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Populärvetenskaplig sammanfattning
Grafen och grafenoxid som smörjande additiv i industriella applikationer
Tribologi är vetenskapen om ytor i glidande och/eller rullande kontakt med ursprung från
läran inom fysik, kemi, mekanik och metallurgi. Interaktion mellan ytor sker när de är
i relativ rörelse, vilket bla. resulterar i energi- och materialförluster motsvarande friktion
respektive nötning. En stor mängd av ABBs applikationer är beroende av ytor i rörelse,
exempelvis växlar, brytare och lindningskopplare, och därmed i behov av energi- ocb materialeffektivisering. För att öka applikationernas livslängd och minska dess underhåll används
smörjmedel i både fast- och flytande form. Det kan vara allt från grafit med lamellär struktur
till olja med en smörjande effekt, möjligheten inom tribologi är helt enkelt enorm. Detta
projekt fokuserar på smörjning i silverbaserade glidande elektriska kontakter och smörjande
fetter. Mer specifikt undersöks grafen (G) och grafenoxids (GO) smörjande egenskaper när
de är tillförda i dessa typer av system.
Inom silverbaserade glidande kontaker utsätts de motgående materialen för kraftig nötning. För att kompensera för detta används ofta en överdriven mängd material. En alternativ
lösning har visat sig vara tillförseln av G och GO i glidytan för dessa kontakter, dock har de
höga skjuvkrafterna bidragit till en relativt kort livslängd för dessa typer av kontakter. En
kontinuerlig tillförsel av grafen eller grafenoxid till ytan kan vara lösningen på problemet.
En framtida förhoppning är att minska friktion och nötning samtidigt som en låg kontaktresistans bibehålls. I denna studie har G och GO, i olika koncentrationer, inkorporerats i
en silvermatris genom konventionell- och ljusbågs sintring. De tillverkade kompositerna har
sedan utvärderats med hänsyn på friktion, nötning och kontaktresistans.
En viktig produkt för ABB är högspänningsbrytare, vilket har syftet att leda ström vid
normal drift och bryta ström vid fel i systemet. När strömmen bryts glider motgående
kontakter mot varandra under några millisekunder. Under denna tid utsätts kontakten för
hög kortslutningsström, upp till 100 kA, och hög glidhastighet. För att undvika hög friktion
och materialavverkning, under dessa förhållanden, smörjs systemet med kontaktfett. För
att smörjfettet skall vara effektivt är det viktigt att elektriska förluster under normal drift
är låga. Denna studie inkluderar smörjfetter, baserade på två olika förtjockare, med olika
koncentrationer av G och GO, för att på lång sikt öka ledande ström under drift samt minska
friktion och nötning. Dessa fetter är sedan undersökta m.h.a en pinne-skiva uppställning.
Genom att låta de tillverkade kompositerna glida, med hastigheten 5 cm/s, i en linjär
rörelse mot silverytor under belastning av 2 och 10 N har de tribologiska egenskaperna kunnat
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utvärderats. Resultaten visar att endast en liten mängd tillförd G och GO reducerar friktionskoefficienten och minskar nötningen efter 10000 cykler. Exempelvis reducerar triboparet
Ag/Ag:G (2,5vol%) friktionen ned till 0,2 jämfört med Ag/Ag paret som vanligtivs uppvisar
typisk adhesiv nötning och friktionsnivåer omkring 1,5. Samtidigt som kontaktresistans mätningar avslöjar att resultat, liknande rent silver, kan uppnås med grafenpartiklar upp till
10vol%. Medan Ag/Ag:GO (10vol%) triboparet uppvisar liknande resultat med friktionsnivåer mellan 0,2 och 0,3. Resultaten från de tribologiska testerna gällande smörjfetterna
visade relativt olika från fall till fall. Olika tester med samma mängd fett i kontaktytan
kunde resultera i förbättring jämfört med referensmätningen och vice versa.
Resultaten från denna studie visar tydligt att tillförseln av G och GO, i kontaktytan,
medför ett lovande tribologiskt beteende. Detta är troligtvis på grund av de svaga interaktionerna mellan silver och kol samt grafens smörjande karaktär, vilket grundar sig i dess
likhet till grafit. Vilket medför att användning av dessa material kommer att spela stor roll
inom ABBs framtida applikationer.
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List of abbreviations
G:

Graphene.

GO:

Graphene oxide.

PP:

Polypropylene.

Lix:

Lithium-soap.

rGO:

reduced GO.

mG:

modified G.

Ag:G(1 vol%): G, with 1 volume %, has been compacted with Ag.
Ag/Ag:

Ag slides against Ag.
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1

Introduction

Interaction occurs when surfaces move relative to each-other, resulting in friction and wear.
Tribology is the scientific term for this interaction. Humans are daily exposed to tribological
phenomena, e.g. skiing down the slope, wear of clothes and driving a car. Tribology research
has been carried out for a long time, in fact ever since the Egyptians in 1400 BC, when it
was well developed from sciences like physics, chemistry, metallurgy and mechanics. [1]
Friction, wear and lubrication are all important parts of the science of tribology and in
many cases these can be studied separately with high accuracy using well developed test
methods. However, a system approach is often the key to survey the science of tribology.
Many industrial applications rely on parts in motion and hence surfaces in relative motion. Many of these mechanical systems require a long lifetime, e.g. long runtime of high
number of operation maneuvers. Machine elements are, in addition, often exposed to harsh
environments, where operation is carried out under high pressure and/or wide temperature
range, which rapidly contributes to material fatigue. To maintain a sustainable mechanical
system, lubricants are required to lower the friction, wear rate, energy consumption and
enhance lifetime. Even though lubricants may contribute to a small change in material consumption, it significantly contributes to energy efficiency and thus reduced cost and energy
consumption. By using the ’tribology equation’ it is easy to estimate the tribological improvement from an existing system. For instance 3 million worm gears are operating in the
U.S.A with an average power rating of about 7.5 kW . An annual increase of ∼5% in the
efficiency contributes to a potential energy saving of about 9.8 million kW h [2].
Recent studies in the field of graphene (G) science proves it’s superior mechanical, thermal
and electrical properties [3, 4]. Attention has also recently been drawn to this single-layer
material within the field of tribology. Erdermir et al. [5] provided an up-to-date review of
graphene as a new emerging lubricant. Wang and co-workers investigated the tribological
properties of graphene as an oil additive, and their results show that the wear resistance
and load-carrying capacity of the lubricating oil were improved when graphene was added
to the oil at an optimal concentration [6]. Graphene has also been studied as an additive in
composite material, which has been investigated by Zhai et al. [7].
Production of graphene is a time consuming process and commands a high price, usually
too expensive for industrial use. An alternative material is graphene oxide (GO). This
material was also found to have promising lubricating properties. Mao and co-workers [8] at
Uppsala University investigated the addition of graphene and graphene oxide on the surface
of Ag-based electric sliding contacts in order to decrease coefficient of friction. Depending
on counter surface, improved tribological properties are maintained during low loads, while
1

the beneficial effects is lost at higher loads.
Many mechanical systems and ABB products rely on lubricants to operate under normal
conditions. Ag-based electric contacts in sliding applications need a low contact resistance
while maintaining low friction. While other machine elements, e.g. gears, bearings, bushings
etc., with sliding or rolling motions need low friction and wear rate. Graphene, with its
excellent thermal- and electrical conductivity and promising lubricating properties, could
possibly play an important role in many ABB products. This is explored in this thesis work.

2

2

Background

2.1

The aim of the study

The aim of this study is to evaluate the potential of using graphene and graphene oxide
as friction- and wear reducing additive in moving mechanical and electrical systems. More
specifically, graphene and graphene oxide will be evaluated in two specific cases. In Ag-based
sliding contacts, found in e.g. high voltage breakers and tap changers, and as additives in
lubricant greases.

2.2

Friction and wear in industrial applications

The contact between two solid bodies in relative motion are effected by its operating conditions, material parameters, environmental conditions and lubrication. When observing a
tribological contact, at microscale, the real contact area is minor to the apparent contact
area. The contact occurs, initially, only in a few contact spots and then increases depending
on operating- and material parameters. The real contact area is described as the sum of
the areas of all individual contact spots. On a macroscale, the geometry of these contacts
varies depending on application. There is a non-conformal1 contact situation between gear
and worm teeth as the two surfaces “roll” against each other. However, there is also a certain
part of conformal contact due to sliding motion, which overall contributes to a complex contact geometry. Figure 1 shows the contact situation in a worm gear between a worm wheel
and gear in relative motion. As the gear rotates, the contact spot shifts from the bottom to
top of the gear tooth, indicated by line one and two.

Figure 1: Alteration of contact spots for a worm and wheel gear set [9].
1

A non-uniform contact situation.

3

The load applied during the relative motion causes very high pressure in the contact
spots. This results in plastic deformation of the softer material, causing an increase in real
contact area until an equilibrium state between load/area is achieved. At a microscale, high
loads in contact spots cause local temperature variations and high energy dissipation, results
in atomic bond breakage and formation of new atomic bonds. Figure 2 shows an extreme
case of two counter surfaces in relative motion to each-other and how they appear in macroand microscale. Q is the thermal expansion within the contact spot, and the enlarged figure
shows the transformation of the surface structure during deformation. [1]

Figure 2: Tribological surfaces in sliding contact relative to each-other [1].
The relative motion between surfaces, causes dynamic friction to occur. The friction
is divided into an adhesive component and a plough-component. The adhesive component
caused by the shear resistance in the real contact spot and the plough component is caused
by the resistance to surface peaks ploughing in the counter surface. The coefficient of friction
is given by the ratio between the friction force FT and the normal force FN , according to
µ=

FT
FN

(1)

The presence of FT causes a microscopic displacement, in the real contact area, due to
elastic deflection. Thus, the force is expressed as the product of the shear stress and the real
contact area, FT = τ A, which originate from interatomic forces within the contact spot.
Unlike dry friction, viscous friction occurs in the form of shear stress within the lubricant
and is determined by lubricant viscosity η, lubricant film thickness h and velocity of the
motion ν. The friction force, with a constant velocity gradient, is given by
FT =
4

ηνA
h

(2)

Wear is defined as a surface damage with associated loss of material. It can occur in
many ways depending on counter surfaces and the interaction in between. The wear rate
increases in different wear ranges, depending on time. The running-in process occur due
to surface smoothening and reduced local pressure and thermal heating. This causes an
initial increase in wear rate, which then is impeded at an equilibrium, where the surfaces
“fit” together (steady-state). Uneven contact situations causes an increase in local pressure
and contact area, which causes overheating and volume expansion, allowing the friction to
increase to a severe stage. A typical wear rate as a function of time is shown in Figure 3.

Figure 3: Typical wear behavior as a function of time [10].
When metallic materials are in sliding contact, adhesive contact situations occurs, which
contributes to an atomic contact. Due to sliding motions these atomistic boundaries are
exposed to shear stress, which causes plastic deformation of surfaces. To proceed a sliding
motion, shear fracture between these boundaries has to occur. The ongoing wear mechanism
is often associated with high shear deformation of surfaces and severe wear can arise quickly;
a mechanism known as adhesive wear. Original properties of materials at the surface may
here change with time, e.g. surface hardening.
In the case of silver-silver metallic contact, any oxygen containing film wears off quickly
prior to any severe wear stage. However, contact boundaries break due to shear stress and
silver tends to stick to the counter surface. The severe wear stage rises quickly and surfaces
are welded together. [1]
Abrasive wear occurs when a harder tip or particle scratches a softer surface. A sliding
contact is often exposed to abrasive wear. When a harder tip scratches a softer surface the
wear mechanism is called two body abrasion. Three body abrasion occurs when a harder
wear particle scratches a softer surface. These wear particles are supplied to the system
or formed during the adhesive wear. A typical surface after three body abrasion shows a
5

messier behavior, as shown in Figure 4.

(a)

(b)

Figure 4: SEM images of surfaces after a) two body abrasion and b) three body abrasion [1].
Different micro-mechanisms occurs during abrasive wear, which are divided into four
types. Chip formation, ploughing, fatigue and flake formation. This results in different
types of material removal. And the wear rate can be estimated by the wear equation

V
S

= K

FN
H

(3)

V is the wear volume, S is the sliding length, K is the wear coefficient, FN the contact
load and H is the hardness of the softer material. The wear coefficient depends on the shape
of the tip and the transformed volume. [1]
According to the wear equation a steel ball in sliding motion against a stationary silver
disc would result in a worn silver surface. This is due to the lower hardness of Ag. Within
this wear mechanism, a ploughing component often occurs, where larger part of the silver
material gather in a wall along the wear track. However, due to this ploughing component
it is difficult to estimate the total worn volume.
An accelerated wear state usually occurs when two metal surfaces work against eachother. Therefore, the presence of a lubricant is essential for a systems lifetime.
There are a variety of lubricants, such as oils, greases or solid materials, that can be
applied between sliding interfaces in order to reduce wear. However, depending on the
lubricant properties and quality, together with operating parameters, the friction behavior
in the contact will vary. According to Torbacke et al. [10] there are three different lubrication
regimes which describes different contact situations: boundary lubrication, mixed lubrication
and full-film lubrication.
6

Boundary lubrication regime originate from insufficient pressure in the film to separate
counter surfaces, these counter surfaces are partly in contact and may resist high loads.
The surfaces are covered by boundary films of additives and inhibits the contact between
them, contributing to a decrease in friction. To maintain the boundary film of additives,
the presence of active surface molecules are important. Interactions between additives and
solid surfaces contribute to the absorption of molecules to the surface via physisorption,
chemisorption or surface reaction. [1]
Within the full-film lubrication regime, the pressure in the lubricant film is sufficiently
high to separate the surfaces. A well-known mechanism within this regime is the Elastohydrodynamic full-film lubrication (EHD), where elastic deformation of surfaces have a
significant impact. The initial contact load, between non-conformal contacts, provides an
elastic deformation, which increases the contact area and further EHD lubrication. The
lubricant must form a film, thick enough, to separate the surfaces as shown in Figure 5.
Typical friction coefficient values within the EHD full-film regime are between 0.001 and 0.1.
[11, 1]

Figure 5: Typical boundary lubrication (left) and EHD full-film lubrication (right) [2].
The mixed lubrication regime is a transition regime from boundary lubrication to full-film
lubrication, where the counter surfaces are, to a greater extent, separated compared to the
boundary lubricating regime. The load-carrying capacity in this regime partly depends on
the pressure in the lubricant film and partly of the counter surfaces in contact. This leads
to a friction dependence on shear within the lubricant and between the lubricant and the
boundary films, respectively.
The Stribeck curve in figure 6 describes the connection between the friction in different
regimes for sliding bearings, as a function of various parameters such as viscosity η, rotational
speed ω and load P .[1]

7

Figure 6: Coefficient of friction and corresponding lubrication regime with contact situations
according to the Stribeck curve.

