a base raktieis cured and dried until it is
totally dried. The laser will then be used to serdm the dried GO in order to reduce
graphene oxide to reduced graphene oxide. Figuak sows rGO sample attached
on polyethylene terephthalate (PET) wafer produmgdiarquez et al. [78], Figure
6(b) shows a SEM picture of laser scribed area walgar scribing lines, the magnify

rate is around 400,000 times [79].

(a) | (b)

Figure 6: (a) rGO sample on PET substrate [78]SfM image of laser irradiation line on GO [79]
A major advantage of laser reduction method to pced GO is that a programmable
laser machine can be used to produce the rGO odlesiyed shape and size. Due to

that flexibility, laser reduced graphene oxideasnenonly applied to produce
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products with complicated shapes. The product sdr@n um level electrical circuit
to hand size super capacitor. Figure 7 shows r@pkes of different complicated

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

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

Liquid phase GO solution can also be directly redugia direct irradiation using
pulse laser [81-86]. The entire reduction processwift: it only takes few minutes.
The reduction time depends on the power of ther lasd the distance between the
laser head and the solution. Figure 8 shows sorampbes: Figure 8 (a) from Huang
et al. [81] shows the application of a 248 nm Kukeimer laser to irradiate GO
solution for 5 min and Figure 8 (b), from Kumarakt [84], shows the irradiation of
GO solution (brown) using a 300 mJ excimer laserlfo to produce a rGO solution
(black). The product shows clear changes from brgllow colour GO solution to

black colour rGO solution before and after reducti@spectively.

(2) (b) *

(a) (b)

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

Table 2 compares parameters of the laser used@ore@uction.

Table 2: Laser parameters for the reduction of GO

Pulse Laser Irradiation Laser
Laser Type  Wavelength _ Frequency ) i Source
Duration Size Time Power
Liquid Phase GO
KrF excimer 248 nm 10 ns 4-72 [59]
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mJ/cnf

laser
KrF excimer 240 )
248 nm 20 ns 5 Hz 5 min [81]
laser mn? mJ/cnt
. 300
KrF excimer
248 nm 10 Hz 1h/2h mJ/  [82]
laser
530mJ
Nd:YAG 28 . 320
532 nm 5ns 10 Hz 15-300 min [83]
pulsed laser mm? md/cnt
KrF excimer
248 nm 5 Hz 300 mJ [84]
laser
Nd:YAG 28 320
532 nm 5ns 10 Hz 1,2,3,4h [85]
pulsed laser mm? md/cnt
Ti: Sapphire i
800 nm 35fs 1 kHz 75min 2W [86]
laser
Solid Phase GO
CO;, laser 2W [54]
532 nm
continuous 6w/
532 nm [57]
wave laser cnt
system
Continuous
wave diode 660 nm 80 mW [53]
laser
LightScribe 788 nm 25 min 5mwW [60]
Ti: Sapphire 35
800 nm 100 fs 1 kHz [61]
laser mJ/cnt
65
Ad hoc laser 550 nm mW-10 [78]
5mw
Picosecond 10-300
1064 nm 100KHz 10-50 mm/s [79]
laser md/cnt
Nanosecond
355 nm 20s 2.3W [87]
laser
Pulse Fiber 460 2m/s, 2-time 1.87k
1064 nm 100 ns 20 kHz . [88]
laser pm scanning  W/cn?
Nd:YAG 6, 10, 30, 30-80
532 nm 7ns 30 Hz 6mm [89]
pulsed laser 60,180s  mJ/cnt
Nd:YAG 1.5mm/s, 200
266 nm 5ns 10 Hz [90]
pulsed laser 10" pulses  mJ/cnt
Fiber-rod
amplified
1030 nm 280 fs 2 MHz 20W [91]
femtosecond
laser
LightScribe [92]
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in DVD [93]
drive

(94]
[95]

DVD laser 788 nm 5mw

To aquire the best quality of synthesised lasenaed graphene oxide, it is necessary
to choose a laser of appropriate power and thdiatian time/scribbing speed need to
be adequate. Also, the base material should beegntieaned and polished in order
to remove the barrier between graphene layer asel ipaterial so as to improve the
quality and purity of coating. In addition, the gaeneeds to be kept flat during the
laser reduction process. If possible, the sampeldhoe left in an inert atmosphere or
vacuum enviroment during drying and reduction pssde improve the quality of

reduced graphene.

2.3.4 Other Approaches

There are other methods to reduce graphene oxider@O apart from those three
most commonly used approaches. For instance, etdamical approach, using
alternating current passed through metal electrodesersed in GO solution to
produce rGO via local heating and the rGO produedtl be deposited on the
electrodes [96-98]. UV reduction, similar to lagemdiation, is another modified
photo-reduction approach. It involves the replageinoé a laser power source by UV
light [99, 100]. Another method is the hydrotherrapproach. It uses an autoclave to
heat up GO solution for few hours followed by aipeérof cooling down during
which the GO reduction occurs [101]. The GO reductnethod employed depends
on the availability of equipment in a laboratorydahe quality requirement for the

product.

2.3.5 Discussion

The most commonly used methods to reduce GO to at@Cthermal, chemical and
photo-reduction methods. Each method has its owmarddges and disadvantages.
The thermal method can produce a relatively lalggesof rGO. However, it requires

thermal annealing equipment. Unlike commonly usdzbtatory furnace, the furnace
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used for thermal annealing has rapid heating fanctchieved by an accurate
temperature control system and sample delivererysConsequently, this equipment
iS not easy to access in many laboratories consgléis massive weight and high
cost. Moreover, the complicated control system @& easy to operate. For the
chemical method, it does not require specific eaaipt, a standard flask is enough.
The operation is relatively simple and not riskyevidrtheless, the final product is
typically a water dispersion, it needs post proogst acquire the final product and
is environmentally unfriendly with toxic waste gasmission. In addition, the
reduction may not be successful every time. Afwto-reduction, it can be used to
manufacture rGO in any wanted pattern. The maimtstiming of this method is that
GO coating before laser induction needs a long timeure, typically at least 24h to
entirely dry. The distribution of rGO on the sulstris not uniform and the quality of
rGO is not easy to be controlled.

Currently, the best approach to synthesis gooditgugtaphene is not by GO
reduction. Reduction method is more suitable tai¢abe enhancement micro-filler,
capacitor and conductive electronics due to thdityuand purity. Laboratory-grade
high quality graphene for analysis and researdhrsties on low productivity but
high quality CVD and exfoliation methods. If theghicost of SiC wafer is acceptable,
SIiC epitaxial growth is a good option for largeieckboratory-grade high quality

graphene.

2.4 Physical and Mechanical Properties

To take graphene into applications in real life, pnoperties of graphene needs to be
understood firstly. In this section, the physicadl anechanical properties of graphene
will be introduced. This section will also focus te introduction of its mechanical

properties at both micro- and macro-levels and @apn 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 2630n?/g [102]
Intrinsic Mobility 20000@m?/V - s [103]
Theoretical Young’s Modulus 1TPa [2]
Theoretical Tensile Strength 130 GPa [2]
Thermal Conductivity Around 5000 W/mK [104, 105]
Electric Resistance Rate 2000 /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 geae. From the data, it can be
concluded that graphene has outstanding propertiss.chemical stability is
prominent. Graphene does not easily react withratregerials and it is stable under
normal conditions [109]. As for its physical propes, it has low electric resistance
rate of close to 20Q/m, which is attributed to its good electrical contity [106].

Its thermal conductivity is close to 5000 W/mK [10405] and its melting
temperature is 4510 K [107]. Graphene’s absorptda of white light is 2.3% [35], it
is highly hydrophobic and it forms a good dispemsio water [108].

