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ABSTRACT 

The concern about the pollution created by the use of oil based lubricants has inspired research on 

green tribology solutions. Among the environmental-friendly lubrication currently under development, 

water-based lubrication technology interest due to its economic and environmental benefits, such as low 

cost, cleaning performance, natural resource conservation, and environmental sustainability. However, 

water-based lubrication is often limited in practical tribological applications, mainly due to its low 

viscosity and corrosivity. In order to overcome these limitations and improve the properties of water-

based lubricants, extensive efforts have been made over the past decades (e.g., coating, surface texturing 

on the surface of sample). Furthermore, investigations have been conducted on the use of additives 

without environmentally harmful compositions has been proposed to overcome the limitations of water-

based lubrication. Recently, 2D layered transition metal carbides and nitrides, MXenes, have attracted 

attention as candidates in the lubricant field due to its multi-layer structure which can easily shearing in 

order to reduce the friction and wear in the tribological system when the sliding occurs.  

In this work, the tribological properties of titanium carbides (Ti3C2), a type of MXenes, as an 

additive in water-based lubrication was experimentally investigated using a ball-on-disk tribotester. 

Experiment were performed using stainless steel ball and disk at boundary lubrication under various 

normal forces and Ti3C2 concentrations in water. Both friction and wear were found to decrease with 

increasing Ti3C2 concentration up to 5 wt%, and then increase when the concentration was larger than 5 

wt%. The results suggest that Ti3C2 flakes hindered direct contact, particularly at the edges of the contact 

interfaces. It was further shown that the agglomeration of Ti3C2 flakes may mitigate the hindering when 

an excessive amount of Ti3C2 (e.g., 7 wt%.) was applied. The decrease in the friction coefficient and 

wear rate with 5 wt% of Ti3C2 concentration was approximately 20% and 48%, respectively. The 

outcomes of this work may provide useful information to understand the effect of Ti3C2 on the 

tribological characteristic of stainless steel under water-based lubrication. 
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1. INTRODUCTION 

1.1 Background and motivation  

Environmental degradation such as resource depletion, climate change, and pollution has become 

a growing concern in the last few decades. To overcome these problems to ensure a sustainable future, 

various green technologies have been under development. In particular, green tribology involves 

minimization of friction and wear, environment-friendly or biodegradable lubrication, reduction or even 

elimination of the lubrication, complete utilization of materials, biomimetic surface design, and 

tribology for renewable sources of energy, with the aim to save energy and materials and to minimize 

the harmful impacts on the environment and ecological balance [1]. Among the green tribology solutions 

currently under development, water-based lubrication technology, which potentially can replace 

conventional oil-based lubricants, has attracted considerable interest due to its economic and 

environmental benefits, such as low cost, cleaning performance, natural resource conservation, and 

environmental sustainability. 

Water-based lubrication is often limited in practical tribological applications, mainly due to its low 

viscosity and corrosivity. In order to overcome these limitations and improve the properties of water-

based lubricants, extensive efforts have been made over the past decades. For example, fundamental 

studies to understand the performance of water-lubricated journal bearings have been performed [2,3]. 

Tribological properties of various coatings with good lubricity in a water environment have also been 

investigated [4,5]. In addition, to enhance the tribological properties of the coatings in water-based 

lubrication, surface texturing, such as nanostructure, micro-dimples, and grooves, has been proposed [6-

8]. Furthermore, investigations have been conducted on the use of additives to overcome the limitations 

of water-based lubrication [9]. Various nanoparticles, including copper (Cu) [10], diamond [11], 

titanium dioxide (TiO2) [12], and silicon dioxide (SiO2) [13], have been proposed as potential candidates 

for lubricant additives. Carbon-based nanomaterials, such as fullerenes [14] and carbon nanotubes [15], 

have also attracted considerable interest as additives for water-based lubrication. Particularly, graphene 

and its derivatives have recently been demonstrated as promising lubricant additives due to their low 

friction characteristics associated with weak interatomic interactions between layers, and chemical 

https://www.sciencedirect.com/topics/engineering/corrosive-effects
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inertness [16-18]. For example, when graphene oxide was added in water, it was observed that the 

friction coefficient was maintained approximately at 0.05 for up to 60,000 cycles without any significant 

wear [17]. It was demonstrated that the decrease in friction and wear may be associated with the 

formation of a tribo-film that can act as a protective coating [17,18]. Furthermore, considering that other 

two-dimensional (2D) layered materials, such as molybdenum disulfide (MoS2) and hexagonal-boron 

nitride (h-BN), can provide low frictional properties [19-21], their tribological characteristics as 

additives for water-based lubrication have been explored [22,23].  