2.3
2.3.1

Lubricants
Introduction

The primary tasks of lubricants are to decrease friction, wear rate, temperature and corrosion,
and to increase the load-carrying capacity for a machine or mechanical system. Lubricant
properties can be divided into three parts: performance-, long life- and environmental properties. These properties include parameters, which act instantly and also over a longer period
of time, e.g. viscosity, temperature, oxidation stability, toxicity etc. This chapter includes a
general survey of lubricants and their properties.
2.3.2

Lubricant oils

A base oil is composed of hydrocarbons and can be of different origins, biological, mineral
and synthetic. This affects it’s properties and purpose. The most commonly used oil within
the gear industry are the mineral- and synthetic base oils. When selecting a gear oil, a
significant property is the ability to cope with too high loads in the gear tooth contact.
2.3.2.1 Mineral oils Mineral oils are manufactured from crude oil, which consists of a
mixture of fuels, petroleum based oils and bitumen. The crude oil consists of a variety of
hydrocarbon molecules with different molecular weight, chain length and branching.
8

2.3.2.2 Synthetic oils Synthetic oils are also manufactured from crude oil and are available in three different types: synthetic hydrocarbon lubricants, silicon analogues of hydrocarbons and organohalogens [2]. Unlike mineral oils, synthetic oils provide better properties
due to their easily adaptable molecules. Polyalkylene glycol, commonly known as polyglycol,
and Polyalphaolefin (PAO) are two examples of synthetic oil bases with the general formula
(−CH2 −)n .
2.3.3

Lubricant greases

The oil system almost always contains a number of additives and/or modifications to the
polymer backbone. The complexity of studying the effect of an additional additive is therefore very difficult due to its potential interaction with other components. Hence, careful
optimization are needed, which is not the scope of this study. The focus are on greases.
Lubricant greases consist of a base oil, thickener and additive. Where the base oil almost
always are made with mineral oil (99%). Generally, naphtenic oils are used in a greater
extent than paraffinic oils due to preferable solvents of additives, but on the other hand
not as stable as paraffinic oils. Greases operating in extreme conditions commonly uses a
synthetic oil, e.g. due to it’s thermal stability. But the grease properties largely depends on
the thickener, and these thickeners are divided into two types: soap and non-soap based.
A soap based thickener is manufactured through heating a fat or oil in the presence of
an alkali (e.g. sodium hydroxide) together with other elements in the reaction (e.g. calcium,
lithium and aluminum).
Non-soap based thickener, not as commonly produced as the soap based thickeners.
These are based on inorganic, organic and synthetic materials and has superior properties
depending on origin. Synthetic and organic thickeners have high thermal stability and the
inorganic thickeners have no melting point due to it’s structure [2].
The differences between an oil and a grease, is that greases require a certain minimum
force to shear plastically. Beneath this force the grease appear as a solid and above this
force as a liquid. Since only a small portion of the grease is activated during operation
this part is embedded of the remaining grease. This allows the grease to stay in place, avoid
contamination, e.g. particles, and causes a lower maintenance of the machine element. Other
important characteristics are mechanical attenuation and seals, however these can cause a
low thermal transportation.

9

2.3.4

Solid lubricants

Solid lubricants are an option to oils and greases and are often applied as thin surface
coatings in order to increase the wear resistance. The advantages of solid lubricants are that
they resist higher temperature, requires lower maintenance and that no seals are needed. A
main drawback is the low lifetime of the film. Solid lubricants can also occur as lamellar
solids, often used as additive in various lubricants. Research upon these materials has been
on-going for decades, especially for graphite. The advantage of these lubricants is that the
lamellar structure deforms at low shear stress, they adhere strongly to the worn surface and
they are stable at the operating temperature [1]. From a materials point of view, there are
many similarities between allotropes of carbon and ever since K. Novoselov and co-workers
stably isolated graphene it has attracted significant attention in the field of graphene as a
solid lubricant [12].

2.4
2.4.1

Graphene - related materials
Graphene

Figure 7: Allotropes of carbon. From left to right: wrapped into buckyballs, rolled into
nanotubes and stacked into graphite [12].
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Graphene is a single layer of carbon atoms in a hexagonal crystal lattice, with a sheet
thickness of approximately 0.35 nm. It can, for example, be rolled into carbon nanotubes,
wrapped into buckyballs or stacked into graphite, as illustrated in figure 7. Coupled layers
in a 3-D structure of this hexagonal crystal lattice is commonly known as graphite. The
hexagonal crystal lattice consists of two sub-lattices where the carbon atoms are composed
of σ bonds, which constitutes of sp2 orbital hybridization combined of px and py orbitals.
The π bond, which contributes to a delocalized network of electrons, consist of the pz orbital,
which overlaps and enhances the carbon to carbon bonds, commonly known as a long-range
conjugated structure2 . The electron in the π orbital is highly mobile, measured mobility
over 15000 cm2 V −1 s−1 , which allows graphene to achieve a high electrical conductivity [13].
In an ideal case, electrons can be transported without scattering within a graphene sheet.
This is usually referred to as long-range ballistic transport in graphene. Zhu et al. [14]
reported sheet resistance, Rs , values in a wide range for CVD produced graphene films
on metal substrates. For example 350 Ωsq −1 was obtained from four layers of graphene
grown on a copper substrate, but even lower resistances, ∼30 Ωsq −1 , have been measured
depending on manufacturing process. The sheet resistance is inversely proportional to the
bulk conductivity and sheet thickness, which allows the bulk conductivity of the material to
be calculated and the value for graphene is here superior to silver and copper [15].
The mechanical properties of defect-free monolayer graphene has been investigated in
a variety of reports using atomic force microscopy (AFM) and Raman spectroscopy [3, 4].
Lee et. al has estimated a Young’s modulus of E=1.0±0.1 TPa, and a tensile strength of
130 GPa by measuring the elastic properties and intrinsic breaking strength of free-standing
monolayer graphene membranes. This corresponds to measured values for bulk graphite [4].
By observing stress-induced Raman band shifts, Cheong et. al identified and characterized
different forms of graphene [3]. It is found that by applying uniaxial strain, the Raman G
and 2D bands shift position towards lower wavenumber. This band shift per unit strain
corresponds to the Young’s modulus. The result from [3] shows a higher value, E=2.4±0.4
TPa, due to a variable Young’s modulus over the strain range. However, large-scale manufacturing of graphene entails specimens with defects, e.g. grain boundaries. Among materials
engineers, it is widely known that decreased grain size and thus increased amount of grain
boundary can improve the dislocation movement and increase the yield strength. Lee et
al. manufactured graphene films by a CVD-process, which contained grain boundaries that
weakened the film [16]. Copper foil coated with graphene films with various grain sizes were
characterized using nanoindentation and transmission electron microscopy (TEM). Results
reveal that the mechanical strength is slightly decreased compared to pristine graphene, 118
2

A system of connected p-orbitals with delocalized electrons.
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to 130 GPa.
Depending on the experimental setup, thermal conductivity (κ) of graphene reveal different values, (values near 600 W m−1 K −1 on supported graphene and values near 5000
W m−1 K −1 for Raman measurements on suspended graphene). This can for example be
compared to silver and graphite, which has thermal conductivity values in the region about
400 W m−1 K −1 .[17, 18]
In addition to all good properties mentioned above, graphene tend to be impermeable
to liquids and gases, which combined with good thermal conductivity could slow down the
corrosive and oxidative processes that usually impairs good tribological behavior. [5]
2.4.2

Graphene oxide

A well known method to oxidize graphite to graphite oxide is the Hummer and Offerman
method. Generally, graphite is treated with an oxidizing agent and an acid, e.g. potassium
permanganate and sulfuric acid, and graphite oxide is then obtained, which has a similar
layered structure to graphite but with branches of oxygen-containing groups at the edge
planes of the carbon layers.
Graphene oxide are usually made from graphite oxide. The functional groups on graphite
oxide, such as hydroxyl- carboxyl and carbonyl groups, expand the interlayer distance and
contributes to a hydrophilic surface. A sonication process is implemented in order to receive
one or a few layers of carbon atoms, which results in specimens called graphene oxide (GO).
Graphene oxide layers can be partially reduced and functionalized to desired characteristics
by removing oxygen-containing groups, while preserving the structure. Since GO is functionalized to various degrees, there is no absolute definition of its structural model, only a
widely accepted model known as Lerf-Klinowski model seen in figure 8. Here, the GO layer
consists of tetrahedrally bonded sp2 and sp3 carbon atoms in nm clusters, which results in a
random distribution of oxygen-containing functional groups along the graphene sheet. [14]

Figure 8: Lerf-Klinowski model of GO with oxygen-containing functional groups [14].
Previously, many attempts to reduce graphene oxide to pristine graphene has been im12

plemented, however, without success to completely eliminate functional groups and defects.
Thus, processes like epitaxial growth and CVD attracted more attention due to their ability
to manufacture graphene with low amounts of defects and good properties. However, these
methods are expensive and not adapted to large-scale manufacture. Therefore, reduction of
GO is promising as an efficient and low cost method for producing graphene.
There are various reduction strategies for GO. The thermal reduction strategy is widely
used and aimed at eliminating oxygen-containing groups and healing the structure in defected areas at elevated temperatures. GO is heated rapidly (> 2000 °C), whereby oxygencontaining functional groups decompose into CO or CO2 gases. This causes high pressure
between stacked layers, which exfoliate them into graphene oxide sheets. At the same time,
the method also reduces oxygen-containing groups in a stepwise process into graphene.
Yin and co-workers performed differential scanning calorimetry (DSC), thermogravitmetrymass spectrometry (TG-MS) and X-ray photoelectron spectroscopy (XPS) in order to understand the reduction mechanism of GO [19]. Dry samples of GO were heated up to 350 °C
at different heating rates while the reduction degree was recorded by XPS. The results reveal
a wide exothermic peak approximately at 210 °C in the DSC curve, which corresponds to
mass loss due to degasing of CO, CO2 and H2 O. It also seems that CO2 slowly reduces at a
temperature as low as 130 °C, which is in unity with Gao’s density functional theory (DFT)
simulations, which reveal that carboxyl groups are expected to slowly be reduced between
100-150 °C. [15]
The composition of GO varies with synthesis method and environment. Bagri et al. [20]
performed MD simulations on GO sheets with different oxygen content in order to study
the evolution of functional groups during thermal reduction. The release of H2 O below
∼730 °C revealed that hydroxyl groups required lower temperature for reduction compared
to epoxy groups. Reduction of hydroxyl groups also lead to low concentration of lattice
defect within the basal plane. Epoxy groups are more stable, but upon reduction a distorted
graphene lattice occur. The probability for carbon to be removed from the graphene layer
increase with the presence of hydroxyl groups adjacent to epoxy groups. Reactions during
the thermal annealing between two adjacent oxygen-containing groups lead to the formation of more thermodynamically stable groups, e.g. carbonyl groups. This is consistent to
Gao’s simulation, which shows a high dissociation temperature (1700 °C) for these groups.
Decomposition of GO results in graphene layers with lattice defects and small lateral size.
An alternative approach to exfoliate graphite oxide is carried out by annealing in an inert
or reducing atmosphere. The presence of hydrogen enhance the evolution of residual carbonyl pairs through the formation of water molecules and hydroxyl groups. This leads to
a re-arrangement of carbon atoms allowing holes to be healed. When established hydroxyl
13

groups, from residual functional groups, are reduced from the graphene layer, a sheet with
minor defects is achieved.
As mentioned above, the conjugated structure and dislocated π electrons contribute to a
high conductivity of graphene. The presence of oxygen-containing functional groups increases
the probability of π electrons to be scattered and thus decrease the carrier mobility and
electrical transport along the sheet. Therefore, its necessary to achieve a good restoration
of the long-range conjugated structure to achieve similar conductivity to pristine graphene.
During the reduction process, sp2 clusters grows larger and enhance the connection between
them. For electrical applications, it is very important that the reduction process of GO is
efficient enough to achieve sufficient electrical conductivity. The impact of carbon to oxygen
atomic ratio reveals that higher ratio increase the bulk conductivity. [15]
For example, with an annealing temperature less than 550 °C the C/O ratio is < 7 and
the bulk conductivity about 50 Scm−1 , and at 1000 °C the C/O ratio is ∼ 13 and σ = 550
Scm−1 . [21]
The mechanical properties of GO was studied by Dikin et al. who merged graphene oxide
layers through vacuum filtration process, resulting in a paper-like material with thicknesses
between 1-30 µm [22]. Assembled specimens were evaluated using tensile strength test, which
revealed that specimens loaded beyond the elastic regime entailed fracture with almost a flat
cross-sectional surface. The measurements determined an average tensile modulus of 32
GPa with a maximum value of 42±2 GPa and average fracture strength of 70 MPa with a
maximum value of 133 MPa, a distinguishable difference to pristine graphene.
Abramson et al. investigated the thermal conductivity of graphene oxide through a
thermal flash technique. The results revealed values up to 776±96 W m−1 K −1 . This value is
∼85% lower value than suspended pristine graphene, which is likely due to the presence of
intercalating oxygen atoms. This causes phonon scattering and reduces the mean free path.