Graphene can be applied in various areas. Manargsers are currently trying to
combine the high electrical conductivity of grapbevith commercial electronic parts
to produce better performance electrode for cedtesys [110-112], super capacitors
[113-115], flexible sensors for wearable device$6f118] electronic textiles [119,
120], and batteries with long lifetime [121, 122However, graphene-based
electronics does not have significant improvemenit® power storage capability but
incurs significant increase in production cost. rEfigre, it is not currently
cost-effective to apply graphene electronics inlydéife. Researchers from the
University of Manchester have developed graphemsedbaions sieve for the
desalination of sea water. This is considered toobe of the most successful
applications of graphene in recent years [123]prtivides a relatively low cost
solution compared with currently used sea watenldegtion methods to solve the
shortage of drinking water problem in dry areas.

The main objective of this review is the applicatiof graphene for material
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enhancement, which will be introduced in detailha following sections.

2.4.2 Differences in micro and macro mechanical ppeerties

As introduced in previous sections, the theoretiaues of graphene’s Young's
modulus and tensile strength are up to 1 TPa afd@RBa, respectively [2]. This
extremely high value of tensile strength is mo@ntlB00 times of the tensile strength
of steel which makes graphene to be the strongestrial discovered so far. One
explanation for this ultrahigh value is that th&rathin mesh of carbon atoms has an
hexagonal honeycomb pattern. It has a large spestififace area (26362 /g) [102],
and contains large amounts of high strength cadaoben bonds [3]. However, in the
real world, to tear a piece of graphene apart sagy as tearing a piece of paper. The
reason is because graphene sheet always contagesriambers of micropores, in
other words, bad quality. Besides, unlike tradgilomethod using tensile test to assess
a material’'s mechanical properties, the measurdaesaof graphene properties are
derived at micro-level on ultra-small sample pieceése tensile strength value of
130GPa was measured using AFM (atomic force miomsc nanoindentation
method. This method uses a silicone membrane fdircular wells of 500 nm depth
with 1.5um and 1pum diameters, which is placed 88Gnm thick SiQ glass wafer as
base, as shown in Figure 9(a) and Figure 9(b). léznag layers are deposited onto the
micro holes and an AFM is used to carry out nameiration of the free segments of
the graphene layers covering the micro holes. Ei§(c) illustrate the process of the
nano-indentation: the curved cantilevered stylush&f AFM breaks the graphene
segment covering the micro-holes (shown in Figyd®)%and the AFM records the
breaking force and the breaking strain, which &®duo derive the Young’s modulus
[2]. The same measurement procedure has been meddry Zhang et al. [124] and
they obtained a result of 0.89 TPa, which is less the 1 TPa value reported by Lee
et al. [2]. The nanoindentation process can be lat@d via molecular dynamic
packages and the simulation results confirms thises[125]. However, the AFM
experiment performed by Frank et al. [126] obtaine@latively low value of elastic

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

Figure 9: Schematic of AFM nanoindentation metha)dTpp view of wafer with micro-holes covered
by graphene, (b) Depth profile of micro-hole, (ch8matic of the measuring process through AFM
nanoindentation, (d) Photo of broken graphene flake

Another method being used to measure the micro ¢feunodulus of graphene was
performed by Lee et al. [12¥king Raman spectroscopy to derive Young’s modulus
of graphene. Raman test uses a laser beam irrddiateple and records the spectrum
of the reflected beam. Unlike AFM-nanoindentatioethod, Raman spectroscopy
records the change of graphene spectrum beforeatiad deformation caused by
applying a vacuum. This process is shown in Fidid@). The spectrum will first be
measured on a flat sample under normal pressugg, ithan evacuated chamber to
cause negative pressure on the surface of grapimhenake the sample deform to
measure the new spectrum. From the differenceaifiRiman spectroscopic, as shown
in Figure 10(b), the value of the micro Young’s mhu of graphene is derived to be
2.4 £ 0.4 TPa. From another Raman spectroscopiergmpnt Weng et al. [128] did

derive a value of 1.48 TPa for the Young’'s modufigraphene.
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Figure 10: (a) Schematic of graphene elastic ptgpreasurement using Raman spectrum, (b) Change
of Raman spectrum of graphene before and afteyaagluum used for elastic property measurement.
Red:Raman spectrum under 1 atm, blue:Raman speatnder vacuum [127]

In addition to previously mentioned AFM nanoindéiata method and Raman
analysis, numerical simulation using molecular dgits software such as LAMMPS
[125, 129-133], ABINIT [134], TINKER [135] and QUARUM-ESPRESSO [136]
have also been used to derive the theoretical satithe mechanical properties of
graphene. The values of the Young’s modulus prediosing these simulation are
astonishingly close. They lie within the range @.8.15 GPa as shown in Table 4. In
addition, traditional tensile test method can bedu® determine the elastic properties
of graphene oxide paper. A large sheet of grapfenet easy to manufacture.
Therefore, GO paper and rGO paper are widely usegpresent graphene in
macro-level strength test. Dikin et al. [137] syegised GO paper through filtration of
pre-prepared GO colloidal dispersions via an amogiembrane filter. The GO paste
is air dried and peeled off from the filter to foamarge GO paper and is cut into a 5
mm * 30 mm strip to test, as shown in Figure 117[13he average Young’s modulus
of their GO paper is 32 GPa and the average testsdagth is 70.7 MPa. The

maximum Young’s modulus is 42+2 GPa and maximurctine stress is 133 MPa.
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Figure 11: Tensile test under film tensile clamp7L
Chen, et al. [138] used a similar film tensile tequipment to run a tensile test on
chemically reduced graphene oxide paper, whicHosec to graphene. The result is
slightly higher than the values obtained by Diktraé [137]. The Young’s modulus
reached 41.8 GPa and the greatest failure stres29&3 MPa. Zhang et al. [139]
performed a tensile test on different types of deaity modified rGO. The highest
value of ultimate tensile strength obtained was $1¥ MPa, which is close to the
ultimate tensile strength of 304 stainless ste®b (@Pa). Table 4 compares the elastic
properties of graphene tested or calculated byuanesearchers.
Table 4: Elastic Properties of Graphene from VagiSources (some values are roughly calculated from

stress-strain curve in the paper)

. Young’s Fracture Ultimate Tensile
Sample Size . Method Source
Modulus Strain Strength
AFM
®1.5umx0.335nm 1.0+0.1 TPa 0.25 130+10 GPa . . [2]
Nanoindentation
AFM
1568nnt 0.89 TPa . . [124]
Nanoindentation
AFM
0.5 TPa . . [126]
Nanoindentation
2.4+0.4 TPa 0.19 Raman Analysis [127]
1.48 TPa [128]
Molecular
23.53Ax262.24A  3.4TPa Mechanics and  [135]
ANSYS Simulation
0.95 TPa LAMMPS [125]
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1.15TPa LAMMPS [129]
21nmx25nm 950 GPa 0.24 170 GPa LAMMPS [131]
1050 GPa 0.208 107.4 GPa ABINIT simulation  [134]
Molecular
) [140]
805.6 GPa 0.38 Mechanics Method
(Calculate)
5mmx30mm 42+2 GPa 133 MPa Tensile Test (GO) [137]
3mmx15mm 41.8 GPa 293.3 MPa Tensile Test (rGO) [138]
6.67+0.44% 614+12 MPa Tensile Test (rGO)  [139]
3mmx27mm 85 MPa Tensile Test (rGO) [52]

The data presented in Table 4 shows that all thaeesaof graphene’s mechanical
properties acquired through tensile test are &8 I8 magnitude than the values from
micro-level measurement and simulation. The maasaoa for this could be structural
defect in the tensile test samples. Taking a ldadaanple size, AFM nanoindentation
sample is in pmmicro levelwhile tensile test is in mMmmacro level. The size
differences are more than ®1imes, which means that there may be a much larger
number of micro defects in a macro sample than imiao sample, resulting in the
large differences in test results. Besides, formievel measurement, any systematic
errors and random experimental errors will be dyeatagnified. Therefore, a small
amount of error will influence the final result sificantly. Also, because of the sharp
stress concentration at the tip of the AFM canéteyeam, the AFM nanoindentation
is only valid within the probe tip region [141]. U$, it can be seen from the statistics
in Table 4 that the simulation values of grapheraperties, which are obtained via
molecular dynamics analysis, are higher than thasomed nanoindentation value.
The main contribution of molecular dynamics simigiatis to eliminate the influence
of micro-defects and, thereby, obtain a more ateupaoperty data of the flawless
material. Furthermore, Young’s modulus may not tmestant at the micro level of the
strain range. Thus, current analytical equationyg beunable to describe accurately
the mechanical relationships at the micro levelltesy in some differences between
the property values at the micro and macro levEterefore, it will be useful to
simulate at the macro level by using many layerd arcluding intra-layer and
inter-layer hypothetical defects.