Recently, 2D layered transition metal carbides and nitrides, MXenes, have attracted attention as 

candidates for solid lubricants [24,25]. MXenes is the latest representative of the MAX phase which is 

also known as layered early transition metal carbides and nitrides. Their general formula is Mn+1AXn (n 

= 1-3) where M represents an early transition metal. A represents an element from group 13 or 14 and 

X stands for carbon or nitrogen. Titanium carbide (Ti3C2), often denoted as Ti3C2Tx, where T is F, OH, 

and O, is one of the most extensively studied MXenes due to the potential for various applications [24]. 

It was shown that Ti3C2 may provide a significant reduction of friction and wear, attributed to the 

prevention of the direct contact and formation of a carbon-rich tribo-film at the contact interface [26]. 

The tribological properties of Ti3C2 were further correlated with the surface terminations and 

intercalated water [27]. In particular, a practical approach for the use of Ti3C2 as solid lubricant for thrust 

ball bearings was conducted [28]. Furthermore, it was demonstrated that Ti3C2 can be exploited as a 

lubricant additive to oil-based lubricants [29-32]. However, the feasibility of Ti3C2 as an additive for 

water-based lubrication has not yet been thoroughly assessed.  

1.2 Objective of the thesis  

In this work, the tribological properties of Ti3C2 as an additive in water-based lubrication was 

experimentally investigated using a ball-on-disk tribotester. Experiments were performed using stainless 

steel (SS) ball and disk at boundary lubrication under various normal forces and Ti3C2 concentrations in 

water. The variation in friction was monitored during the tests and the wear rates of the specimens were 

quantitatively assessed using a laser scanning confocal microscope (LSCM) after the experiments. A 
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better understanding of the wear behavior with Ti3C2 additives was additionally pursued using scanning 

electron microscope (SEM) observations. The outcomes may provide useful information to understand 

the effect of Ti3C2 on the tribological characteristic of SS under water-based lubrication.  

1.3 Organization of the thesis  

The overall structure of this thesis taken the form of five sections, where the motivation and the 

objectives of this work have been explained so far in section 1. Section 2 will present the theory of basic 

related to this research that has been published so far. It begins from the general background of 

knowledge on friction and wear. The theoretical calculation of contact mechanics between sphere and 

flat surface and the describes related to lubricant theory are also mentioned. The experimental details 

including the materials and methods are given in section 3. The results of friction and wear of two 

material pairs sliding against each other and discussion of the lubricant and wear mechanisms of Ti3C2 

as an additive were presented in section 4. Then, section 5 concludes the finding of this work. By 

recognizing the limitations, a few recommendations were discussed for further investigation. 
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2. THEORETICAL BASIC 

2.1 Friction 

2.1.1 Amontons friction law 

Friction is a resistance force to tangential motion between two surfaces in a contact. The laws of 

friction were published by Guillaume Amontons which stated that the friction force is proportional to 

the normal load applied and independent of the apparent area of contact . The friction force, F can be 

stated by the basic equation:  

F = µN (2.1) 

Where µ is called the coefficient of friction (COF) and N is the normal force.  

2.2.2 Tribotester and friction force measurement 

Prior to performing a tribological research, it is very important for a researcher to understand the 

system of pin-on-disk tribotester. The basic set-up in friction force measurement for a tribotester is by 

applying a normal load between two contacting bodies that have a relative motion (one body is moving 

while the other partner is static). The normal force then should be adjustable so that it could be increased 

gradually until a measurable tangential force is detected by a force measurement device. A calibrated 

load cell is normally attached to the static body as a friction force measurement device. The friction 

coefficient is then calculated by dividing the friction force F by the value of normal force N.  