2.5
2.5.1

Graphene and graphene-oxides as tribological additives
Graphene - containing composites

Materials in electrical contacts provide two main properties: good electrical conductivity
and a good resistance to arcing and contact welding. Ag:graphite (Ag:C) composites are
commonly used as electric contact materials, with a wide range of carbon content depending
on the application. Generally, 9-20vol% carbon content are used in arcing, or make and break
contacts, while sliding contacts requires higher carbon content. The carbon acts as a phasehardening material in the silver matrix, and by using the sintering methods, solubility limits
for silver can be exceeded. Uniform distribution of carbon particles are advantageous for this
14

type of composite and ultimately improves resistance to abrasion. Ideally, the composite is
worn evenly when the carbon particles are evenly distributed and carry a larger portion of
the load.
The manufacturing process for a composite derived from silver and carbon powder particles include a powder metallurgy process called sintering. Initially, the two powders are
mixed, compressed, sintered at a certain temperature and time and finally repressed. However, the mixture of powders tends to segregate and exhibit a non-uniform dispersion due to
large differences in densities of constituent powders. In the case of nanoparticles, these are
also influenced by van der Waals forces, which also cause agglomeration and non-uniform
dispersion.
Rehani and co-workers investigated Ag:C electrical contact materials produced by the
press-sinter-repress route, and evaluated them by density, electrical conductivity and microhardness measurements [23]. Rehani’s survey showed that by sintering nano-size powders at
500 °C for 60 min holding time, a final theoretical density of the order of 99.9% , electrical
conductivity equal to 76% IACS3 and a microhardness of 79-81 BHN could be achieved.
The study also showed that mechanical properties of metals depend on the grain size. For
example, larger grain sizes lead to stress concentration within the material due to inferior
dislocation movement and enhanced dislocation pile-up, resulting in a lowered hardness.
Inferior dispersion of graphite in silver matrix, is also a well known issue for these materials.
The extraordinary properties of graphene and graphene oxide and their similarities with
graphite imply that they could be an ideal 2D reinforcement nanomaterial in a silver matrix.
One issue is, however, that graphene tends to agglomerate due to van der Waals forces. Also
it exhibits poor bonding to silver. In a melt, it also floats to the top due to the large density
difference to silver. Processing temperatures near the melting point of silver is an additional
issue to overcome, especially for graphene oxide that release gases at lower temperature.
The problem of poor bonding to the silver matrix and agglomeration could be solved
through a molecular-level mixing process. Here functional groups attached to the graphene
layer, could enhance the bonding to the silver matrix. Hwang et al. performed a similar
mixing process with graphene and copper [24]. GO was mixed in a Cu-ion containing solution
to form chemical bondings between oxygen-containing groups and Cu ions. Subsequently,
the mixture was oxidized in a N aOH solution to prevent removal of functional groups from
the GO. Finally, thermal annealing in H2 atmosphere generated Cu particles attached to the
GO surface. The Cu particles counteract further agglomeration of GO sheets and enhances
adhesion to the Cu matrix in a Cu:graphene composite. Figure 9 shows clusters of Cu on
International Annealed Copper Standard (IACS) is a unit for expressing the conductivity of nonmagnetic
materials by testing using a eddy-current method.
3
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top of the GO.

Figure 9: HRSEM image of GO:Cu powder. [24]
In a similar manner, Yuan and co-workers managed to produce G:Ag nanopowder by
reducing silver nitrate onto graphene sheets with sodium citrate in a one-step reaction . The
reduction process are illustrated in figure 10. [25]

Figure 10: Reduction process from GO to GO/Ag nanopowders through sodium citrate [25].

XPS spectra confirm chemical reduction of oxygen-containing groups on the graphene
sheet. HRSEM and TEM images in figure 11 show well-dispersed and homogeneously distributed silver particles on the graphene sheet. [25]
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(a)

(b)

Figure 11: a)HRSEM image and b) TEM image of G:Ag nanopowder [25].
Another way to manufacture G:Ag nano-size powder is to rapidly heat GO powder and
silver acetate [26]. After the rapid thermal treatment GO is reduced to graphene and Ag
acetate to Ag-particles on the graphene surface. This is an additional example of uniformly
distributed silver particles on graphene sheets, which prevent agglomeration of particles
(figure 12).

Figure 12: Illustration of silver particles on graphene sheet. To the left a HRSEM image
and to the right TEM image [26].
To prove graphenes tribological effect in metal composites, Xu and co-workers investigated T iAl matrix with addition of multilayer graphene (MLG) [27]. Tribological stud17

ies were performed with a ball-on-disc tribometer with rotation motion and three different
counter surfaces (Al2 O3 , GCr15 steel and Si3 N4 ). Friction coefficient was measured at room
temperature, 10 N load and at the speed of 0.2 ms−1 . The results indicate an average friction improvement of 35% with graphene as a solid lubricant. Figure 13 shows the friction
coefficient curve and wear rates of T iAl matrix (TA) and reinforced T iAl matrix (GTMC)
vs. Al2 O3 , GCr15steel and Si3 N4 . An interesting result is that also wear rate exhibit improvement by almost 3-9 times of magnitude. This is likely attributed to the lubricating
effect of graphene. Particles are spread out along the sliding direction, which easily shear
and form a conformal anti-wear protective layer on the sliding contact interface.

Figure 13: Tribological analysis of graphene-reinforced T iAl matrix. Friction curve, to the
left, and wear rate, to the right. All tests were performed at a load of 10 N and a speed of
0.2 m/s against different counter surface materials [27].
Zhai et al. investigated wear behavior of graphene in N i3 Al matrix composites (NMC)
through a ball-on-disc setup [28]. The tests were performed at various loads and constant
rotational speed of 0.2 ms−1 . Dry sliding friction test revealed that the friction coefficient
can be reduced by a factor of two by the addition of graphene. The decrease in friction is
attributed to shear of smooth spread-out particles along the sliding surface. The coefficient
of friction is also stable without fluctuations, which is likely attributed to a sustained supply
of graphene and the formation of a protective layer at the sliding surface. To maintain a
low friction it is important with a good interfacial bonding between the protective layer
and the matrix. Also, the addition of graphene, enhanced overall mechanical strength and
hardness increased by 91.7% compared to pure N i3 Al. With its higher load-carrying capacity,
graphene is able to undertake major part of the load and thereby decrease wear rate during
sliding motion (in accordance to equation 3). Furthermore, graphene often improve other
functional properties of a metal matrix such as thermal conductivity, dissipating heat from
18

the contact area and hence allowing enhanced tribological conditions.
2.5.2

Graphene as a lubricating additive in greases

To enhance the lubricating effect for an oil or a grease solid lubricant can be added to the
mixture. Zhang et al. investigated tribological properties of graphene as a lubricant oil additive [29]. The addition of graphene to a PAO gear oil reduced the friction coefficient from 0.05
to 0.0425 (15%). At an optimal concentration of particles, graphene forms a protective layer
at the sliding surface. With an excessive concentration of graphene particles degradation of
anti-wear properties occur. Sheets pile up between sliding surfaces and block the lubricating
oil. This allows a transition between boundary lubrication regime and mixed lubrication
regime. Figure 14 shows friction results for a wide range of graphene concentration and their
impact on friction coefficient. An optimal concentration occur at 0.02wt% graphene, which
results in a friction of 0.0425. The sliding surface was significantly smoothed and the surface
roughness was decreased by orders of magnitude. On the other hand, a concentration of
5wt% caused larger surface roughness and abrasive wear.

(a)

(b)

Figure 14: Four-ball friction test at room temperature under a test load of 400 N and with a
speed of 1450 rpm. This resulted in a) transition between lubrication regimes and b) friction
coefficient between 0.0425 and 0.055 due to different graphene concentration [29].
Generally, it’s difficult to ensure uniform dispersion of graphene nanoparticles in base oil,
e.g. due to its chemical inertness and limited intermolecular bonding. Graphene oxide with
its polar oxygen-containing groups, could potentially be better dispersed in water and other
polar organic solvents, as well as in polar lubricating oils. Dispersants with dangling polar
heads are commonly used to disperse nanoparticles in lubricants and could also be used with
graphene.
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In recent studies, graphene and graphene oxide have been modified to solve the problem
with nonuniform dispersion in the base oil. To avoid agglomeration, Senatore et al. used
polyisobutenyl succinic acid-polyamine ester in a GO dispersion [11]. Dispersant enwrapping
the particles make them repel each-other. The dispersant itself has a polar head and a very
long hydrocarbon tail that keeps the graphene particle suspended in oil. An advantage with
graphene-based additives, is the lower concentration of particles in the solution compared
to inorganic nanoadditives (e.g. M oS2 and W S2 ). This causes less impact on the quality of
the oil. [29]

2.6
2.6.1

Potential applications of interest
Worm gear

A typical machine element are worm gears, which has the purpose of transmitting torque.
It consists of a rotating wheel with teeth and a gear. The worm gear consists of surface
hardened steel and the worm wheel of a nickel tin bronze alloy. Worm gears are commonly
used in industrial applications for power generation. During operation, the worm gear, unlike
other gears, is exposed to a high amount of sliding motion in the teeth contact. There are
only a few teeth in contact simultaneously causing extreme pressures in the contact situation.
As mentioned above, the worm gear has contact surfaces of steel and bronze. This metalmetal contact undergoes an adhesive wear mechanism at high local load and temperature.
At this stage, the oxide growth of the steel substrate is sufficiently low to inhibit a high wear
rate.
In order to avoid metal-metal contact in the gear, the gearbox is filled up with lubricating oil, which allows increased load-carrying capacity within the contact and the lubricant
operates in the boundary lubrication regime. The presence of the right lubricating oil can
decrease the friction and wear rate according to this regime [9]. At ABB, worm gears in the
power range are manufactured by the ABB company Baldor in California, US. The lubricant
used in ABB worm gears is a synthetic oil, with a basis of polyglycol, called Klübersynth GH
6 - 460. The Klübersynth GH 6 - 460 oil is custom made for worm gears and has a viscosity
greater than 220 and has an excellent viscosity-temperature behavior, which means it is well
suited for high operating temperatures.
A way to further improve the load-carrying capacity could be by adding particles of
graphene or graphene oxide to the lubricating oil. These nanoparticles could potentially also
decrease wear rate, due to increased thermal conduction away from the contact surface, and
decrease friction.
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2.6.2

High voltage breaker

In an electric power system, switchgears are used to protect and isolate equipment in case of
line fault. Within switchgears there are a range of high voltage products, such as breakers,
disconnectors, switches and surge arresters. The most commonly used types of switchgear
are air- or gas insulated. Air insulated switchgears (AIS) require a greater distance between
earth and phase conductors and therefore also a greater amount of space. Due to high
voltages (above 36 kV ), air insulated switchgears are mostly used outdoors. To reduce
the distance between earth and phase conductors, SF6 gas-insulated switchgears have been
developed.
The main differences between switchgear types are the space requirements, sensitivity to
environmental effects and safety. SF6 gas insulated switchgears are safer due to enclosed
high voltage while the air-insulated switchgear is easier to maintain.
The most important component of the switchgear is the high voltage circuit breaker (HV
breaker). ABB has a number of different types in the voltage region 72-1200 kV AC. It’s
primary function is to break and make normal load currents and interrupt short-circuit currents due to faults in the power system. The basic breaker consist of two current pathways:
the nominal current system, which conducts current during normal operation and the breaking system, which disconnect the current during breaking and extinguishes the resulting arc.
During breaking the current is commutated from the nominal system to the breaking system,
where breaking occurs. Usually such an interrupting operation only takes milliseconds to
perform, and the breaker should normally be able to perform a minimum of 10000 operations.
A main component of the circuit breaker is the nominal current system containing of
two different connectors; one finger-type and one spiral-type sliding contact (see figure 15).
Contact materials are silver and copper, which are lubricated with a contact grease to avoid
high friction and provide a low-loss system. Since the system is loaded with high currents
(up to 5000 A nominal current and 100 kA short circuit current), fast interrupting times and
high sliding velocities and hence thermal load, are considerable. Given these conditions, it
is important to attain a low friction and wear, while maintaining electrical losses low.
Since silver is used in the sliding contacts, a metallic adhesive wear occur due to the
softness of the material. During this motion, shear deformations and shear failure of the
surface layer arises in the contact spot. In this scenario, silver tends to loosen from the surface
and to adhere to the counter surface, hence creating a Ag-Ag contact. In dry (unlubricated)
conditions, this gives a coefficient of friction of about 1.5 [8]. The high friction is one reason
why HV breaker contacts are lubricated with contact grease. The current through an electric
sliding contact also affects the friction and wear rate. Zhao and co-workers survey showed
an increase in local contact temperature due to joule heating. The heat is released in the
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contact spot, which causes intensification of the adhesive interaction [21]. The addition of
graphene or graphene oxide to a Ag specimen could be a replacement for greases and further
decrease friction and wear rate. This could possibly, in the long run, lead to cost savings
and less maintenance. From ABBs point of view, silver is used as a sliding contact material
in other products than HV breakers, for instance tap changers. Hence, this study is also
relevant for these products.
In HV circuit breakers, ABB are using a grease called OKS VP 980 for electrical contacts.
This grease is well suited for copper and silver contacts, and especially in environment with
SF6 gas. It consist of a PAO-based oil together with an organic polymer thickener. Unlike
the worm gear oil, this PAO-based oil has a relatively low viscosity, 32 cSt at 40 °C. The
OKS grease also has the ability to resist the formation of oxide- and sulfide compound layers
at the contact surface.
Graphene or graphene oxide could be used as an additive in breaker lubricating contact
greases and potentially enhance mechanical, thermal and electrical properties of the system.
This will be evaluated in this study.