In conclusion, the chemical properties of graphénestable and the theoretical
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physical properties of graphene are outstandingeaally its micro-level elastic
properties that can reach an extremely high ledelwever, the micro-level elastic
properties of graphene are still not easy to bdiegpsince it is complicated to
combine micro-level properties with macro-leveledtg. 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@D is not easy to be controlled
during reduction and its quality will influence agpplication. 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 thefwanation process from GO to
rGO is to watch the changing colour during reductidany publications describe
graphene oxide dispersion as a ‘brown-yellow colmuid’. As reduction proceeds,
the brown-yellow colour liquid gradually turns inbtack, as previously shown in

Figure 8 for laser direct irradiation. Similarlygkre 12 shows the change of colour
before and after for other methods of GO reduction.

L

(a) (c)

Omin 30 min
GO RGO .

rGO

(@)

GO RGO24 g

Absorbance

., 3190m @)

200 300 400 500 600 700 800
Wavelength (nm)

(d) (e) (f)
Figure 12: GO dispersion before and after redudi@rReduction of graphene oxide through chemical

reduction method [142], (b) Reduction of graphexie® achieved using plant leaf extracts [143], (c)
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Vegetable extracts reduced graphene oxide [14%])¥dreduced graphene oxide for 24h
irradiation[145], (e) Hydrazine reduced graphenigl@after centrifugation [146], (f) UV method
reduced graphene oxide[147]

However, the colour of the solution can affectittentification of the material.
Sometimes the colour of GO dispersion is blackéf tconcentration of GO is high.
Figure 13 shows three concentrations of GO solatiamich are shown on the
website of a UK graphene retailer GO-Graphene, thitbe distinct colours. The
figure shows that the 0.5mg/ml GO dispersion hasvhryellow colour, while the
1mg/ml GO dispersion has deep brown colour. The/28GO dispersion is almost
pure black. Therefore, the colour of a GO/rGO disie® cannot be used to establish

the concentration and material type. It can only®ed as an approximate estimation.

Aqueous Dispersions of Graphene Oxide Flake GOgraphene

0.5mg/mL  1mg/mL 2 mg/mL

Figure 13: Colours of GO dispersions of differemncentrations [148]

3.2 Observation of Morphology and Layers of Graphea

The number of layers of graphene is one of the nmegbrtant parameters to assess
the quality of synthesized graphene at micro-leWelreal life, graphene and rGO
products are likely to be a mixture of single andtiHayer flakes in which as defined
before, each layer represents a single atom threphgne or rGO flake. If the
particles in dispersion are too aggregated in rtajer then it might affect the
application and requires further treatment likeisaton to improve the quality.

To determine the morphology of synthesized GO dD n@ dispersion and decide

whether further treatment should be applied, smeaptical analysis equipment
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including conventional electron-microscope (EMansmission electron microscope
(TEM) and scanning electron microscope (SEM) neebd used. TEM [149, 150]
and SEM [151-155] are more commonly used for thaibdanalysis of graphene.

The working principles of these three types of wscopes are not the same. Their
operating principles are compared in Figure 14 [156e main difference between
EM and TEM / SEM is that EM is an optical techniqugile TEM / SEM require the
assistance of an electron beam. The EM employsléwses to enlarge the image,
which will display on the screen. The output imége 2D. Some advanced electron
microscope can do image fitting and produce a 3@ehasing in-built algorithms.
Considering its magnify rates (600-1000 times), dpglication of EM is to roughly
observe the aggregation of graphene flakes inuadlimixture or in the cross-section
of solid composites. It should not be used for jgeeorphology analysis such as the
observation of micro-defect at the edge of parsiae the thickness of the produced
rGO and the morphology of GO/rGO flakes. For TEMequires a beam of electron
to pass through the sample and display the imagthemisplay board underneath.
Due to its working principle, the sample needs ¢oelastremely thin. Otherwise, the
electron beam cannot pass through the sample. hitlkness of sample is typically
between 50-100nm and the magnification rate cachrean thousands to million
times. SEM is suitable to capture 3D image. ltsgimg mechanism uses electron
beam to hit the sample. The reflected electronkfalilon detectors to form the image.
Its magnification rate can reach 200,000 times andld be adjusted through
changing the applied voltage. The images acquise@BM has large depth of field
and broad view, which can be used to illustrate rilgged surface. However, the
power of the electron beam may damage the maté&hairefore, SEM is not suitable

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

Apart from EM, TEM and SEM, scanning tunneling rogcope (STM) and atomic
force microscope (AFM) [157] are two other instrurtse for the observation of
sample morphology. These two approaches can plsimdar 3D figure, which
provides a full view of the captured area and aises analysis software to observe
and measure the detailed profile of selected csestions. Both STM and AFM use a
measurement probe and their working principlessarglar. However, STM is more
suitable for conductive material, while AFM can used for all types of materials. In
both instruments, when the measurement probe tgxtiemely close to the sample
surface (in nanometer level), the sensor recortta-simall changes and plots the
microstructure using their in-built algorithms. Bahstruments provide a full view of
the captured area as well as detailed profile tfcsed cross-sections, as shown by
the AFM figure of thickness profile in Figure 15[a]. Therefore, the surface flatness

of graphene can be analysed using the thickne&itepsbAFM or STM.
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Figure 15:AFM image with multilayer graphene flakes and timeks profile in different position [157]
Nevertheless, due to the extremely close distaegeined between the probe tip and
sample surface during the measurement process,pbssible for the probe tip to
scratch and damage the surface of the sample.alitige, STM and AFM are more
suitable for samples with hard surface. Consequethtt best equipment to analyse a
sample may not be the one with the highest magtifin rate. Table 5 compares
properties of the different types of microscopeble equipment should be chosen
according to the properties of material and analysguirement.

Table 5: Comparison of property differences betwdiéfarent microscopes

EM TEM SEM ST™M AFM
Magnification 10° 10° 10° 108 10°
. mm Sub-microscopic Sub-microscopic Atomic Atomic
Resolution
level level level level level
2D &
Plot Shape 2D 3D* 3D* Real 3D
3D*
Damage to . .
No No Yes Possible Possible
sample
Special g Conductive
) Ultra-thin sample
Requirement sample

*3D image may not be a real 3D capture, it mightab8D view or a 3D image reconstructed by
algorithms in a computer. However, a real 3D capisiia pure 3D model.

To obtain a view of the details at the edge of geme flakes, the GO solution needs
to be ultrasonicated or mechanically vibrated fitherwise graphene flakes will
stick together and the scanning instrument canaptuce enough details of the flakes
to produce detailed plots to analyze. Figure 1&JIl®mpares aggregate graphene
nanopletelets with and without sonication treatménis obvious that the left view

graphene flakes stick together while in the rigbtwgraphene flakes spilt away.
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Figure 16:SEM images of graphene nanoplatelets with (c) aitlidowt (d) ultrasonic treatment [153]
However, from Figure 16 [153], although the morggyl of graphene flakes can be
observed, valuable information like the overlappmegion, number of layers and
micro-defects at the edges of flakes are not eade tdirectly determined. Even with
the higher magnification rate of the TEM image show Figure 17 [150], which
clearly shows the hexagonal benzene ring shapenfibrenation is still not easy to be
obtained. With the assistance of the JEMS softwdesjgned for high resolution
electron microscopy image simulation, it is possital estimate the layers of different
regions. Figure 18 [149] shows an example of thpwuwf the JEMS software. The
orange region represents single layer region. Gaeenpurple areas represent double

layers and triple layers.