2.2.3 Friction mechanism during running-in period  

Running-in is a process of changes in friction and wear in tribo system prior to steady state when 

two contacting surfaces are in contact under a normal force and relative motion. The running-in process 

is an effective way of matching two contacting components and gives importanct clues to system 

designer for identification of various contributions to overall friction performance of machines. The 

three attributes of frictional runnin-in behavior have been describesd in detail previously [33]. They are 

the duration of certain characteristic transients within the running-in period, including the time the reach 

steady-state, the general trend of the friction force corresponding with time of operation and the 
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instantaneous level of friction fluctuations superimponsed upon the general trend. There are eight 

common shapes of running-in behavior (friction-time curves) in metal sliding contact that were 

categorized by Blau [34] as showed in Figure 1. Table 1 indicates some of the possible causes for each 

type of curve. From the outcome of his research, it can be concluded that there was no evidence that 

these eight curves were representative of specific contact conditions [35]. 
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Figure 1. Eight typical forms of initial friction behavior during running-in process 
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Table 1. Eight typical forms of initial friction behavior during running-in process 

 

2.2 Wear 

2.2.1 Archard’s wear law  

Wear can be defined as progressive loss of substance from the operating surface of a body occurring 

as a result of relative motion at the surface. The basic theoretical establishment of Archard’s wear law 

is given as follows [41] 

 

 
Occurrence  Possible cause  

a Contaminant surfaces  

A thin film of lubricious contaminant is worn 

off the sliding surface [35]. 

Effects of component temperature rises due to 
sliding friction [36]. 

Mechanical disruption of surface oxide films 

with increasing metallic contact [37] 

b Boundary-lubricated metals  
Surface wear-in; initial wear rate high until the 
sharpest asperities are worn off and surface 

becomes smoother [38]. 

c 

Unlubricated oxidized metals, often 

observed in ferrous or 

ferrous/nonferrous pairs 

Wear -in, as in type (b), but with the 

subsequent development of a debris layer 
(debris accumulation) or excessive transfer of 

materials [38]. 

d Same as type (c) 
Similar to type (c), but the initial oxide film 
maybe more tenacious and protective [38]. 

e 

Coated systems; also, systems in 

which wear is controlled by 

subsurface fatigue processes.  

Wear-through of a coating; or substrate 

fatigure cracks grow until debris is first 

produced. The debris then creates third bodies, 
which include a rapid transition in friction. 

Sometimes a few initial spikes in friction 

signal the onset of this transition [39]. 

f Clean, pure metals 

Crystallographic reorientation of regions in 
near surface layers reduces their shear strength 

and lowers their friction. 

Alternatively, the initial roughness of the 
surface is worn off, leaving smoother surface 

[35]. 

g 
Graphite on graphite metal on 

graphite  

Creation of a thin film during running-in, 

debris or transfer produces a subsequent rise in 
friction [35]. 

h Hard coating on ceramics 
Roughness changes, then a fine-grained debris 

layer forms [40]. 
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Figure 2. Hypothetical model of a hemispherical wear particles 

 

Assume that two bodies sliding under an applied load L and call the flow pressure of the softer of the 

metals p, then the real area of contact will be given by  

L = p × A (2.2) 

Using hemispherical model (n contacting asperities) and assume that all the junctions are the same size, 

circles of diameter d and the total number n present at any instant will be given by 

A = n × 
πd2

4
 (2.3) 

Hence 

n = 
4A

 πd2 = 
4L

 πpd2 (2.4) 

Each junction may be assumed to remain in existence during a sliding distance equal to d, after which 

it is broken, and its load-carrying capacity is taken up by a new junction. Thus, the total number N of 

junctions formed in a sliding distance x is given by  

N = 
nx

d
 = 

4Lx

 πpd3 (2.5) 

The probability that any junction leads to the formation of a transferred fragment has been postulated to 

be equal to k, and, on the assumption that such a fragment is a hemisphere of diameter d, the volume V 

of wear per distance x of sliding is given by the relation   

V = 
kNπd3

12
  = 

kLx

3p
 (2.6) 
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Because k is wear coefficient, so the wear volume can be re-write as: 

V = 
kLx

p
 (2.7) 

2.2.2 Wear measurement methods  

Wear is involving progressive loss of material and thus, mass loss is frequently used as a measure 

of wear. This is performend by measuring the mass of a spacimen before and after test. Other than mass 

loss measurement, calculation of wear volume could also be performed based on geometry of the wear 

scar of a worn specimen (length and width) which measured by laser scanning confocal microscopy 

(LSCM). Then, wear rate was calculated by wear volume divided by normal force multiplying with 

sliding distance.  