(a)

(b)

Figure 15: Nominal current system in a HV breaker containing a) finger-type and b) spiraltype sliding contact.
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3
3.1

Experimental
Graphene and graphene oxide materials

The graphene nanoplatelets (xGNP-M-5) used in this study were purchased from XG Sciences, Lansing, MI, USA. The GNP has a thickness of 6-8 nm and average particle diameters
of 5 µm, giving the platelets a relative surface area of 120 to 150 m2 g −1 . The thickness of
one graphene sheet is approximately 0.35 nm resulting in GNP particles with 20 sheets of
graphene. Each platelet have oxygen containing groups at the edges and overall oxygen content is less than 1%, resulting in a total density of 2.2 gcm−3 . The supplier provides GNPs
in research quantities at the price of 99 USD per 100 g.
Also, commercially available graphene oxide from Abalonyx, Oslo, Norway was used in
this study. The supplier provides acidified aqueous GO paste containing 25% GO, 74% water
and 1% HCl in quantities up to 1 kg at the price of 800 USD. Measurements with AFM and
Raman spectroscopy indicate 2-3 layers stacked together on average.

3.2

Ag:graphene- and graphene oxide composites for sliding contact
applications

3.2.1

Synthesis of silver matrix composites

The silver matrix composites used in this study were made by sintering and spark plasma
sintering (SPS). The survey include four kinds of fabricated composites: graphene in a silver
matrix (Ag:G), graphene oxide in a silver matrix (Ag:GO), modified graphene in a silver
matrix (Ag:mG) and modified graphene oxide in a silver matrix (Ag:mGO). Composites
were made in several different compositions and all of them are summarized in Table 1.
In the conventional sintering process, raw powders of silver (Inframat Advanced materials, Manchester, CT, USA, 99.95% purity, spherical particles with 0.4 to 1.0 µm average
particle size and density of 10.49 gcm−3 ) and G/GO were manually grinded for 5 min with
a mortar and pestle. The volume fractions of nanoparticles were chosen in accordance with
the literature [24], see table 1. The mixtures were then uniaxially pressed to a pellet at 377
and then at 452 MPa in a 13 mm steel die (SPECAC). Then, the pellets were sintered at 200
°C for 60 min in a vacuum atmosphere, the heating rate was about 3.6 ◦ Cmin−1 . A dwell
time of 10 min were used in order to eliminate impurities inside the vacuum chamber. Figure
16a shows a sintering profile of silver composites during conventional sintering. Theoreticaland measured density were evaluated before and after the fabrication process.
In the case of SPS sintering, raw powders of Ag and G were mixed and grinded in a
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mortar. 2.5 and 20% were chosen as the volume fractions of nanoparticles. The mixtures
were continuously pressed at 50 MPa during the sintering process (i.e. not prepressed). The
temperature was set to 200 °C and the total process time about 15 min. The spark plasma
process used a 200 A pulsed current through the 15 mm (diameter) graphite die and the
sample. This causes sparks between particles to further consolidate the pressed mixture
of silver and graphene particles. Figure 16b shows a sintering profile of this spark plasma
process.
Table 1: Concentrations of graphene and graphene oxide nanoparticles in the silver matrix
composites.
Composition
Ag
Ag:G (1 vol%)
Ag:G (2.5 vol%)
Ag:G (5 vol%)
Ag:G (10 vol%)
Ag:G (15 vol%)
Ag:G (20 vol%)
Ag:G (25 vol%)
Ag:GO (1 vol%)
Ag:GO (2.5 vol%)
Ag:GO (5 vol%)
Ag:GO (10 vol%)
Ag:GO (15 vol%)
Ag:GO (20 vol%)
Ag:GO (25 vol%)
Ag:mG (∼20 vol%)
Ag:mGO (∼20 vol%)

Ag [g]
4.0000
4.1353
4.0727
3.9682
3.7594
2.3670
2.2278
2.0885
4.1353
4.0727
3.9682
3.7594
2.9722
2.7973
2.6225
2.2278
2.9247

G, GO [g]

G, GO [wt%]

-

-

0.0088
0.0219
0.0438
0.0876
0.0876
0.1168
0.1460
0.0076
0.0190
0.0380
0.0761
0.0761
0.1014
0.1268
0.1168
0.1014

0.2
0.5
1.1
2.3
3.6
5
6.5
0.2
0.5
0.9
2
2.4
3.4
4.4
-
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Sintering condition
200 °C/60min
200 °C/60min
200 °C/60min, SPS
200 °C/60min
200 °C/60min
200 °C/60min
200 °C/60min, SPS
200 °C/60min
200 °C/60min
200 °C/60min
200 °C/60min
200 °C/60min
200 °C/60min
200 °C/60min
200 °C/60min
200 °C/60min
200 °C/60min
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Figure 16: Sintering profiles of silver composites during a) conventional sintering and b) SPS
fabrication.
3.2.2

Synthesis of surface-modified G and GO particles

Surface modifications on G and GO were performed to further enhance wettability and bonding between Ag and G/GO in the composite. Two different methods have been implemented,
one environment-friendly method and one rapid and scalable method.
Graphene oxide – silver nanoparticles (mGO) was prepared through a reduction process
based on sodium citrate reduction. GO, silver nitrate (AgN O3 , Sigma Aldrich, Stockholm,
Sweden, analytical reagent grade) and sodium citrate (N aH2 C6 H5 O7 , Sigma Aldrich, Stockholm, Sweden, analytical reagent grade) were chosen in accordance with the literature [25].
200 mg GO paste was dispersed in 100 ml of water by sonication bath for 1 h, and 230 mg
AgN O3 was added under stirring. 1 g of sodium citrate was gradually added to the mixture
under magnetic stirring for 30 min. Subsequently, the mixture was heated to 80 °C and kept
for 16 h under magnetic stirring at the speed of 375 rpm. Finally, the mixture was washed,
three times, with ethanol and deionized water by centrifugation at the average speed of 3500
rpm for 25 min. The resulting mGO nanoparticles were dried in a oven at 60 °C for 24 h.
Graphene - silver nanoparticles (mG) were prepared through a rapid thermal treatment.
About 100 mg graphene and 100 mg silver-acetate (CH3 COOAg, Sigma Aldrich, Stockholm,
Sweden, analytical reagent grade) were ground into a powder with a mortar. The obtained
powder was kept in a preheated furnace at 340 °C for 15 min.
Both methods were evaluated using a scanning electron microscope (Zeiss MA15) operated at 20 kV detecting both secondary- (SE) and backscattering electrons (BSD). Energydispersive X-ray spectroscopy (EDX) was also performed in the SEM in order to record
elemental analysis.
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SEM images of mGO powder fabricated by the sodium citrate reduction method are
shown in figure 17a-17e. The images show a curved and about 20 µm thick sheet of the
mGO that consists of wrinkled graphene sheets coated with silver particles. Figure 17d and
17e show randomly distributed silver particles of about 50 nm and agglomerated clusters of
silver.
SEM images of the thermally treated mG also show the randomly distributed particles
and clusters of silver along the graphene sheets, see figure 18. Decomposition of silveracetate occurs at 170-280 °C, resulting in the formation of silver particles. Recrystallization
and agglomeration of silver occur at higher temperature. Attached silver particles could
further prevent agglomerated graphene sheets and enhance the distribution within the silver
matrix composite.
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(a)

(b)

(c)

(d)

(e)

Figure 17: SEM images of mGO nanoparticles at different magnifications and detected
electrons. a), b) and d) with secondary electrons (SE). c) and e) with backscattering electrons
(BSD).
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(a)

(b)

(c)

(d)

(e)

Figure 18: SEM images of mG nanoparticles at different magnifications and detected electrons. a), b) and d) with secondary electrons (SE). c) and e) with backscattering electrons
(BSD).
Figure 19a shows EDX analysis of mGO. This EDX spectra is recorded in the yellow spot
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(point one) in the insert image. Peaks situated at 3.0 and 3.2 keV correspond to binding
energies of Ag, while peaks observed at 0.25 keV correspond to C. The reason for observed
peaks at 0.5 and 1 keV is the silver salt and reducing agent in the molecular-level mixing
process, which correspond to binding energy of O and Na respectively. The peak observed
at 2.75 keV correspond to binding energies of Cl, which originates from the graphene oxide
paste.
The EDX analysis of mG (figure 19b) shows characteristic peaks at binding energies of
0.25 and 3 keV . This corresponds to carbon and silver respectively. Observed peaks at 1.5
and 2.3 keV correspond to Al and Mo, which is probably due to noise in the SEM vacuum
chamber.
Both reduction methods show promising results regarding attached silver particles. However, the molecular-level mixing process is an environment-friendly method but more time
consuming, while the thermal treatment method is fast and scalable. The advantage of not
using a reducing agent is the resulting high-purity nanoparticle.
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(a)

(b)

Figure 19: EDX analysis of a) mGO - and b) mG nanoparticles recorded within the yellow
spot (point one).

3.3
3.3.1

Graphene and graphene oxide lubricating greases
Synthesis of lubricating greases

Lubricating greases were prepared from instructions from the manufacturer Axel Christiernsson. First, the PAO oil (Axel Christiernsson, Nol, Sweden) and different weight concentration
of G- and GO particles were mechanically stirred for 5 min. The concentrations of nanoparticles were chosen in accordance with the literature [29], see table 2. Then the mixture was
put into a vessel and magnetically stirred (Heidolph MR3002) at 625 rpm for 30 min. To
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overcome attractive forces (van der Waals forces) and to achieve homogeneously dispersed
nanoparticles, a sonication process (bath) was performed for 60 min with Branson 2210. Two
different thickeners (polypropylene and Lithium-soap) were evaluated. These were added to
the PAO:G and GO mixtures to achieve the final modified lubricating greases. The mixtures, presented in table 2, were mixed with 130 g of thickener in order to achieve the right
concentration of nanoparticles in the final greases. The mixing of PAO and G/GO particles
were made at ABB SECRC, while the final mixing with the thickeners were made by Axel
Ch.
Table 2: Concentrations of graphene and graphene oxide nanoparticles in the lubricating
greases.
Composition
G,GO ( 0.01 wt%)
G,GO (0.025 wt%)
G,GO (0.05 wt%)
G,GO (0.075 wt%)
G,GO (0.1 wt%)

3.4

PAO [g]
19.985
19.9625
19.925
19.8875
19.85

G,GO [g]
0.015
0.0375
0.075
0.1125
0.15

Hardness measurements

Vickers hardness tests were performed on all sintered green compacts with a micro hardness
tester (J.K Lab, Åkersberga, Sweden). A measurement series comprising five well distributed
measurements was performed on each sample with a test load of 300 g. Estimated hardness
value is the average value of these measurements. Some specimens show large measurement
variations due to uneven surfaces. Therefore, these measurements are taken into account
with great caution.

3.5

Tribological characterization

Tribological performance of lubricating greases and silver matrix composites were evaluated
on a CSM Tribometer (CSM Instruments, Switzerland).
In the case of composites, fabricated silver matrix compact were evaluated in reciprocally
mode at an amplitude of 10 mm and a maximum linear speed of 5 cms−1 against a silverplated copper rod (spherical tip, diameter 10 mm). Tests were performed at applied contact
loads of 2 and 10 N. The friction coefficient and lap counts, time and total sliding length were
recorded automatically by a computer connected to the tribometer. Prior to the friction tests,
all samples were grinded with silicon carbide paper (grit 1200) and cleaned with ethanol.
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In the case of lubricating greases, a Pb – brass disc (hardness ≥70 HV) was rotated
against a stationary steel ball (AISI 52100, diameter of 10 mm, hardness 746 to 865 HV) at
a speed of 200 rpm. Prior to the friction tests, all samples were cleaned with ethanol and an
excess of lubricating grease was introduced to the ball-disc contact area. Friction tests for
lubricating greases were performed at applied contact load of 10 N.