0.00 212 4.23 G35 846 10.58
Position (nm)

Figure 17: HR-TEM of hexagon shape graphene oxideastructure [150]
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Figure 18: HR-TEM of hexagon shape graphene miarostre 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 (GOYyaadced graphene oxide (rGO)
is the oxygen-containing functional groups. Toliertanalyse the content of material
and the level of oxidation of rGO, several expentsean be performed. FT-IR test is
the one which can be used to analyse various fumati groups within the

microstructure of a material sample. Infrared lightshown on the surface of the
sample and the reflected infrared light is colldcéad is Fourier transformed into a
spectrum. The peaks and valleys on the spectrutaiconformation about functional

groups. In a FT-IR spectrum, different functionabgps show as different peaks in
specific ranges. As Figure 19 shows, spectra a,rbpresent graphite, GO and rGO,
respectively. Spectrum d is not important. Foransg, in Figure 19, valleys (troughs)
can be found at 1396 ¢m1246 cnt, 1116 critand 3412 cril of GO spectrum,

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

with the spectrum of graphite which does not contidiese valleys, it is easy to
identify an oxidation process. Further comparinghwiGO spectrum, the oxide

valleys reduce in intensity or disappeatr.
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Figure 19: FTIR spectra of (a) graphite, (b) GQ,r@0, (d) @noderma lucidum extract [158]
Precisely, the same functional groups with différ@bration mode have eigen peak
in different range. For example, Coates [159] statbat the methyl C-H
antisymmetric stretching has functional peak witA8v0-2950 cri range while the
peak of methyl C-H symmetric stretching appearthinrange 2880-2860 ¢mThe
peak of conjugated C=C locates at 1600 cyet alkenyl C=C stretch shows at
1680-1620 cnl. Detailed eigen peaks can be found from handbofaksexample
[159-161]. The FT-IR spectrum is complicated todreend not easy to analyse.
Although it can provide detailed information of at@rial’s microstructure, it cannot
be used to analyse the quality of product throdghthickness. Besides, the eigen
peaks are not very accurate to read. In the asatysyraphene, FT-IR is mainly used

to provide information of functional groups and tkeduction level of GO.
3.3.2 Raman Test

Raman test is a widely used method to verify tipe tgf material and to determine the
guality of material. For graphene, the thicknesd defects can be assessed through
the intensity of characteristic peaks. A materiah de approximately identified by
observing the prominent peak of its Raman spectalmained from Raman test.
Different kinds of materials have their own eigeraks which show up at a relatively
fixed position or a specific range on the wavenumees of a Raman spectrum. For
carbon-based material, as shown in Figure 20 [¥6R]the Raman spectrum of
graphite, the characteristic band is located at5&86 and 1575cil. The
~30-



wavenumber 1355cm(D band) represents the distortions in the stregtt’575crt

(G band) is the relative movement of ggairs of atoms, which is the main indicator
that the examined material consists of carbon.réplgene test, the ratio between D
band and G band is related to the quality of graph&Vith more disorder within the

micro structure, the intensity of D band will beglher. The higher the ratio of the D
band intensity to the G band intensity is, the wdise quality of generated graphene

will be [163].

-

8cm-! 1575 ¢nr!

Intensity

1355¢er!

Raman Shift cm™1

Figure 20: Eigen peaks (D band at 1353@nd G band at 1575¢hof single crystal graphite [162]
Figure 21 [164] shows the comparison of Raman specbf graphite, GO and rGO.
It is clear that all characteristic peaks appea gimilar location on the wavenumber
axis. This means that the three materials are oapased. Their differences are the
intensities of different bands. D band is typicallgry weak in graphite and high
purity graphene. With a large number of defectthan structure, the intensity of this
band will be high and significant. G band is relate the number of layers of
G/GO/rGO in a sample. With a large number of lay#rs intensity of G band will be
high and will be located rightwards on the wavenarmdxis though it will affected by

the environmental temperature and slight deformatiche sample.
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Figure 21: Comparison of Raman spectra of grap@i@,and rGO [164]

The 2D peak, shown in Figure 22 [165] at around02i®', on the wavenumber axis,
is another prominent peak that is used to veriéydbality of graphene. The 2D band
is the second order of the D band. It is the exiloibi of a two phonon lattice
vibrational process. For single layer of graphdahe,2D band is a single symmetric
peak. With increased layers of graphene, the 20 balh split into few bands and the
level of symmetry will decrease. The ratio betwégrand & can be used to describe
the thickness. Ideally, for single layer graphehg/lc should equals to 2. The
reduction of this value refers to increased thislsnef the sample. The value ab/lg,
insignificant D peak and highly symmetric 2D peakalways used in Raman test to
describe a good quality graphene sample. Applicatib Raman test for graphene
analysis can also be found for example in [37-39,6D, 76, 86, 88, 91, 146, 151,

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

sample.
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Figure 22: Ration betweepllg represent different thickness of sample [165]

3.3.3 X-Ray Diffraction (XRD)

Similar to Raman test, XRD can also be used torchete a material and its content.
X-ray was first discovered at the end of th& t8ntury. It can pass through almost all
types of material and is widely applied in the ciehand medical fields. Unlike
Raman test, the working mechanism of XRD is thératifion of x-ray within the
lattice of a material when X-ray passes throughntiagerial. X-ray will be enhanced
or weakened in some specific direction and causguerdiffraction pattern. Through
decades of development, the diffraction patternsdividual material have already
been standardized and a material can be deterntimedgh the processed XRD
curve.

On an XRD curve, the content of analyzed materidlog shown as the position of
20 axis. The value oftRangle (diffraction angle) of characteristic pebhkws the type
of content and the intensity of peak representsete of contents. Figure 23 [163],
as an example, illustrates the changing charatitepisak during the reduction
process of GO to rGO. On the graphite curve, tlak p@pears at around 26°. The
intensity peak of graphene oxide appears at 1Quigh Bragg’s equation

nA = 2dsin@, in which n represent the level of reflection (typically n=1), equals

to the wavelength of X-ray® is the reflection angle on the x-axis. It needbdo
noted that the value on x-axis . The interlayer distancd can be calculated and
the change of interlayer distance caused by oxidatill be derived. After reduction,
the XRD pattern of rGO is shown as the blue cunvEigure 23. The peak of GO at
10° disappears while around the location of thelgita peak, a wider and weaker
peak appears. The disappearance of the 10° peadsess material that has been
fully reduced and oxygen that has been removed.gaang with graphite, the
amorphousness of rGO is reduced and causes thgecb&peak shape for rGO

curve.

_33_



; . \—/‘h
5
< GO
g, P el GO
1 |
. T - T T T T T T T T I g ! ) y
281(s)

Figure 23: XRD spectra of graphite, graphene oaide reduced graphene oxide [163]
XRD has been used to verify the quality of produgeaphene and analyse its content,
for example in ref. [24, 28, 38, 40, 66, 81, 82, 882, 151, 164, 166, 170-172]. On
the other hand, however, XRD is more difficult tpecate than Raman test and the

sample requires special treatment before condutitmgest.

3.4 Summary of Analysis Techniques

Various pieces of equipment can be used to anaysihesised graphene before it
goes into application. Optical magnification equercan be used to observe the
aggregation of graphene flakes in solution or ildsmaterial and to decide if further
treatment is needed. However, it is not easy taansaeptical magnification equipment
to directly observe the details of thickness, midedects and overlapping areas. Also
the morphology of flakes cannot be used to detegrthe type of material unless
using specific analysis software. To sum up, thetrsaitable application for optical
magnification equipment is to observe micro streend aggregation.

To determine material types and analysis the qualigraphene, using other methods
are more suitable. XRD can be used to verify tipe tyf material through the location
of its characteristic band and to derive the itager distance. FT-IR method can
verify detailed functional groups in a material.wver the range of functional group
band is wide and it can provide large amount chited information about functional
groups and is not very easy to conclude an accteatst. It is more suitable to be

used to check and monitor the process of graphertiption. Raman test can assess
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the quality of rGO from the level of reduction atslthickness. It could be treated as
the most useful test for the assessment of thetgadlrGO.