2.2.3 Wear mechanisms 

Wear initiates when there is insufficient protection between two contacting surfaces. The process 

by which wear occurs on the surfaces is commonly known as the wear mechanism. There are four main 

classes of wear mechanisms namely: adhesive wear, abrasive wear, corrosive wear and fatigue wear 

from [41]. 

2.2.3.1 Adhesive wear 

Adhesive wear occurs when two smooth bodies are slid over each other, and fragments are pulled 

off one surface and adhere to the other. Later these fragments may come off the surface on which they 

are formed and be transferred back to the original surface, or else form loose wear particles.  

In order for the adhesive wear to take place, fracture must occur in the subsurface of one of the 

materials (Figure 3) [42]. The formation of transfer films is a characteristic feature of adhesive wear 

where material is transferred from one surface to another before being released as a wear particle (Figure 

4) [43] 
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Figure 3. Formation of fracture in the subsurface of materials due to adhesive wear  

 

 Figure 4. Example of adhesive wear appearance (Al-Si alloy transfer film onto a piston ring)  

2.2.3.2 Abrasive wear  

Abrasive wear occurs when a rough hard surface, or a soft surface containing hard particles, slides 

on a softer surface and ploughs a series of grooves in it. The material from the grooves is displaced in 

the form of wear particles, generally loose ones. In one case the hard particles are abrasives, in other 

case they are small adhesive particles pulled out the harder surface, transferred to the softer surface, and 

now scratching the harder surface. When abrasive wear is produced by the hard particles, it is called 

three-body abrasive, while two-body abrasive is caused by a harder asperities penetrating into a softer 

material (Figure 5) [44]. In abrasive wear, material is removed by a ploughing or microcutting process 

which is influenced by factors such as particles size, shape and material hardness. A typical appearance 

on a worn surface caused by abrasive wear is shown in Figure 6 [42]. 
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Figure 5. Schematic of three-body and two-body abrasive wear model  

 

 

Figure 6. Example of abrasive wear appearance  

2.2.3.3 Corrosive wear 

Corrosive wear occurs when sliding takes place in a corrosive environment. In the absence of 

sliding, the products of the corrosion will form a film on the surfaces. This film tends to slow down or 

even arrest the corrosion. However, the sliding action wears the film away, so the corrosion attact 

continues. The mechanism of corrosive wear is shown in Figure 7 in which pitting is normally produced 

on the worn surface [45].  
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Figure 7. Mechanism of corrosive wear  

2.2.3.4 Fatigue wear 

Due to repeated sliding or rolling, cracks are formed at the surface or substrate, relatively larger 

wear particles are generated abruptly. Contrast to adhesive and abrasive wear, fatigue wear may be more 

significant after a certain degree of relative motion as shown in Figure 8 [43]. 

 

Figure 8. The process of surface crack initiation and propagation  

2.3 Contact mechanics 

Contact of surfaces occurs in all interfaces that transmit force or motion, or both. Hertzian contact 

refers to frictionless contact between two elastic bodies [46].  

Sphere on sphere contact, R1 = R, R2 = ∞,  
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a3 = 
3PR

4E'
 (2.8) 

If δ increases, contact radius increase δ ∞ a2  

δ = 
a2

R
 = 

πa2

πR
 = 

A

πR
 (2.9) 

Contact area, A = δπR 

From equations (2.8) and (2.9):  

δ = (
9P2

16E'2R
)1/3 (2.10) 

The contact pressure,  

P = 
4

3
E'R1/2 δ3/2 (2.11) 

1

E'
 = 

1-v1
2

E1
 + 

1-v2
2

E2
  (2.12) 

Where E1 and E2 are the elastic moduli and v1, v2 the Poisson’s ratios aassociated with each body.  