3.6

Contact resistance

Contact resistance were measured for sintered compacts containing between 2.5 and 20vol%
G. The resistance is measured between the pin and disc in the tribometer setup, by stopping
the sliding motion and measuring the resistance.
The contact resistance is measured using a “four-terminal” method. Where the voltage
drop between two contact points is measured. This ensures that the measurement is not
affected by the internal resistance of the wires, as current and voltage only share path over
the contact point [30].
Figure 20 shows a connection scheme and a principle sketch of the “four-terminal” method.
The path of the current and voltage divides instantly after the contact point.

(a)

(b)

Figure 20: Schematic diagram with a a) connection scheme and b) a principle sketch of the
“four-terminal” method [30].

3.7

Microstructure evaluation

The morphology and microstructure of sintered compacts were characterized by SEM, light
optical microscope (LOM), profilometry (Contracer CV-3200, Mitutoyo, Stockholm, Sweden)
and Raman spectroscope (Renishaw Invia). Prior to the friction and wear test, the morphol32

ogy and microstructure of all sintered compacts were characterized by LOM. Morphologies
of the wear scar profile and worn surfaces, of all tested compacts, were characterized by
LOM and profilometry. Morphologies of the worn surfaces, of specific compacts, were also
characterized by SEM and Raman analysis. G and GOs on the mating material, of specific
compacts, were confirmed using Raman spectroscopy. A mapping analysis was recorded,
with a 532 nm laser, inside and outside the wear track, and also at the counter surface.
With mapping analysis you can rapidly see how the intensity of a particular Raman band
alters with position. In this study, a line focus mapping called stream line mapping was
used. The laser illuminates a line on the sample, rather than a spot, which enables a collected spectra from multiple positions. Once all Raman spectra are collected, a map image
shows the difference between intensity at one frequency in a reference spectrum versus all
collected Raman spectra. High concentrations of selected material (corresponding to selected
frequency) is identified by intense red spots in the mapping image.
The D peak, in the Raman spectra, is caused by the presence of a disordered structure
of graphene, e.g. edges or oxidized of graphene. The intensity ratio between the D- and G
band is often used as a number that reflects the amount of defects in the carbon materials.
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4
4.1

Results
Ag:graphene- and graphene oxide composites for sliding contact
applications

4.1.1

Material characterization

Density
Relative density pressed pellets before and after sintering are calculated based on the rule of
mixture and absolute densities of Ag, G and GO. Figure 21 shows the variation of composite
relative density with particle volume content. This figure shows that the relative density of
composites is increased after sintering. It also seems to vary inversely with graphene content,
and when the graphene volume content exceeds 10%, a rapid decrease in the relative density
occur.
A higher uniaxial pressure probably explains the general increase of relative density before
sintering for GO specimen (Figure 21b) compared to G specimen (Figure 21a). Conventional
sintering of GO samples, results in a quite uneven relative density.
Composites prepared with 20vol% modified graphene (mG) and graphene oxide (mGO)
give in both cases an increased relative density both before and after the sintering fabrication
process. This shows, as expected that surface modified G- and GO enhance the wettability
between the silver matrix and G/GO. The specimen with graphene shows an increase of up
to 13.7% of relative density after sintering, compared with corresponding graphene sample.
While the mGO sample decrease in the density after sintering, the resulting density is still
higher compared to corresponding GO specimen.
Relative density, of composites fabricated with SPS, increases compared with corresponding samples fabricated with conventional sintering (figure 21a). The Ag:G (2.5 vol%) and
Ag:G (20 vol%) give in both cases an increased relative density with 2.5 and 11% respectively.
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Figure 21: Variation of relative density of pressed pellets of Ag:G, Ag:GO, Ag:mG and
Ag:mGO composites before and after conventional sintering and spark plasma sintering
(SPS) as a function of a) graphene (G) and b) graphene oxide (GO) volume content.
Hardness
Vickers hardness values for sintered composites are illustrated in figure 22. The hardness
decreases as the volume content increase, except the divergent value for the composite containing 15 vol% GO. The surfaces, of these composites, were quite uneven, which causes a
relatively high error (indicated with error-bars).
Compacts with surface modified G- and GO particles (20 vol%) show an increase in
hardness compared to nonmodified compacts.
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Figure 22: Variation of composite hardness with particle volume content.

35

4.1.2

LOM analysis of composites

The solid compacts prepared through the conventional sintering route have smaller and
smaller silver to silver interparticular contact with the addition of G particles. The solid
compact with 2.5vol% has a larger amount of silver rich areas compared to the compact
with 25vol%, as exempliefied in Figure 23a-23c. The remaining LOM images can be seen
in the Appendix. This contributes to higher porosity and hence lowered levels of relative
density, according to chapter 4.1.1. Similar LOM images can be seen in Figure 24a-24c,
corresponding to solid compacts with GO particles. The main differences between these two
kinds of composites are the distribution of particles and hence the continuous silver matrix.
GO particles seem to gather, in specific areas, to a greater extent.

(a)

(b)

(c)

Figure 23: LOM micrograph of grinded surfaces of a) Ag:G (2.5 vol%), b) Ag:G (10 vol%) and
c) Ag:G (25 vol%) compact after sintering at 200 °C for 60 min. This shows an alteration from
a continuous to a non-continuous silver matrix with the addition of graphene (G) particles.
The scale-bar in each LOM image indicate a length of 100 µm.

(a)

(b)

(c)

Figure 24: LOM micrograph of a) Ag:GO (2.5 vol%), b) Ag:GO (10 vol%) and c) Ag:GO (25
vol%) compact after sintering at 200 °C for 60 min. This shows a continuous silver matrix
despite the addition of graphene oxide (GO) particles.
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According to chapter 4.1.1 the alteration from conventional sintering to spark plasma
sintering results in an increased relative density and hardness. When corresponding composites with 2.5 and 20vol% are compared, the distribution of particles seems to be improved.
Figure 23 and 25 explain this difference, as the distribution of particles, for composites with
modified surfaces, shown similar results as composites with unmodified surfaces, as can be
seen by comparing Figure 26.

(a)

(b)

Figure 25: LOM micrograph of a) Ag:G (2.5 vol%) and b) Ag:G (20 vol%) compact after
spark plasma sintering at 200 °C for 15 min.

(a)

(b)

Figure 26: LOM micrograph of a) Ag:mG (20 vol%) and b) Ag:mGO (20 vol%) compact
after sintering at 200 °C for 60 min.
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4.1.3

Tribological characterization

Regarding the friction and wear analysis in this chapter, all figures are divided into four parts:
coefficient of friction as a function of number of passages and contact load dependency and
light optical microscope image and profile of the wear track (disc surface). Note that the
scales for different wear profiles varies somewhat. Therefore, the shaded areas, corresponding
to the wear track cross sectional areas, are not directly comparable. Displayed friction values
are filtered to smooth some noise in friction curves. This is done by taking the mean value
of a set amount of adjacent points to eliminate peak effects. This does not affect the friction
trend. However, it can result in a small periodic behavior.
All values are based on one measurement.
4.1.3.1 Conventionally sintered samples
All samples in this section were performed on samples made by conventional sintering.
Ag reference sample
Figure 27 displays the results from the pure Ag reference measurement. The results show
a steady friction of about 0.42 during the first 450 laps. Using equation 1, the friction
coefficient quickly rises to a high level when the absolute tangential force is too high. Figure
27 explain this concept after 450 laps and hence the tribometer stops. Consequently, the
wear for Ag/Ag is very severe. The wear track profile shows a typical two body abrasion.
Silver tends to stick to the mating material and ridges occur along the wear track, as can be
seen in the wear profile.
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Figure 27: Friction coefficient, optical micrograph and height profile of the track from the
tribological test (load: 2 N) for Ag against Ag. The test was performed at the speed of 5
cm/s and proceed about 450 laps.
Ag:G (1 vol%)
Friction measurements of Ag:G (1 vol%) are displayed in figure 28 and shows values
between 0.2 and 0.3, at a test load of 2 N. This shows that the graphene gives an effect
already at this low concentration. However, an increase in contact load to 10 N results
in friction fluctuations and an overload in tangential force (test end) after 8000 laps. Light
microscope images and wear profiles shows significant differences between 2 and 10 N contact
load, with a wear volume of 1.449 and 0.003 mm3 , respectively. The wear of the 10 N sample
indicates mild two body abrasion.
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Figure 28: Friction coefficients, optical micrographs and height profiles of the wear tracks
from tribological tests (load: 2 and 10 N) for Ag against Ag:G (1 vol%). Both tests were
performed at the speed of 5 cm/s. The 10 N test only proceeded 8200 laps.
Raman spectroscopy was carried out to further confirm that the reduced friction behavior
is attributed to the presence of graphene in the silver matrix. The Raman spectrum in figure
29 shows the reference spectra recorded at the wear track and counter surface after tests
at 10 N. As shown in this figure, the characteristic peaks of graphene were observed at
∼1350 cm−1 (D peak), ∼1670 cm−1 (G peak) and ∼2670 cm−1 (2D peak). As shown in
figure 29b, the D peak is quite strong, indicating a large amount of disordered structures.
Raman spectrum from the counter surface shows a ratio of about 1.1. The 2D peak from
the wear track is quite broad. This is partly due to the starting material, which consist of
nanoplatelets approximately 20 sheets of graphene (according to the supplier), and partly
due to further agglomerations. A single layer graphene should have a sharp and symmetric
2D band.
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Figure 29: Raman spectra, recorded after friction test of Ag:G (1 vol%) vs. Ag: at a) the
wear track and b) counter surface. The measurements are performed after the test at 10 N
load.
Figure 30 displays corresponding Raman mapping images of the wear track and counter
surface. The image of the counter surface clearly shows the adhesion of graphene sheets at
the silver rod. Intense red spots seems to occur within the real contact area.

(a)

(b)

Figure 30: Raman mapping image, recorded after friction test of Ag:G (1 vol%) vs. Ag at
the a) wear track and b) at the counter surface. The measurements are performed after the
test at 10 N load.
Ag:G (2.5 vol%)
As can be seen in figure 31 the addition of 2.5vol% G to the Ag matrix clearly gives a
positive effect of friction and wear. Friction of the Ag:G (2.5 vol%) sample shows a steady
value of about 0.18 over 10000 laps for 2 N contact load, and at 10 N contact load the friction
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coefficient ranges between 0.2 and 0.3 over 10000 laps. The measurement at 2 N shows a
typical two body abrasive wear, which results in a wear volume of 0.001 mm3 . The 10 N
sample shows an increase in wear, with a wear volume of about 0.003 mm3 . Light microscope
images clearly show smeared-out silver in the wear tracks at both loads.

Figure 31: Friction coefficients, optical micrographs and height profiles of the wear tracks
from the tribological tests (load: 2 and 10 N) for Ag against Ag:G (2.5 vol%). Both tests
were performed at the speed of 5 cm/s and were stopped after 10000 laps.
As shown in figure 32, Raman mapping from the wear track shows the presence of
graphene layers. Red spots with higher intensity can be seen within the wear track boundaries. This is similar as in the Ag:G (1 vol%) case.
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Figure 32: Raman mapping image, recorded after friction test of Ag:G (2.5 vol%) at the
wear track after 10000 laps and at 10 N test load. Showing intense red spots, corresponding
to the reference spectra in figure 29.
Ag:G (5 vol%)
In the case of the Ag:G (5 vol%) sample (figure 33), friction values are steady between 0.2
and 0.3. The friction seems to increase slightly from 0.2 to 0.3 for the 10 N measurement.
The wear tracks are smooth and show limited wear with a total worn volume of 0.002 mm3 .
The 2 N measurement shows a steady friction of about 0.3 over 10000 laps, and a total worn
volume of 0.001 mm3 .
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Figure 33: Friction coefficients, optical micrographs and height profiles of the wear tracks
from tribological tests (load: 2 and 10 N) for Ag against Ag:G (5 vol%). Both tests were
performed at the speed of 5 cm/s and were stopped after 10000 laps.
Figure 34 shows SEM images of the wear track of the Ag:G (5 vol%) sample. As can be
seen, a continuous silver matrix is present. The image at lower magnification (figure 34a),
allows a statistic distribution of graphene particles (indicated with dark regions) to be seen.
The presence of graphene particles provides easily sheared sheets, resulting in low friction
coefficient in the Ag/Ag:G (5 vol%) pair. This also results in a smooth wear track and
limited material transfer, which is also illustrated by the profile of the wear track.
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(a)

(b)