Besides, for EM, AFM and Raman test, the test sampés not require complicated
pre-processing and can be observed directly. F,SEM, STM, FT-IR and XRD
tests, samples require special treatment beforgliested. The treatment of a sample
includes, but is not limited to, grinding, coatiaigd manufacturing thin film of the
material. When choosing the equipment to assesguigy of rGO, the difficulties in
preparing the sample should be taken into condiderall the analysis techniques
are compared in Table 6.

Table 6: Summary of commonly used graphene anaigsimiques

. Operating - Maximum L
Technique o Application \ S Limitations
Principle Magnification
Electron ) o
EM o Observe aggregation 10° Low magnification
transmission
Electron ) Ultrathin sample;
TEM o Observe aggregation 90 .
transmission Specially prepared
Electron Specially prepared
SEM Observe aggregation 10° e VIR
backscatter sample
Scanning Probe ) Conductive sample;
STM Observe aggregation 90 .
& \oltage Specially prepared
SE Scanning Observe aggregation & 16 Probe can damage
Probe assess surface flatnes: sample surface
S e Special sample
Infra-red ray  Detailed identification of o
FR-IR N/A treatment; Difficult

reflection functional groups
to analyse spectra

Identification of material
Raman Laser beam group; thickness and A Cannot identify
Test Scattering distortion of sample; specific material
assess sample quality

Identify type of material

, and the inter-layer Specially prepared
XRD X-ray reflection . N/A
distance; Assess sample sample
quality

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 raatwrfng process, the properties
of parts may not reach the same level as thoskeoptistine material. Therefore, in
real application, the part needs to be treatedrbefayoes into application to ensure
that the part can attain the best material perfaceaFor metal material, the most
commonly applied traditional reinforcement methadseal life are work hardening
[173-177], solid solution strengthening [178-188¢and phase particle strengthening
[183-187] and grain-boundary strengthening [188}1%4ese four approaches have
been applied for decades and their applicatiorelstively mature. In industry, the
process is defined as post-processing, which iscassary step before parts go into
application in order to extend their lifetime. Timain mechanism of these methods is
to modify the material from its lattice structuneaveate local plastic deformation, i.e.
without adding a large amount of other materials.

Apart from modifying the inner structure of the eral, an addictive method can
enhance the mechanical strength of the materiatder to repair the small cracks in
the material and extend its lifetime. Laser clagdand laser surface alloying are
possible approaches to achieve that purpose. Thekingo principle of these
techniques is to use a material in powder formiltate cracked/damaged region.
Then, a laser beam is used to melt the claddinglrpetvder, which re-solidifies on
the damage and repairs it. Typically, a claddingema has self-flux ability (does not
require the addition of other flux to wet the swatd during heating) [169, 170,
225-230] and usually contains nickel and cobaletsure a good combination with
the base substrate [228, 230]. During the claddiracess, not only the cladding
powder will be melted, part of the base materidl e melted to ensure perfect
bonding to the cladding material in order to forrat@nger composite and repair the

damaged material.

4.2 Composite Material and its Interfacial Properties

As introduced in section 4.1, traditional mategakngth enhancement methods tend

to locally modify a material’s structure or add $inaaount of another material to the
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existing material. The operation is not so compdidabut the enhancement effect is
limited. A composite is a kind of hybrid materiahwwh is made from at least two
kinds of materials whose properties have significhifierences [195, 196]. Typically,
comparing with traditional material, a compositeledst has one or more of the
following advantages: greater mechanical stiffnessl strength, lower density,
cheaper price, extra chemical resistant and betear resistant ability [197]. By
delicate design and systematic test, a composite hzave the properties of all
components and attain maximum performance. Consdguethe cost of
development and the complexity of fabrication ig faigher than traditional
approaches. Composites are now widely applied iospace, automobile, military,
robotic, medical and construction fields [198].

Composites are formed by a matrix and reinforcenmaaterials. Generally, the
matrix constitutes the highest proportion of thenposite and is usually continuous
while the reinforcement is distributed within theatnix. Details of the development,
fabrication and application of composites will et discussed in this review.

During the forming process, the matrix spreads rdothe reinforcement and
solidifies after curing to form a bulk piece. Theogess of the matrix entirely
covering the reinforcement along with the reductdisibbs free energy is known as
‘wetting’, while the ability of the matrix materiah liquid form, that is before curing,
to spread around the reinforcement is defined agalibty. The wettability is
positively correlated with the composite qualityneTinterface region of composites
refers to the micro region where the matrix andfeecement couple, which ensures
the integrity of the composite structure. Thus, ititerface region is distinct from the
rest of the composite which is made up of ‘two sefmmand identifiable materials

mixed together’. Figure 24 shows a schematic afraposite interface structure.
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Figure 24: Schematic of composite interface stmecfi99]
The strength enhancement phenomenon comparing thih base materials of
composites can be attributed to the interfaciasstrcaused by the differences of
elastic modulus and is determined by the qualitgafpling between the matrix and
reinforcement materials in the interface regionQ2MHence, smoother and cleaner
adhesion between reinforcement and matrix will mikecomposite stronger.
The bonding mode of the interface can be dividéd mechanical bonding (matrix
bonding with reinforcement through the micro powas the fibre), low energy
physical coupling (matrix bonding with reinforceméhrough Van der Waals force),
high energy chemical reaction coupling (matrix bagdwith reinforcement through
chemical bond), and diffusion bonding (particleenir fibre dissolved in matrix)
[201-203]. It should be noted that the structurd property of the interface plays a
critical role in determining the properties of tt@mposite. Thus, in order to achieve
some specified properties of the composite, thereisually the need to make a
delicate compromise between the intrinsic prop@tfythe reinforcement and the
interfacial properties.
When a composite material is loaded, due to thetexce of the interface, a
complicated deformation within the matrix will tsfer the load onto the
reinforcement, which, in turn, ‘holds’ the matrixghtly and results in the
enhancement of strength [204, 205]. This can beribesl as the transfer effect of the
interface. In addition, the interface also haslayeffect (it delays the propagation of
micro-cracks and reliefs stress concentration tnesextent), non-continuous effect
(the appearance of non-continuous physical propeitgluding magnetic,
electrical/thermal resistant, etc.), scatter andodb property (scattering and
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absorption of sound/shock wave, light wave, eted mduction effect (the surface of
reinforcement induce the other material to charmmyeesof the properties) [206, 207].
A balance of matrix content and reinforcement cohteeds to be reached to acquire

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

4.3 Applications of Graphene in Material Strength

Enhancement

As introduced before, graphene is theoretically‘siingest’ material that has been
discovered so far. Though its outstanding properéethe micro-level are not the
same as the properties applied in real applicatihiey 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 grapheneghwsolid solution strengthening
mechanism of metal enhancement. Its operation easifply viewed as mixing
reduced or original graphene oxide with metal pawgefore sintering, or mixing
reduced or original graphene oxide particles iniquiti metal before its
re-solidification.