 

Figure 9. Hertzian contact model: sphere on plate 
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2.4 Lubrication 

 2.4.1 Lubrication regimes 

In order to reduce friction and minimize wear between two contacting materials, a lubricant is 

applied to the contacting surfaces. A lubrication reduces the friction by providing a low shear strength 

layer between both surface which is less than the material shear strength. Lubricants operate under three 

common lubricating regimes that comprise of hydrodynamic, mixed and boundary lubrications. A 

summary of lubrication regimes can be explained by the Stribeck curve (Figure 10) [47] which is a plot 

of a fluid-lubricated bearing system that presents the coefficient of friction versus (ηN/P), where η is the 

lubricant viscosity, N is the rotational speed, and P is pressure.  

Hydrodynamic known as full film lubrication when the contacting surfaces is fully supported by a 

relatively thick film. The mixed lubrication regime deals with lower speed, higher load or higher 

temperature that significantly reduces lubricant viscosity. Under this condition, the asperities of the 

contacting surfaces at some areas will occasionally in to contact. In boundary lubrication, the lubricant 

film thickness is thinner than height of asperities and there is considerable asperity contact. Boundary 

lubrication represents a more severe contact condition compared to other lubrication regime. Under this 

lubrication condition, the physical and chemical properties of thin surface films are significant. 

 

Figure 10. Stribeck curve showing different lubrication regimes  
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2.4.2 Two-dimensional materials as lubricant additive  

2D materials are defined as materials that are crystalline and consist a single layer of atomes, 2D 

materials can generally be categorized into either 2D allotropes of various elements or compounds as a 

suspension of graphite oxide with atomic planes. Properties such as conductivity of heat and electricity, 

corrosion resistance, optically transparent, and flexibility makes 2D materials ideal for usage in various 

of application fields. The 2D materials investigated as lubricant additive can be roughly divided into 

three categories: graphene family, metal dichalcogenides and others [48]. However, in this thesis scope, 

MXenes was emphasized.  

2.4.2.1 Graphene family  

To date, graphene is the thinnest artificial material know to the scientific community. It consists of 

carbon atoms with a layer thickness of only 0.335 nm. These sp2 – bonded carbon atoms are tightly 

arranged in a 2D hexagonal structure known as a honeycomb and endow graphene with unique thermal, 

electrical, mechanical, and tribological properties such as extreme strength and seasy shear capability. 

Furthermore, its large surface area and layered structure also allow it to readily enter the contact interface 

of a tribo-pair, preventing the direct contact of rough surfaces and reducing friction and wear. The 

potential of graphene to reduce energy waste and increase the duability and reliability of mechanical 

assemblies has benn demonstrated when even a very small amount of graphene is supplied between 

rubbing surfaces [49,50] 

2.4.2.2 Transition metal dichalcogenides (TMDCs) 

TMDCs are a structurally and chemically well-defined family with a chemical formula of MX2, 

where M stands for the transition metal element and X represents a chalcogen (S, Se, or Te). The 2D 

morphology of MX2 materials ends them low shear resistance to any applied shear stress and decreases 

friction at the interface. MoS2 is a typical representative TMDC which has garnered a great deal of 

research interest. 
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2.4.2.3 MXenes 

MXenes is a 2D material, group of early transition metal carbides or carbonitrides. These are 

produced by the etching out of the A layers from MAX phase with hydrofluoric acid, and ending up 

with 2D layers of Mn+1X terminated with OH/F groups [51,52]. Mn+1AXn, where M is an early transition 

metal, A is mainly a group IIIA or IVA (i.e., groups 13 or 14) element, X is C and/or N, and n = 1, 2, or 

3. The MAX phase structure can be described as 2D layers of early transition metal carbides and/or 

nitrides “glued” together with an A element as shown in Figure 11 from [47]. Because the M-A bonds 

are weaker than the M-X bonds heating of MAX phases under vacuum at high temperatures results in 

the selective loss of the A element. Today, MXene family includes Ti3C2, Ti2C, Nb2C, V2C, 

(Ti0.5,Nb0.5)2C, (V0.5,Cr0.5)3C2, Ti3CN, and Ta4C3 [52,53]. Because the n values for the existing Mn+1AXn 

phases can vary from 1 to 3, the corresponding signle MXene sheets consist of 3, 5 or 7 automic layers 

for M2X, M3X2, and M4X3, respectively.  