Figure 34: SEM images of the worn surface of Ag:G (5 vol%) after 10000 laps and 10 N load.
Images show same region of the wear track, however, with different magnification a) is the
overview image and b) is the high magnification image (tilted 45°).
Ag:G (10 vol%)
Figure 35 displays results from the friction analysis of the Ag:G (10 vol%) vs. Ag test.
The measurement at 2 N exhibits a steady µ value around 0.2. The friction remains low
with an increased load. Light microscope images and wear profiles shows low wear volumes,
0.011 and 0.025 mm3 respectively. Light microscope images also shows bigger clusters of
graphene sheets along the wear track.
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Figure 35: Friction coefficients, optical micrographs and height profiles of the wear tracks
from the tribological tests (load: 2 and 10 N) for Ag against Ag:G (10 vol%). Both tests
were performed at the speed of 5 cm/s and were stopped after 10000 laps.
In order to further investigate the lubricating effect of graphene additives, scanning electron microscope was carried out on the Ag:G (10 vol%) sample after wear test. Figure 36
shows SEM images of the wear track from the test at 10 N load. The acceleration voltage was 20 and 1 kV . With the lower acceleration voltage it is possible to achieve a more
surface-sensitive analysis. This is shown in figure 36b. In the SEM image, at 20 kV acceleration voltage (figure 36b), small darker regions can be distinguished. However, these
regions appear in cavities and are very weak. At the lower acceleration voltage (figure 36b)
darker regions appears to a greater extent. This confirms the presence of a carbon sheets
at least partly covering the surface. This appearance is very similar to SEM images from
Mao’s tribological survey on graphene treatment of Ag surfaces [8]. With previous Raman
measurements, this proves that the surface of the wear track is at least partly covered with
graphene, however, with a disordered structure due to the presence of the D peak in the
Raman spectra (see figure 29).
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(a)

(b)

Figure 36: SEM images of the worn surface of Ag:G (10 vol%) after 10000 laps and 10 N
load. Images show the same region of the wear track at different acceleration voltage a) 20
kV and b) 1 kV .
Ag:G (15 vol%)
Friction tests at different loads for the Ag:G (15 vol%) compact are shown in figure 37.
The test at 2 N was stable throughout the measurement, with a friction coefficient of about
0.25. The test at 10 N showed a slightly lower friction coefficient, ca. 0.2, however, where
the wear volume is 0.015 mm3 in the 2 N case, and in the 10 N case, the wear volume is
1.761 mm3 . This means that the wear rate is substantially higher in the high-load case.
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Figure 37: Friction coefficients, optical micrographs and height profiles of the wear tracks
from the tribological tests (load: 2 and 10 N) for Ag against Ag:G (15 vol%). Both tests
were performed at the speed of 5 cm/s and were stopped after 10000 laps.
Ag:G (20 vol%)
Friction tests of the Ag:G (20 vol%) compact (figure 38) show a slight decrease in friction
as the load is increased, but both are in the range 0.2-0.3. Sliding tests also showed a
significant difference in wear volume while varying the load. A severe wear, 6.743 mm3 , was
shown in the 10 N case, compared to 0.054 mm3 for the 2 N case, a difference of almost 125
times.
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Figure 38: Friction coefficients, optical micrographs and height profiles of the wear tracks
from the tribological tests (load: 2 and 10 N) for Ag against Ag:G (20 vol%). Both tests
were performed at the speed of 5 cm/s and were stopped after 10000 laps.
Ag:G (25 vol%)
Friction test results of the Ag:G (25 vol%) composite are shown in figure 39. In the case
of the test at the load of 2 N, the friction is stable at 0.3, and at 10 N it is stable at slightly
below 0.2. Light microscope images shows particles and clusters of graphene smeared over
the hole wear track. Additionally, it seems that there is no continuous silver matrix. A
severe wear occurs in both tests.
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Figure 39: Friction coefficients, optical micrographs and height profiles of the wear tracks
from the tribological tests (load: 2 and 10 N) for Ag against Ag:G (25 vol%). Both tests
were performed at the speed of 5 cm/s and were stopped after 10000 laps.
Ag:GO (1 vol%)
The set of graphs below (figure 40) shows the results from the tribological evaluation of
the Ag composites containing 1 vol% graphene oxide, Ag:GO(1 vol%). The results show
that the friction at both 2 N and 10 N have a mean friction value of ca. 0.2, friction is also
steady in both cases. However, there is a significant difference in wear volume with a much
larger wear at 10 N. Light microscope image display a combination of adhesive and abrasive
wear in the 10 N case. The wear is estimated to a value of 0.052 mm3 .
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Figure 40: Friction coefficients, optical micrographs and height profiles of the wear tracks
from the tribological tests (load: 2 and 10 N) for Ag against Ag:GO (1 vol%). Both tests
were performed at the speed of 5 cm/s and were stopped after 10000 laps.
The friction values show that the presence of graphene oxide at the contact area gives
a lubricating effect. The Raman spectrum from the Ag:GO (1 vol%) compact, in the wear
track show peaks at 1344 cm−1 and 1614 cm−1 (figure 41a). The spectrum from the counter
surface indicates peaks at 1357 cm−1 and 1590 cm−1 (figure 41b). These are characteristic
peaks of graphene oxide. As mentioned above, the presence of the D peak (low Raman shift)
is a result of disordered structures. The ratio between D and G peaks of the wear track and
counter surface spectra are 1.0 and 1.04 respectively. This indicates low amount of defects
of carbon materials.
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Figure 41: Raman spectra recorded after friction test of Ag:GO (1 vol%) vs. Ag: at a) the
wear track and b) counter surface. The measurements are performed after the test at 10 N
load.
Figure 42 shows the corresponding Raman mapping images of the wear track and counter
surface after the test at 10 N load. Intense red spots in this figures clearly show the presence
of graphene oxide in the contact area.

(a)

(b)

Figure 42: Raman mapping image of Ag:GO (1 vol%) and Ag mating material, recorded at
the a) wear track and b) at the counter surface. The measurements are performed after the
test at 10 N load.
Ag:GO (2.5 vol%)
In figure 43 the friction test results are presented for Ag:GO (2.5 vol%). A quick runningin process occur for both the 2 and 10 N case, where the friction is initially high and then
drops to a steady value and remains the same over 10000 laps. Light microscope images and
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wear profiles in this figure clearly shows two body abrasion wear mechanisms. Wear volume
in the two tests are fairly similar.

Figure 43: Friction coefficients, optical micrographs and height profiles of the wear tracks
from the tribological tests (load: 2 and 10 N) for Ag against Ag:GO (2.5 vol%). Both tests
were performed at the speed of 5 cm/s and were stopped after 10000 laps.
The Raman mapping image of the worn Ag:GO sample shows a higher intensity of red
spots within the wear track compared to outside the track, as shown in figure 44. This clearly
shows that layers of graphene oxide are smeared out along the wear track. There seems to be
a continuous supply of particles within the contact area that stabilizes the friction coefficient
over 10000 laps even at this low GO concentration.
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Figure 44: Raman mapping image of Ag:GO (2.5 vol%), recorded at the wear track after
10000 laps and at 10 N test load.
Ag:GO (5 vol%)
The friction graphs in figure 45 displays the results of the Ag:GO (5 vol%) sample. The
friction curves show a short running-in process. The small differences may be due to different
grinding directions, as shown in light microscope images. The wear volume is 1 mm3 in the
10 N case, and about three times lower in the 2 N case.

Figure 45: Friction coefficients, optical micrographs and height profiles of the wear tracks
from the tribological tests (load: 2 and 10 N) for Ag against Ag:GO (5 vol%). Both tests
were performed at the speed of 5 cm/s and were stopped after 10000 laps.
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Ag:GO (10 vol%)
In figure 46 the Ag:GO (10 vol%) sample initially shows a running-in process. Friction
values in this region are slightly higher than overall values. However, there is no substantial
difference between the 2 N case, where the wear volume is 0.002 mm3 , and the 10 N case,
where the wear volume is 0.005 mm3 .

Figure 46: Friction coefficients, optical micrographs and height profiles of the wear tracks
from the tribological tests (load: 2 and 10 N) for Ag against Ag:GO (10 vol%). Both tests
were performed at the speed of 5 cm/s and were stopped after 10000 laps.
The SEM images of worn surface morphology of Ag:GO (10 vol%) can be seen in figure
47. The differences between 20 and 1 kV acceleration voltage are similar to previous results.
It shows regions of particles along the wear track, which is probably graphene oxide sheets
(with disordered structure).
Light microscope images in figure 46 indicate smeared-out silver along the wear track
(shiny surface), which is confirmed by the SEM images that show smeared-out Ag-rich structure on the right side of the wear track.
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(a)

(b)

Figure 47: SEM images of the worn surface of Ag:GO (10 vol%) after 10000 laps and 10
N load. Images shows same region of the wear track. However, with different acceleration
voltage a) 20 kV and b) 1 kV .
Ag:GO (15 vol%)
Ag:GO (15 vol%) friction results are presented in figure 48. The 2 N test shows a steady
friction value of ca. 0.2. The 10 N test slowly climbs towards a value of 0.3 after 10000 laps.
Optical micrographs in this figure show surface topographies similar to adhesive typical two
body abrasion wear (see chapter 2.2). Moreover, these images also indicate adhesive of
silver along the wear tracks (shiny appearance). Observations from wear profiles indicates
an increase in wear volume with increased load.
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Figure 48: Friction coefficients, optical micrographs and height profiles of the wear tracks
from the tribological tests (load: 2 and 10 N) for Ag against Ag:GO (15 vol%). Both tests
were performed at the speed of 5 cm/s and were stopped after 10000 laps.
Ag:GO (20 vol%)
As shown in figure 49, friction values of the Ag:GO (20 vol%) sample at 2 and 10 N tests
are stable and estimated to ca. 0.3 after 10000 laps. Images and profiles of wear tracks show
a substantial difference in total wear volume between the two tests: wear volume of 0.036
mm3 in the 2 N case and 0.179 mm3 in the 10 N case.

57

Figure 49: Friction coefficients, optical micrographs and height profiles of the wear tracks
from the tribological tests (load: 2 and 10 N) for Ag against Ag:GO (20 vol%). Both tests
were performed at the speed of 5 cm/s and were stopped after 10000 laps.
Ag:GO (25 vol%)
The Ag:GO (25 vol%) results in figure 50, shows a continued lubricating effect with the
addition of 25 vol% GO. Friction values are ca. 0.3 and with a quite large wear volume for
both loads.

58

Figure 50: Friction coefficients, optical micrographs and height profiles of the wear tracks
from the tribological tests (load: 2 and 10 N) for Ag against Ag:GO (25 vol%). Both tests
were performed at the speed of 5 cm/s and were stopped after 10000 laps.
4.1.3.2