Aluminum is a widely applied metal material. In erdo use graphene to enhance its
mechanical properties, its chemical properties sdedbe considered. Metal oxide
can form easily on the surface of aluminum andugrice the bonding quality
between graphene and aluminum. In 2011, Bartoletcal. [166] manufactured
graphene-aluminum nanocomposites from aluminum powahd graphite oxide
particles following blend-mill-press-extrude prose$irst, high quality aluminum
powder and graphite oxidized graphene powder wiaedyf mixed via an acoustic
mixer. Then the mixture was milled in a high powéritor under argon flow and 2
wt% stearic acid to prevent agglomerations. Thigrafpon improves the grain
refinement and remove the nascent oxide layer amiaum powder to ensure a clean
metallurgical interface and homogenous compositedeo quality, which further
consolidates the product. Graphene enhanced alomiomposite was then extruded

out after hot isostatic pressing under 65 ksi. Técally, the refinement of graphene
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flakes will influence the grain boundary of the qmsite and increase the resistance
to dislocation movement while breaking. At macreele it should show as the
strength enhancement of the composite. Unexpecteléy Vickers hardness and
ultimate tensile strengtlo(rs) test results of the new composite show thgts and
hardness both decreased from 330MPa to 260MPa srd D6+7 to 8445,
respectively. They believe that the weakening meisha is due to graphene flakes,
which adhere to the surfaces of aluminum partidi@sng milling. In the subsequent
phases of consolidating, heating and extrusion,gia@hene flakes react with the
aluminum particles at the grain boundaries (betwpearticles) to form aluminum
carbide at the interface, which become points fidweakness and which make the
dislocation of atoms easier under loading and @dseréhe mechanical properties of
the composite.
Wang et al. [208] modified graphene-enhanced alumimatrix composite by pre-
modified aluminum flakes. To achieve that, Al powdmmprising spherical balls of
about 10um in diameter and of 99% purity, was transformetd il flakes of 2um
thickness byball milling. The flakes were subsequently immergse@wt% Poly(vinyl
alcohol) (PVA) solution. The bonding quality betwe®VA modified aluminum
powder and graphene is better than normal alumiduento the hydroxyl and epoxy
groups introduced by PVA. This improved the watettability of the aluminum and
ensured the uniform distribution of GO nanosheethensurface of the aluminum to
enable stronger interfacial bonding through hydmegending. The GO in the mixture
was reduced through rapid heating to high temperatlong with the powder’s
compaction, sinteration and hot extrusion procegsrim a bulk composite. With only
0.3 wt% graphene nanosheet added, the incremdahsife strength of the modified
aluminum composite reached 62%.
Similarly, Gao et al. [167], Porwal et al. [209]ashad et al. [210], Li et al. [211] all
successfully synthesised graphene (rGO) enhancediraim composites. Porwal et
al. [209] used a similar ball-milling process toprave the quality of the composite
powder. Similarly, Li et al. [211] ball milled 10m aluminum micro sphere powder
with GO to form the base composite material. Speadlfy, Li et al. [211] pointed out
—40-



that when the concentration of graphene exceedv@l%, micro-cracks will be
produced at the interface of graphene-aluminum ianockase the brittleness of the
interface, which will result in lower mechanicabperties of the composite produced.
It should be noted that ball milling will not onlgisperse graphene flacks more
uniformly within the composite matrix but it willso provide the required condition
for the interfacial reaction to form the interfadédowever, ball milling cannot be
perfectly controlled and might not work as expectBdsides, several researchers
point out that ball milling can potentially damagfee raw material powder and
weaken the enhancement effect caused by graphenangtance, the heat caused
during the high-power milling process can burn tietal particles and influence the
quality and properties of the final product.

A different approach to the use of ball milling imed to mix aluminum and graphene
was proposed by Gao et al. [167]. They used sugacectant hexadecyl trimethyl
ammonium bromide (CTAB) to modify the aluminum, wainikeeps the integrity of
graphene flakes. Through observation of the mitmacture, it was noticed that the
aluminum grain and graphene flacks are tightly wohdround the interface with no
significant carbide. Thus, the detrimental effettarbide formation on the material
enhancement was prevented. Similarly, Rashad 0] introduced a novel method
of mixing which involves immersing GNP and alumin@lakes in acetone and finely
mixing using a mechanical agitator. After mixingetslurry was vacuum dried and
filtered to acquire the composite powder. The dp@maensures good quality of
bonding and interface, which enables the interfiacbear higher shear stress and,
thereby, provide stronger reinforcement of the cositp.

The biggest challenge of forming aluminum compasiseto remove the influence of
oxide on the surface of metal particles. Apart fraloominum, the strength properties
of other metal materials have been enhanced byhgreg for example, copper. Chu
and Jia [212] produced graphene-enhanced coppepasita using procedures that
are similar to those of enhanced aluminum compo3ite fine composite powder
was produced through ball milling as well. The capgraphene composite, of 8 vol%

of graphene, has a Young’s modulus increment oMB&, which is an increment of
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37% of the Young’'s modulus of the sintered coppéthaut graphene additive.
However, considering the poor interfacial bondiagiged by the insufficient wetting
of the graphene and copper, the increment achiexexdlower than their estimated
value. Similar results have been reported by Hwetragy. [213], Li et al. [214], Tang
et al. [215] and Jiang et al. [216]. They used kimprocedures, except that the
composite powders were prepared through mechasticahg instead of ball milling
to maintain the integrity of graphene flacks. BesidChen et al. [217] mentioned that
graphene added into copper matrix should not exde8dvol.%. Otherwise the
affinity between graphene and copper is going tmbee low and lead to poor quality
of interface after solidification, which will weakehe performance of the material.
Furthermore, graphene’s enhancement effect can fdaee on various metal
materials including, but not limited to, magnesi{@i8-220] and nickel [168, 221,
222]. From the papers reviewed so far, graphendoreied metal material has four
common features:

A: Graphene (GO/rGO) needs to be finely mixed withtallic particles or powder
through mechanical stirring or similar approachesgtiarantee the uniformity of
distribution in the final product.

B: The properties of the composite is determinedtbynterface properties, which is
related to the distribution, size and quantity cdginene content. It should be noted
that too much graphene content will result in aggt®n around the interface as well
as the appearance of micro-cracks, which might exleake mechanical properties.
Thus, the amount of add-in graphene and metal xmaieieds to reach a good
compromise in order to receive the best performance

C: The particle mixture needs to be sintered tenftine final product. The process is
not only needed to melt the metallic particles ¢an also contribute to the reduction
of GO to rGO at high temperature. This operationalked ‘in-situ reduction’, which
means the reduction of GO is performed with thenfog of metal matrix. The in-situ
reduction of GO can be achieved by the high tentpealuring the sintering process.
D: Sinteration process typically needs to be plagadker a high pressure environment

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

The previously reviewed articles are all related gaphene-enhanced metallic
materials. Apart from only one aluminum-graphenemposite with negative
strengthening effect (reduced strength), all othetal-graphene composites that have
been reviewed show a positive strengthening effect.

The strength of plastic materials can also be aityilenhanced under proper
treatment. Liang et al. [223] disperse GO into patyyl alcohol) (PVA) by drying an
ultrasonically-treated GOAD-PVA/H,O mixture. The mechanism of micro
dispersion of GO and good interfacial quality ofmpmsite is achieved through
hydrogen-bonding and the mechanism is similar &1 tf Wang et al. [208]. This
composite has a 76% increment in tensile strength62% improvement in Young’s
modulus comparing with the original PVA. Along tekame lines, Zhao et al. [224]
produced GO/PVA composite. They reported that 1%wgraphene add-in boosts the
tensile strength of PVA from 17MPa to 42MPa desfh breaking elongation rate
reduced to 98% of the original. The GO/PVA that \Yan al. [225] synthesized not
only has higher strength and elongation rate ksd albetter waterproof (lower water
absorption rate) ability. Both Zhao et al. [224[daWang et al. [225] attribute the
enhancement of the GO/PVA composites to the gotadfacial properties achieved
by the homogenous distribution of graphene withmrmatrix. Ramanathan et al. [226]
report that functionalized graphene sheets disgersepolymethyl methacrylate
(PMMA) can increase Young's modulus by 81% and itenstrength by 20%.
Comparing with expanded graphite enhanced PMMAgtfanalized graphene can
provide a stronger interface to the composite. Muak [227] successfully
manufactured high quality graphene-poly vinylidethgoride (PVDF) composite
using high pressure sintering similar to metal cosife manufacture. Mechanical test
shows a significant improvement on PVDF's storagedatus. Further experiment
had been done by Layek et al. [228] on gum arabi)( Chiappone et al. [229] on
Poly ethyleneglycol diacrylate (PEGDA), Salom et [@80] on commercial epoxy
glue, Chatterjee et al. [231], Prolongo et al. [22%hori et al. [233] and Ashori et al.
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[234] on epoxy, Wan and Chen [169] on waterborngysethane, lonita et al. [235]
on polysulfone and Wu et al. [236] on natural rublé@onsidering the relatively low
melting point of raw material particles, the compmgpowder is prepared by wet
mixing, mechanical stirring or low speed millingsiead of the high power high
velocity ball milling applied on metallic materialtn most cases, the mechanical
properties of the plastic/GO/rGO composites produgasurprisingly show higher
elastic modulus and tensile strength and relativelyer strain rate. However, the
tensile strength obtained by Salom el al. [230]tha epoxy/rGO composite that they

produced was lower than the tensile strength ofotiginal epoxy composite due to

the non-uniform distribution of graphene within steucture.