Sintered samples with modified graphene and graphene oxide

Ag:mG (20 vol%)
The Ag:mG (20 vol%) sample initially shows a friction coefficient of 0.2 in the 2 N case,
as shown in figure 51. Friction values in the 10 N case slowly climbs towards 0.35 over 10000
laps. With the modification of graphene, the friction remains unchanged. The wear volume
was reduced from 0.054 (Ag:G (20 vol%)) to 0.011 mm3 (Ag:mG (20 vol%)) after 10000 laps
in the 2 N case. There is a more significant difference in the 10 N case. The wear volume
was here reduced from 6.743 (Ag:G (20 vol%)) to 0.078 mm3 (Ag:mG (20 vol%)) after 10000
laps. Light microscope images shows an increase in transferred material from the silver rod
at the higher load.
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Figure 51: Friction coefficients, optical micrographs and height profiles of the wear tracks
from the tribological tests (load: 2 and 10 N) for Ag against Ag:mG (20 vol%). Both tests
were performed at the speed of 5 cm/s and were stopped after 10000 laps.
SEM analysis at low magnification (figure 52) shows a smooth wear track most likely, this
is due to the presence of modified graphene sheets, which provide easily sheared planes and
resulting in less adhesion, less material transfer and lower friction compared to the Ag/Ag
pair. This SEM image also shows a significant delaminated area, which indicates weak
interface between Ag and C. However, hardness and density data shows that the interactions
are still stronger for the modified graphene sample compared to the unmodified sample. The
SEM image with higher magnification (figure 52) shows graphene sheets distributed across
the surface. They seem to be retained after the sintering process. Only the uppermost sheets
are subjected to shear stress, which provide a low friction coefficient according to [5].
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Figure 52: The SEM images of the worn surface of Ag:mG (20 vol%) after 10000 laps and 10
N load. Images shows same region of the wear track, however, with different magnification
a)1 kx and b) 7 kx.
Ag:mGO (20 vol%)
As shown in figure 53, modified graphene oxide also improves the tribological behavior
towards unmodified compacts. In the 2 N case, the worn volume was reduced from 0.036
(Ag:GO (20 vol%)) to 0.005 mm3 (Ag:mGO (20 vol%)). In the 10 N case, the wear volume
was reduced from 0.179 (Ag:GO (20 vol%)) to 0.031 mm3 (Ag:mGO (20 vol%)). A reduction
in the order of about six. Friction coefficients shows no significant difference.
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Figure 53: Friction coefficients, optical micrographs and height profiles of the wear tracks
from the tribological tests (load: 2 and 10 N) for Ag against Ag:mGO (20 vol%). Both tests
were performed at the speed of 5 cm/s and were stopped after 10000 laps.
As shown in the SEM images in figure 54, smeared-out particles occur along the wear
track of Ag:mGO (20 vol%) compact after 10000 laps. Like in the optical micrographs, in
figure 53, it seems that the Ag/Ag:mGO (20 vol%) pair suffered adhesive material transfer
between the surfaces. Which is also shown by the wear profile. As can be seen, delamination
of flakes occur within the wear track, is probably due to a weak interface between Ag and
C. The residual silver matrix promotes material transfer and a large area of contact, which
contribute to a rough wear track surface (see esp. depth profile in figure 53). GO is however
still present at the surface and provides a low friction coefficient for the Ag/Ag:mGO (20
vol%) pair. The SEM image with higher magnification, indicate that silver particles along
GO sheets from the modification process are retained both after the sintering process and
friction test.
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Figure 54: SEM images of the worn surface of Ag:mGO (20 vol%) after 10000 laps and 10
N load. Images show same region of the wear track, however, with different magnification
a) 1 kx and b) 7 kx.
4.1.3.3 Spark plasma sintering
All measurements in this section were from samples made by spark plasma sintering (SPS).
Ag reference sample
The wear of the Ag reference sample is severe, as shown in figure 55. The test at 2 N
load only proceed 143 laps. In this case, the optical micrograph and height profile of the
track illustrates a deep track and ridges piling up along the track. The light microscope
image also illustrates most probably a combination of an abrasive ploughing component and
deformation of the Ag material.
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Figure 55: Friction coefficients, optical micrographs and height profiles of the wear tracks
from the tribological tests (load: 2 and 10 N) for Ag made by SPS against Ag. Both tests
were performed at the speed of 5 cm/s. The test at 2 N load lasted 2400 laps before failure.
The test at 10 N load only lasted 143 laps before failure.
Ag:G (2.5 vol%)
The friction results of Ag:G (2.5 vol%) made by SPS are shown in figure 56. The friction
is stable at a value of ca. 0.2 during the complete test (10000 laps). The wear volumes are
estimated to 0.002 and 0.017 mm3 , for the two test loads respectively. Different fabrication
method does not seem to influence the coefficient of friction significantly (compare figure 31).
There are no significant differences in wear volumes, however, either the standard sintering
fabricated samples, the SPS fabricated samples, proceed the hole test at test load 10 N.
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Figure 56: Friction coefficients, optical micrographs and height profiles of the wear tracks
from the tribological tests (load: 2 and 10 N) for Ag against Ag:G (2.5 vol%). Both tests
were performed at the speed of 5 cm/s and were stopped after 10000 laps.
Ag:G (20 vol%)
The measured friction for Ag:G (20 vol%) made by SPS data can be seen in figure 57.
These results and figure 38 (standard sintered sample) shows no significant difference in
friction data. The SPS fabrication method reduced the wear volume compared to the vacuum
sintering method. In the 2 N case, the wear volume was reduced from 0.054 to 0.006 mm3 .
In the 10 N case, the wear volume was reduced from 6.743 to 0.209 mm3 .
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Figure 57: Friction coefficients, optical micrographs and height profiles of the wear tracks
from the tribological tests (load: 2 and 10 N) for Ag against Ag:G (20 vol%). Both tests
were performed at the speed of 5 cm/s and were stopped after 10000 laps.
4.1.3.4 Wear rate comparison
The following chapter summarizes wear rates of all compacts, both conventional- and
spark plasma sintered compacts. Wear rates are estimated according to equation 3. The
0
wear rate K is a directly comparable value of a materials wear resistance. This value is
equivalent to K/H and has the dimension abrasion volume per sliding length and load, SI
units [mm3 /N m]. [1]
Figure 58 shows the wear rates of Ag:G and Ag:GO compacts after tests at a test load of
2 and 10 N. For the bar plot showing the influence of graphene volume content (figure 58a),
the wear rate increases with increased volume content. The wear rate is about 31 ∗ 10−6
mm3 /N m for 2.5vol% and then goes down as low as 11 ∗ 10−6 mm3 /N m at 5vol%. The
wear rates between 15 and 25vol% increases rapidly, especially at 10 N. At 20vol%, the wear
rate is about 3371 ∗ 10−6 mm3 /N m. However, this is an insignificant value compared to
the silver reference, which has a wear rate that is about 300 times higher (for clarity it is
omitted in the graph). To conclude the addition of graphene particles can improve the wear
0
resistance of silver composites. Moreover, the wear rate K has a relatively low correlation to
the hardness of the worn material. Otherwise it would have been easy to conclude that the
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reduced hardness, shown in figure 22, causes increased wear rate. In this case, the increased
wear rate is probably due to decreased relative density (figure 21a). Composites with higher
volume content graphene exhibits lower hardness. In addition, the morphologies of Ag:G
compacts (figure 23) show that the silver matrix becomes more and more discontinuous with
increased graphene volume content. This could lead to a brittle behavior that could increase
wear.
For the bar plot showing influence of graphene oxide content (figure 58b), the wear rate
show divergent values. Between 1 and 5vol%, the wear rate is fairly high. There is a “window”
where is at a low level between 10 and 20vol% and a rapid increase again at 25vol%. The
conclusions are that the addition of graphene oxide particles can significantly improve the
wear rate. The wear rate profile (figure 58b) follows quietly relative density (figure 21b). An
alternative explanation to increased wear rate at high GO content, can be a relatively high
surface roughness of composites compared to mating materials.
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Figure 58: The wear rates of Ag:G and Ag:GO composites as a function of a) graphene- (G)
and b) graphene oxide (GO) volume content.
Table 3 shows the wear rate of Ag:G, fabricated with SPS, and modified compacts (Ag:mG
and Ag:mGO) after tests at test loads 2 and 10 N. For the SPS fabricated compacts, the wear
rate for the 2.5vol% samples is very low (< 10∗10−6 mm3 /N m) and somewhat higher at 20vol
%. In the case of 2.5vol%, there is no significant difference between wear rates of compacts
fabricated with conventional sintering and spark plasma sintering. However, with 20vol%
compacts the results exhibit a significant difference (table 3). Hence, the use of a different
sintering method can effectively increase both hardness and density, which results in lowered
wear rate.
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For the modified compacts, the wear rate is significantly improved compared to unmodified compacts. The unmodified compact, the modified compact, with 20vol% graphene
content shows a wear rate of 27 ∗ 10−6 mm3 /N m at 2 N and 39 ∗ 10−6 mm3 /N m at 10 N.
This is a significant difference especially compared to 3371 ∗ 10−6 mm3 /N m at 10 N for the
unmodified sample. The results, is again, in agreement with increased relative density for
these samples, according to figure 21. The results of both the SPS samples and the samples with modified particles show that the wear rate could be reduced. Hence, it would be
interesting to combine these methods in order to further improve tribological properties.
Table 3: Wear rates of Ag:G (2.5 and 20vol%) composites fabricated with SPS and conventional sintering and composites with 20vol% mG and mGO.
Composition
Ag:G (2.5 vol%) - SPS
Ag:G (20 vol%) - SPS
Ag:G (2.5 vol%)
Ag:G (20 vol%)
Ag:mG (20 vol%)
Ag:mGO (20 vol%)

0

Wear rate K ∗ 10−6 [mm3 /N m]
8
104
14
3371
39
15

4.1.3.5 Contact resistance
In the following chapter results from contact resistance measurements of sintered compacts
with graphene- and modified graphene content will be presented. All tests are performed
once and measured through the “four-terminal” method according to chapter 3.6. Figure
59a show the contact resistance as a function of wear cycles for Ag:G samples of various G
content. For the case of Ag:ref, tested at 10 N, the contact resistance is about 100 µΩ before
the friction was overloaded and the tribometer stopped. For the case of Ag:G (2.5 vol%), the
contact resistance starts at 100 µΩ and then vary substantially between 100 and 1000 µΩ
over a range of 10000 laps. The Ag:G (5 vol%) compact contact resistance starts at 100 µΩ
and stabilize around that level. The Ag:G (10 vol%) compact exhibit promising result with
a stable contact resistance of ca. 50 µΩ over 10000 laps. The contact resistance increases up
to 400 µΩ when the volume content is increased to 20%. This is probably due to a larger
amount of graphene particles within the wear track. Moreover, Figure 59 show that there is
no significant trend with contact resistance as a function of volume content.
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Figure 59: Contact resistance measurement with a “four-terminal” method. To the left,
contact resistance as a function of laps for various graphene volume content. To the right,
corresponding measurement of Ag:G (2.5 vol%) (fabricated with SPS) and Ag:mG (20 vol%)
compacts.
4.1.3.6 Life-time friction measurement
In order to investigate the endurance of various composites life-time tests were performed.
These tests were performed at a test load of 10 N, with the speed of 0.2 m/s and over a
range of 100000 laps. Since compacts with 5 and 10 vol% graphene, together with, 10 and
15 vol% graphene oxide had previously exhibited promising tribological properties, these
composites are also tested for endurance. Figure 60 shows the results of these endurance
tests. Previous friction results, from tests carried out over 10000 laps, showed that friction
values are stable between 0.2 and 0.3. This shows a clear lubricating effect with the addition
of graphene and graphene oxide. Results in figure 60 also shows this lubricating effect, but
over a range of 100000 laps. Friction values of all tested composites seem to stabilize around
0.25 and increase at the most up to 0.4. This confirm that the lubricating effect and life-time
of tribological pairs, with G and GO, are preserved as the sliding interface is continuously
supplied with lubricating particles.
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Figure 60: Endurance tests with different tribological pairs, Ag:G and Ag:GO, against silver
rod.

4.2

Graphene and graphene oxide lubricating greases

The following chapter presents results from friction measurements of various lubricating
greases. The tests were performed at a test load of 10 N, at the speed of 200 rpm and for
12000 laps. All tests were performed twice. Lubricants based on polypropylene (PP) or
Lithium soap (Lix) thickener with 0.01, 0.05 and 0.1wt% graphene (G) and graphene oxide
(GO) were tested.
Figure 61 shows the results from friction tests of the G-containing greases. The upper
set of curves, in figure 61a (PP-G greases) illustrates results from test 1. The corresponding
set of curves, in the lower part, are from test 2. These results clearly show a significant
difference between test 1 and 2. For instance, the friction starts at 0,12 and climbs towards
0,14 at the end of the test, for the first Ag reference measurement. While the friction starts
at 0.08 and falls towards 0.06, for the second measurement. Moreover, an increased addition
of graphene seem to slightly decrease friction coefficient in test series 1. In the case of test
2, an increased graphene content does not seem to give the same friction trend. It rather
shows a increased friction with the addition of graphene within the PP-based grease.
Like the tests with PP-based greases, Lix based greases, also show a significant difference
between test 1 and 2, especially for reference measurements. This is shown in figure 61b.
The first reference test starts at a friction value of 0.12 and stabilize around 0.1, while the
second test starts at 0.06 and decreases towards 0.02. In general Lix-G shows more promising
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Figure 61: Friction results from two different tests, tested at the test load 10 N and 200 rpm,
for mixtures with a) PP thickener and G, b) Lithium thickener with G.
Figure 62 shows friction results of greases, with the addition of graphene oxide and
different thickener. When 0.01wt% of GO was added to the PP based grease, the friction
was stable between 0.1 and 0.12. This can be seen in figure 62a. Compared to the reference
measurements theses results do not differ significantly. Considering the addition of graphene,
there is no enhanced lubricating effect with increased concentration. Thus could be due
to poor distribution of particles within the grease and/or to low concentration of particle
content. Figure 62b shows the friction coefficient results for GO containing Lix-based greases.
The addition of 0.05wt% GO shows similar result compared to the reference, while the
addition of 0.1wt% GO decreases the friction by 20% for test one. Similar results can be
seen for test two. However, in this case, all measurements are inferior to the reference
measurement.
It is difficult to draw any conclusions whether the addition of G and GO influence the
lubricating effect of the grease, since all measurements varies significantly, especially for
reference measurements, between test series 1 and 2. The grease supplier Axel Christiernsson
has seen promising lubricating effects for W S2 enhanced greases. They have put considerable
effort to optimize these greases, in terms of distributing the W S2 particles in the grease.
Similar efforts are probably needed to optimize G- and GO-enhanced greases. In this case,
it is clear that a more work is required.
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Figure 62: Friction results from two different tests, tested at the test load 10 N and 200 rpm,
for mixtures with a) PP thickener and GO, b) Lithium thickener with GO.
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5
5.1

Discussion
Ag:graphene- and graphene oxide composites for sliding contact
applications

5.1.1

Material characterization

Changing the concentration of graphene content, within composites, results in different relative density, especially after sintering. Increased graphene content decrease relative density.
The transformation from a continuous to a noncontinuous silver matrix is probably the main
reason for this change. For example, the Ag:G (1 vol%) compact exhibit a continuous silver
matrix with distributed graphene particles, which results in an increased relative density
compared to the reference. The Ag:G (25 vol%) compact exhibit a noncontinuous silver
matrix. On the contrary, it rather exhibit a carbon matrix with silver particles. In addition,
these nanoparticles are strongly influenced by van der Waals forces. This allows graphene
particles to agglomerate creating pores, within the agglomerates. To remove these pores, it
requires higher sintering temperatures and longer sintering times. Than used in this study.
Hence, the as-sintered densities of the green compacts are reduced with increased G content,
which is probably due to higher degree of agglomerated graphene particles and possibly lack
of wetting between particles and matrix. A possible explanation of the divergent value, of
the Ag:G (10 vol%) composite, could be a good compaction.
With increased graphene content, hardness values are also in general reduced. According
to [23], this could be explained on the basis of the Hall-Petch relation. As mentioned in
chapter 3.1, particles in the nm and µm range was used. Usually, the addition of nm
particles, would result in an increased hardness. This is due to a larger grain boundary
area and hence more obstacles to hinder the movement of dislocations. However, this is
not the case for the compacts with high concentration. Since graphene particles seem to
agglomerate as the concentration increases, this contributes to coarser grains and hence
facilitates dislocation movement within the compact. Moreover, this agglomeration causes
silver- rich areas and graphene-rich areas. The silver-rich areas were, according to hardness
measurements, harder than the graphene-rich areas. As mentioned above, agglomeration of
graphene particles could contribute to pores, which in turn results in lower hardness. The
large variations in hardness between different indentations can explain the relatively high
error bars in figure 22.
Compared to compacts with graphene, graphene oxide compacts, show different properties, especially for relative density. Oxygen-containing groups along the graphene sheet
slowly decompose into gases at a temperatures as low as 130 °C (chapter 2.4.2). Since
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the sintering temperature, in this study, is above this level, oxygen-groups have started to
thermally decompose into gases. This is most probably the main reason for as-sintered composites showing rough surfaces. This seems to have occurred to different extents and hence
a fluctuation of relative density should be a consequence. Moreover, optical micrographs of
these compacts show silver- and GO-rich areas. As previously discussed, this affects hardness
values.
Graphene- and graphene oxide sheets were successfully modified with silver particles, in
accordance with the literature [25, 26]. The results show that the addition of modified sheets
enhances the mechanical properties of the silver matrix. The molecular-level mixing- and
thermal heating process, at least partially, hinder agglomeration of nanoparticles. At this
stage, the modified sheets can act as both the obstacle for dislocation propagation and a
dislocation absorber for preventing dislocation pile-up. According to [24], the molecular-level
mixing process enhance the bonding strength between rGO and the Cu matrix. This scenario
may be possible also with a silver matrix. However, there is no such evidence in this study
(compare e.g. the delaminated structure in figure 54 that indicates weak bonding between
Ag and modified GO). Hence, the likely cause of increased relative density and hardness are
separated particles to a greater extent and an enhanced compaction of composites.
To achieve a relative density near 100%, with conventional sintering, compacts have to
be sintered close to the melting point of silver. The change from conventional sintering to
spark plasma sintering clearly shows enhanced mechanical properties of fabricated compacts.
The explanation for increased hardness, with SPS fabrication, is likely an enhanced compaction of composites rather then the distribution of particles. The SPS process also reduces
average sintering temperature due to localized sparks, that heat the compact. In this case,
temperatures as low as 200 °C could be used. It also allows the sintering time to be reduced
from 200 to 15 min. This low sintering temperature and fast sintering time hinders grain
growth and permits faster removal of agglomerated pores, hence, increasing relative density
and hardness. Meanwhile, there are a lot of other parameters affecting the relative density,
e.g. heating rate. However, the evolution of other parameters is out of scope for this study.
The author can only conclude that there are a variety of parameters to change.
Considering the above discussion, the sintering process clearly could be further optimized,
partly regarding the mixing process and partly regarding the sintering parameters. It would
also be interesting to further investigate the combination of modified sheets and spark plasma
sintering. In addition, there is a great potential to further modify graphene oxide layers to
enhance the wettability to the silver matrix.
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5.1.2

Tribological characterization

5.1.2.1 Friction analysis
The results from this survey clearly show that graphene is an excellent lubricant in Agbased sliding contacts. The addition of various concentrations of graphene shows that the
friction is reduced from ca. 1.5 to 0.2-0.3 compared to pure Ag. At the test loads of 2 and
10 N, similar results can be achieved for 2.5 as for 25vol% graphene. Both SEM- and Raman
analysis proves that there is a sufficient tribofilm of distorted and/or oxidized graphene along
the wear track regardless of graphene content. Comparing the Ag:G 5vol% compact with
the 10vol% compact, results are very similar, regarding the buildup of the tribofilm. Small
observed differences can be due to the silver matrix. Major areas of smeared silver can,
possibly, be distinguished at a lower content.
At higher load, the life-time of the Ag-contact is significantly prolonged as the sliding
surface is continuously supplied with lubricating particles. Recently shown problems with
shorter life-time at higher loads of Ag with a top coat of G has hence been solved. Mao
and co-workers [8] conclude that the chemical interaction between metal and graphene can
explain the tribological effect of G. The Ag/Ag pair comprises a strong intermetallic bond,
which contributes to cladding and material transfer of silver when slide against an Ag counter
surface. This results in a very high friction and the tribometer stops just after a few cycles,
as can be seen in figure 27 and 55. While the Ag-Ag interactions are strong, the Ag-C
interactions are very weak. In addition to the fact that almost all composites contains agglomerated particles, graphene sheets are easily sheared. The lubricating nature of graphene
and weak Ag-C interactions contributes to a overall lowered friction.
The previous investigation by Larsson showed friction coefficients between 0.2 and 0.3
for Ag contact materials containing 3 and 5wt% graphite [30], similar results as in this
study. However, here, good results were achieved aldready at graphene concentration of
2.5vol%. Since 2.5vol% equals 0.5wt% graphene, there is a substantial difference in material
consumption compared to the graphite case. This is considered a clear advantage to graphite.
This investigation also proves the lubricating effect of graphene oxide. The amount of
present oxygen within fabricated compacts has possibly an effect on the resulting friction
coefficient. Raman analysis indicates the presence of oxygen at the sliding surface. However more analysis is needed. For example, with the help of X-ray photon spectroscopy it
is possible to determine whether oxygen is bonded to carbon or not, for instance through
the detection of C-O, C=O and C≡O peaks. Unfortunately there is no such investigation
conducted to this study. In the sintering process, it is likely that the oxygen-containing
groups has been partly decomposed. The bond breaking process, during shear motion, of
various oxygen groups may result in high energy dissipation. This is a possible explanation
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why there is a slight difference in friction coefficient compared to graphene. An optimization
of the sintering process to minimize the oxygen content should be possible. The main conclusion is still that the overall tribological behavior of graphene oxide sheets are very similar
to graphene sheets.
5.1.2.2 Wear analysis
Even though mechanical properties, e.g. relative density and hardness, decrease with
increased graphene content, the wear rate is significantly reduced compared to pure silver.
This is especially true for graphene volume content between 2.5 and 10vol%. The explanation
for this behavior, again, reconnects to interactions between metal and carbon. Strong Ag-Ag
interactions contributes to a severe wear rate, with excessive material transfer, e.g. cladding
of Ag on the counter surface. The strong interactions and material transfer is the reason
for the early failure of the Ag ref. The large amount of material transfer is also the reason
0
why very high numbers of K (wear rate) can be obtained. The Ag-C interactions are weak,
which contributes to a lower wear rate. The wear-protective effect could in addition be
attributed to an increased tendency for the buildup of a tribofilm. In this case, not only on
the composite surfaces but also on the mating surfaces. According to chapter 4.1.3, wear rate
seem to be dependent of increased graphene content. This also applies for relative density
and hardness. The 25vol% compact is less prone to resist the applied load, compared to
the 2.5vol% compact. This is due to a higher porosity and lower hardness. The equilibrium
between load and area becomes large to match the hardness of the mating material. This is
an alternative explanation why worn volumes are higher, when increased graphene content,
after tests with similar parameters. Moreover, optical and SEM micrographs and wear
profiles clearly indicates that an overall wear mechanism is a combination of adhesive and
abrasive wear.
Investigations by Larsson [30] also showed wear with the addition of graphite in Ag-based
sliding contacts. The wear volume was 3.95 mm3 of a Ag:C (3wt%) compact after 10000
laps at the test load of 10 N and sliding speed of 7 cm/s. Test-parameters similar to this
study, which shows a wear volume of about 1.76 mm3 . This is an additional evidence that
graphite require a larger amount of material to establish similar tribological behavior.
The above reasoning, regarding the wear rate, also applies for compacts with GO. However, the tendency of reduced wear rate is less pronounced. They rather exhibit a reduced
wear rate at GO concentrations between 10 and 20vol%. Considering that all these tests
were performed once, the results are not supported by any statistics.
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5.1.2.3 Contact resistance
Contact resistance measurements of Ag with G content up to 10vol% show results similar
to pure Ag. No clear conclusions could however be drawn on level of contact resistance as
a function of G content. This may not be so strange, since these measurements were only
carried out once per sample. The statistical basis then becomes weak, which can result
in scattered data. An expected result would be that the contact resistance increases with
increased volume content. A larger amount of carbon content would allow more particles
to gather in the wear track. When the composite conducts electricity the contact resistance
increases as the current has to pass through a larger amount of particles. According to figure
58, the wear rate of graphene compacts increase with increased volume content. Hence, the
contact resistance should also increase with increased volume content. [30]. Variations could
be explained by the amount of worn material within the wear track. The composite with
20vol% graphene was worn to a greater extent compared with the 5vol% sample. Corresponding sliding system produced a greater amount of particles, inside and outside the wear
track, especially at the end points. Assume that the contact resistance is measured at an
end point. Then the current has to pass through a greater amount of wear particles. This
would increase the contact resistance.
Figure 59b shows the contact resistance as a function of laps for Ag:G (2.5 vol%) (SPS)
and Ag:mG (20 vol%) compacts. Even though the wear is considerable low, the contact
resistance of the Ag:mG (20 vol%) compact varies considerably between 200 and 1200 µΩ.
Considering a possible build-up of a tribofilm when Ag/Ag:G (2.5 vol%) slide against eachother. And assume that this tribofilm between the surfaces increase the contact resistance.
This may be the reason why the contact resistance is increased from 200 to 500 µΩ between
start and stop of the test. A considerable variation between start and stop is probably due
to an altered real contact area. The surface of the composite is similar to a pure silver
composite, but with areas of graphene. When the silver rod slide against areas of silver,
the real contact are increased, while it decrease when slides against areas of graphene. The
Ag:mG (20 vol%) compact seems to exhibit a similar behavior. The contact resistance starts
at 100 µΩ and ends at about 150 µΩ. And in between it varies around 200 µΩ. However,
the above reasoning show that more statistics is needed to confirm the effect of G and GO
content.
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5.2
5.2.1

Graphene and graphene oxide lubricating greases
Tribological characterization

The friction analysis of the G and GO-containing greases varied substantially from one measurement to another. In certain tests, improvements can be seen compared to the reference
and vice versa. Additional friction tests were carried out in order to investigate if the tribological system was sensitive to experimental parameters. Tests with excessive amount of
applied grease and tests with smaller amount of applied grease were performed. However,
no general conclusions could de drawn. The tribological system could be very sensitive to
input parameters.
In addition, there is no clear trend regarding increased G and GO content and reduced
friction coefficient. The particle content doesn’t exceed a critical level, which is probably due
to lower levels of concentrations. Poor distribution and agglomeration of particles within the
grease can be an alternative explanation to varying results. How the addition of nanoparticles affects the properties of the grease is a future issue to solve. However, there is no
such investigation conducted in this study. As mentioned above, grease manufacturer Axel
Ch. has obtained promising friction results for W S2 -enhanced greases, however, only after
significant work on obtaining a well-dispersed system. G- and GO-enhanced greases most
probably require further dispersion optimization.
Considering the measurement setup, additional testing is needed, especially at testparameters which corresponds to field situation. The 10 N load are significantly lower
compared to loaded contacts in e.g. HV breakers. This will be needed in future work.
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6

Conclusions

In this study, Ag-based composites with various concentrations of G and GO volume content
were successfully fabricated. Moreover, a wide range of G- and GO-containing lubricating
greases were produced. The composites were evaluated as sliding electrical contact materials
in terms of friction, wear and contact resistance, while the greases were evaluated in terms
of friction. The main conclusions can be summarized as follows:

6.1

Ag:graphene- and graphene oxide composites for sliding contact
applications

• Addition of either G or GO can reduce friction by almost an order of magnitude
compared to Ag.
• The wear rate can be significantly reduced by both G and GO in specific concentration
ranges.
• The contact resistance is similar to pure Ag with G contents up to 10vol%.
• Ag:G and GO composites provide longer life-time at higher loads compared to G-, GO
surface-modified Ag, due to a continuous supply of G or GO.
• Both G and GO additive systems are promising as sliding contact material, with the
GO system of particular interest due to its lower cost.

6.2

Graphene and graphene oxide lubricating greases

• It is difficult to draw conclusions from tests, due to very scattered result.
• The lubricating properties of the G- and GO-modified PAO-greases are highly sensitive
to testing parameters.
• Greases as well as methods for evaluation require further optimization.
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7

Future work

The scope of the future work, in addition to those aspects discussed above, can be considered
as a basis for further investigation of Ag-based sliding contacts and lubricating greases. This
could include further studies in the following areas of interest
• Improve Ag:G, GO sintering parameters. Especially the combination of modified G
and GO with spark plasma sintering, while time and temperature also are optimized.
• A more thorough wear analysis should be made, especially in a statistic point of view.
• A more thorough contact analysis should be made, with a statistical basis. An investigation of cross sections, of composites, can estimate buildup of tribofilms and further
explain contact resistance behavior.
• Possibilities for functionalization of GO in order to further reduce friction and distribution of particles.
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Appendix

(a)

(b)

(c)

(d)

Figure 63: LOM micrograph of a) Ag:G (1,0 vol%), b) Ag:G (5 vol%), c) Ag:G (15 vol%) and
d) Ag:G (20 vol%) compact after sintering at 200 °C for 60 min. This shows an alteration
from a continuous to a non-continuous silver matrix with the addition of graphene (G)
particles. The scale-bar in each LOM image indicate a length of 100 µm.
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(a)

(b)

(c)

(d)

Figure 64: LOM micrograph of a) Ag:GO (1 vol%), b) Ag:GO (5 vol%), c) Ag:GO (15
vol%) and d) Ag:GO (20 vol%) compact after sintering at 200 °C for 60 min. This shows a
continuous silver matrix despite the addition of graphene oxide (GO) particles.
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