4.3.3 Discussion

The mechanical property and strain rate of someemadd that were enhanced with

GO from the current reviewed literature has bediatem in Table 7.

Table 7: Mechanical properties of graphene enhancsddrials
, Enhancement  Change of Young’s Change of oyrs Change of strain
Material : Ref.
Filler Type* Modulus (GPa) ** (MPa) ** (%) **

Aluminum GO 330-260 (-21.2%) [166]

Aluminum GO 86110 (+27.9%) 5243 (-17.3%)  [167]

Aluminum GO 154249 (+61.7%) 26-13 (-50%) [208]

Aluminum Exfoliated

) 380-398 (+4.7%) [209]
Oxide graphene
_ 252+4.5-28045 13.4+259.53+1.5
Aluminum GNP 5-15nm [210]
(+11.1%) (-28.9%)

Aluminum GO 175285 (+62.9%) 5535 (-31.4%)  [211]
Copper GNP 150-320 (+113%) [212]
Copper RGO 1025131 (+28.4%) 255335 (+31.4%) 3813 (-65.8%) [213]
Copper GO 175-240 (+37.1%) 28-9 (-67.8%) [214]
Copper GO 825132 (+61.0%) 236320 (+39.1%) 3512.5 (-64.3%) [215]

2.4nm pristine
Copper 210-230 (+9.5%) 55-42 (-23.6%) [216]
graphene
_ 7.410.3-14+0.16 164+5-260+5
Magnesium GNP 5-15nm [219]
(+89.2%) (+58.5%)
_ GNP less than 163+3-202+3 7.541.5514.5+1.2
Magnesium [220]
10nm (+23.9%) (-93.3%)
_ 166.7252.76
Nickel GO [168]

(+51.6%)
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Nickel

PVA
PVA
PVA

PMMA

PVDF

GA

PEGDA

Epoxy
Adhesive
Epoxy

Epoxy

Epoxy

Epoxy

WPU

Polysulfone

Natural
Rubber

Graphene
nanoflakes
GO
GO
GO
Functionalized
graphene
sheet
RGO

GO

GO

GNP 6-8nm
GNP

GNP 6nm

GO

GO

GO

GO

GO

137-183>203-239
(+48.2%)

2.13>3.45 (+61.9%)

0.1-1.04 (+940%)

2.1-3.8 (+81%)

0.9+6.2 (+589%)
0.77+0.060.27+0.05

(-64.9%)

9.3x10°-1.1x10?
(+18.3%)

2.9+0.254+0.3

(+37.8%)

2.672.86 (+7.1%)

2.2-2.9 (glassy state,

+31.8%)

0.3x10°-0.66x10°
(+120%)

0.187x10°-0.218x10° 3.33+0.28-3.84+0.39

(+16.6%)
1.120.1252.3+0.30
(+109%)

4989 (+81.6%)
17-42 (+147%)
21555 (+162%)

7084 (+20%)

3.310.12>7.4+0.15 25.1+0.4>10.6%1.1

(+124%)

65+4-48+1 (-26.1%)

110~126-62
(-43.6%)

53+4-63.7+8
(+20.2%)

0.11-0.145 (+31.8%)

18528 (+55.6%)

(+15.3%)

225 (-77.3%)
21010 (-95.2%)
13620 (-84.6%)

(-57.8%)

3.0+0.251.840.1
(-40%)

5.552.2 (-60%)

0.36-0.22
(-38.9%)

1500620
(-58.7%)

16.3+0.45>22.9+0.82 849+45-693+24

(+40.5%)

(-18.4%)

[222]

[223]
[224]

[225]
[226]

[227]

[228]

[229]

[230]
[231]

[232]

[233]

[234]

[169]

[235]

[236]

* Raw material before being added into the matratenal

** Some values are approximately calculated fromgtress-strain curve in the paper

From the statistics in Table 7 and the proceduesl ue produce each composite,

few conclusions can be made:

A: The process of plastic/rGO composite fabricat®aimilar to that of metallic/rGO

composites. Some researchers use ball milling rdetioo create fine composite

powder. However, ball milling can cause the metaro sphere particle to burn and

can sabotage the integrity of graphene flakes. lrdegrity of graphene flakes might

weaken the enhancement effect. Mechanical stiaimdyultrasonication treatment can

solve the problem, but if the mixture is not fin@hyxed, the uniformity of graphene

within the final product cannot be ensured and wilfluence the mechanical
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properties of the final product as well. Thus, aper method needs to be chosen
based on the material quality, purity, size andirenmnent factors. Due to the
relatively low melting point of plastic materialsall-milling is not preferred. Instead,
wet mixing and mechanical stirring is widely applieBesides, some researchers
prefer to perform the reduction of GO before addintp the base plastic material
powder in order to optimize the quality of produdbreover, since the thickness and
the quality of raw graphene material cannot berelytiquantified, it is hard to
conclude which type of raw graphene material iskibst option. After all, different
raw materials will be reduced into similar form kit the final product. To
re-perform these experiments, choosing the moslyeastained material and using
similar fabrication operation for the reported eatiof graphene and the matrix
material is recommended.

B: The Young’'s modulus of almost all graphene-enhdnoetal material is only
slightly changed. However, for plastic materialg tmagnitudes of changes are
relatively high. The main reason for this differenis the large relative difference
between the Young’s modulus and tensile strengttthef virgin materials. For
example, the Young’'s modulus and tensile strenftiraphene is about 5 to 14 times
the Young modulus and tensile strength of most Isietghereas it is about 200 to
1000 times the Young’'s modulus and tensile stremdtimany plastics. Thus, the
strength enhancement of graphene-enhanced metglosisn is only few percent.
However, the enhancement effect is more signifidanta plastic material with a
strength increase of around 40%. For both metald plastics, solid solute
enhancement is the main mechanism for the mateeahancement effect.

C: Nearly all values ofoyps increased for metallic and plastic material butdome
epoxy-based resins, commercial adhesive and natubbkr, oyrs dropped. That is
caused by the low bonding quality between the lmaaterial and graphene. If we
further analyze the data afyts, it can be found that some of the increment remache
several times more compared with the original valdewever, in some cases, the
strength is only slightly changed. For example, HRadset al. [210]'s experimental

results only show 11% increment and Jiang et al6]J& copper enhancement
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achieved an increment of 9.5%. These experimentalldhbe further reviewed
because the value of changes is relatively lessoaby which might just be a
measurement or system error. To verify the testiltiegxperiments need to be
repeated and confirmed on different samples.

D: Breakage strain of almost all experimental samgiesvs a weakening trend, from
a decrease of 20% of initial strain (i.e. strairviofjin material without graphene) to a
decrease of 95% of initial strain. Around 60% daseein strain is the most common
statistics among reviewed data.

E: From the experimental procedures reported in miotte literature reviewed so far,
all graphene was bonded with the base materidleatnicro-level and the distribution
of graphene flakes in the new composite formed ®dsemely fine (this was the
reason for mechanical stirring or hydraulic mixin@therwise, if graphene forms a
bulk in the final product, it may cause a stresacemtration and further weaken
mechanical strength, like in Salom el al. [230kperiment.

F: It is not the case that the more the grapheneirgdite better the enhancement
effect will be. As much of the data shows, when #meount of graphene add-in
exceeds a critical value, the strength of the neatenal will start to drop, even lower
than the initial value [167, 209, 229, 232, 235hisT is probably due to the
aggregation caused by excess amount of add-in Gi@¢hwnay cause negative effect
towards the interfacial properties (more brittlecm-cracks, weak linkage, etc.) of
the final product and reduce its macro mechanicaggrties.

There are still some other researchers who haweded their attempts in applying
graphene family material to enhance the strengthaiérials by other methods. For
instance, by immersing cellulose paper in GO sofutintil GO permeates into the
cellulose fibre and dries, the tensile strength lamreéhkage strain of cellulose paper
can be significantly improved [237]. Kim et al. [J2ested graphene’s strength
enhancement effect on copper by producing coppgrkgme multi-layer pile
composite. They achieved this by layering altexsdyi ultrathin layers of copper
followed by graphene, etc. The enhanced effecteach few hundred times

compared to the yield stress of the bulk singlestalymetal [221]. However, the test
_47_



sample is in micro-level and the diameter of the@a is 260nm, which makes it
unlikely to be applied in real life. Similarly, Kimt al. [238] coated graphene on an
ultrathin vanadium sheet to form a graphene-vamaaiomposite though the
thickness of the composite is ultrathin (600nm) aray not have too much

application potential in real life.

5 Prospect

With a rapid development and research on graphéhewhe last two decades, it is
necessary to review what has been done to date.

In the public’s view, graphene is a wonder or driacn@aaterial that can be applied in
almost all fields in people’s daily life. Indeetigbretically it has superb mechanical
properties, good electrical and thermal condugtiag well as good optical
transmittance, low electrical resistance, largéesararea and large permselectivity.
For new comers to research on graphene, the astogisiechanical properties may
stimulate huge interests. However they might gesappointed after realising that its
outstanding mechanical properties are just theoaletalues which have only been
partially attained on a nano-/micro-scale level dnat yet to be releasied on a
macro-scale level. The application of micro-levedperty at macro-level is yet an
interesting area that has remained unachievabkuriisg this problem can be solved
in the future, then new and exciting engineeringdpicts with fantastic and highly
desirable and beneficial physical properties cadeheloped.

It is important to point out that there are few enom misunderstandings by the
public and new comers to research on graphene:

A: A trully single-atom thick graphene is a ‘fanoywonder’ material, theroretically.
However, most of the currently isolated grapheraugti-layer and is not the
expected ‘fancy’ material. Essentially, graphena ferm of graphite that can be
treated as a stacked structure of multi layergaplgene. A line drawn by a pencil on
paper contains a large amount of micro graphetkesdlarhe current difficultyis to
produce a large amount of graphene of good qualitych is also the reason why the

price of the very small sizes of graphene thatirsently produced is high.
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B: Similarly, single layer graphene is the strongeaterial currently known.
However, the multi-layer material that is hypedyesphene is not ‘strong’. The
astonishing mechanical properties of graphenetiseatheoretical micro level. At that
dimension, a material tends to be flawless withoigro defect, while for macro level
graphene pieces, the quantity of micro defectsbeamillions. The strength and
properties of macro-level graphene pieces arehabtdutstanding and are
significantly influenced by their quality.

C: Furthermore, while a true single layer grapheragerial has outstanding properties,
in general, graphene is not ‘a do-it-all’ matetredt can do anything. Not all products
that have names associated with ‘graphene’ haverisdpnctions. As a matter of fact,
currently, in real life, graphene-dominated prodwate extremely rare. Materials
presented as graphene are mostly multilayer grap¥wbich contains many flaws that
dominate the property of the product. The graplwemeent does not have significant
influence on the properties of the product andlmaneplaced by other cheaper
carbon-based materials.

As a new and popular material that has been uredearch and development during
the past decade,the achievement in this area @rkaivle: from conductive coating to
strength enhanced composites, from gas sensoatwaer filter, from high capacity
mobile device battery to the scaffold used in #ssogineering, the application
potential of graphene has been proposed in maldgfielowever, it should be noted
that most of these applications are still on smedlle laboratory level and the
successful large-scale commercial application casasing graphene in real life are
rare to find. After a long period of developmehg tesearch enthusiasm in applying
graphene nowadays is gradually cooling down anohsé¢e have stepped into the
‘bottleneck’ stage. A breakthrough of graphene igpfibn is expected to re-energise
the research field. Nevertheless, the potentialigtition of the economy due to large
scale production and applications of graphene shioot be ignored. Almost all major
universities across the world have relevant researgjects. Graphene industrial
parks have been built in many countries that haeated thousands of job

opportunities. though graphene-enhanced compdsites not been widely applied
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yet, the efforts that researchers have made haee/szl good feedback. With
availability of large volume of graphene and goalrication procedures that produce
high quality products, it is seemingly not complezhto produce strength-enhanced
graphene composites.

Comparing with traditional strength enhanced contpssgraphene-enhanced
material has better mechanical properties. Besttlesto the low density of graphene,
the reinforced composite has light weight as wethe interfacial properties of a
composite can be fully controlled during the praceslarge-scaled production, it will
be possible to produce large quantities of the asitg for real applications. Another
challenge is the cost. The add-in graphene is ertabdxponentially improve the
strength of a material but will massively incre#fse cost. For instance, the price of
aluminum is around £2/kg. With 1 gram of grapheddea (1 wt%), the price of the
Al/G composite produced will increase 40 times, toatnention the loss of material
during fabrication. Therefore, further developmearts required to enable large-scale
production of high quality graphene at competifiviees. The achievement of this

goal will ensure that graphene-enhanced compdsites bright application potential.

6 Conclusion

The four main areas of the review are on the prodnof graphene-based materials,
their physical properties, instrumentation useccfaracterising their quality, and
their applications especially in the area of matesirength enhancement. Each of
these four areas are summarised in the followimggraphs.

For the production of graphene-based materiaisfmot for laboratory use, then
reduced graphene oxide is typically used as aceplant to simplify the synthesis
process. The fabrication of graphene oxide stilbfes the Hummer’'s method
discovered almost a century ago. Reduction appesaapplied are mainly chemical ,
thermal and photo reduction methods. One thingrtbats to be noticed is that the
quality of product is not easy to cotrol and hasagrandomness.

To analyse the quality of synthesised graphenet &pan morphology observation

using optical equipment, it is neecessary to usarated equipment and procedures
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such as AFM and TEM, Raman test, XRD analysis &dHR: These advanced
equipment and procedures can provide more detailsding micro-defects at the
edge of a sample and the thickness of materiaffateht regions of the sample.
Graphene and graphene-based materials are curneaithyy being used in
composites, electronics and medical devices. Howewoasidering the current price
of graphene-based materials and their currentagalications, the commercial
development of graphene-based products is stlhanitial stage.

For the application of graphene for the enhancemktite strength of conventional
materials, current application approaches are aimilhis is essentially using
graphene as a nanofiller finely mixed with the bawsgerial matrix particles at the
molecular level to form a stronger material. Thjisthetization process is not very
easy to implement and requires large amounts gihgree, which will increase the
cost. Thus, the application of graphene-enhanceddriabis more likely to be used in
the military and aerospace sectors which conslueptoperty of a material as
priority rather than its cost. Surface coating ereanent using graphene has not yet
been widely researched and it has been appliedamiyicro samples. Theoretically,
associating graphene with surface coating techrliga¢aser cladding can be a future
research area. Laser cladding with graphene camfpaily reduce the fabrication
time of graphene-enhanced materials compared witieiatly applied
graphene-material enhancement method. This is &gbéx have good application
potential including material strength enhancememxtend the lifetime of parts and
repair of damaged parts in order to avoid catakiooggamage when they are
functioning. This will involve determination of sable combinations of laser
parameters, determining the amount of graphenerenblase material type in order to
achieve optimum enhancement effect.

Apart from the quality of graphene-based raw malkertheir price is the other
important factor which limits their application. mwith further development and
decrease in the price of raw graphene-based miateaa more graphene-based

products become part of our daily lives.
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