 

 

 

Figure 11. Structure of MAX phases and the corresponding MXenes  
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2.4.3 Role of 2D materials in friction and wear reduction mechanisms 

Numerous studies have been made to understanding the underlying mechanisms of 2D materials as 

lubricant additive in effort to promote their wider application. Generally, the evolution of the protection 

of the lubricants can be divided into jour aspects: entering the contacting area of sliding surfaces; tribo-

film formation; filling the grooves of the contact area and affectin the fluid drag and viscosity. The four 

proposed mechanisms are schematically expressed in Figure 12 [48]. 

 

Figure 12. Possible mechanisms of 2D nanosheets to reduce friction and wear.  

2.4.3.1 Entering the contacting area of sliding surfaces and providing efficient lubricating 

2D materials have a multilayer structure and small size, when the sliding occurs, such particles can 

be easily enter into the rubbing contact. The introduction of nanoparticles in 2D materials further 

enhanves their penetration into the interspaces of contact surfaces, which makes lubrication possible. 

When two contacting surfaces sliding against each other under normal force, the 2D nanomaterials in 

the contact area subjected to normal pressure as well. The relative motion of the contacting surface 

supplies a shear stress to these materials. As a results, the easy shearing of interlayers in the multilayer 

2D material forms a sliding system with the rubbing contact [16].  

 



18 

 

2.4.3.2 Tribo-film formation 

The formation of a tribofilm can occurs at the contacting area of sliding surfaces in two stages of 

lubrication. At the initial stage, high surface energy and easy shearing allow them to easily adsorb onto 

the surface of the substrate to form a conformal protective film in the absence of any chemical reactions. 

In this stage, the protective film mainly severs to separate the two contacting surfaces. It prevents direct 

contact between the two sliding surfaces and reduces the friction and wear.  

2.4.3.3 Filling the grooves of the contacting area 

Due to the inherently limited manufacturing techniwues, no tribopair is completely smooth. The 

interface is uneven at the micro scale. Macro-asperities can produce high contact pressure during 

rubbing process. 2D nanomaterials, particularly those anchored with nanoparticles, can fill in grooves 

areas on the rubbing surfaces to smooth them [48]. A smoother surface processes less asperities and 

creates a reduction in localized contact pressure.  

2.4.3.4 Affecting the fluid drag and viscosity 

Under hydrodynamic lubrication conditions, where two rubbing surfaces are fully separated by a 

hydrodynamic flow, viscosity is the dominating factor in the friction force and load-bearing capacity of 

the lubricant. The viscosity of a lubricant is dependent on fluid flow and fluid drag, so any additive that 

can affect these two factors may be effective in hydrodynamic lubrication condition. Under a normal 

load, 2D nanomaterials align orderly in the fluid direction leading to decreased momentum transfer 

between adjacent fluid layers and reduction in viscosity [48].  
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3. EXPERIMENTAL DETAIL 

3.1 Materials 

Commercialized Ti3C2 flakes with 99.9% purity (Wuhan Golden Wing Industry & Trade, Wuhan, 

China) with the nominal size of the flakes was 0.2 μm − 3 μm. Fig 13 (a) shows SEM images of Ti3C2 

flakes. It can be seen from Fig. 13 (a) that the lateral size of Ti3C2 flakes varied from less than 1 μm to 

several μm. The high-magnification SEM image inset in Fig. 13 (a) shows clearly the layered structure 

of Ti3C2. In addition, the thickness of the layer was found to be approximately 20 nm, which was 

consistent with the thickness reported in literature [29,32]. The XRD patterns of the Ti3C2 powders in 

shows that the typical diffraction peak (002) of Ti3C2 appears at around 2θ = 8.98o, indicating that the 

formation of Ti3C2 which was accomplished by selectively removing Al from Ti3AlC2, through the 

disappearance of the strongest diffraction peak of Ti3AlC2 at 2θ = 39o [54]. Five solutions with different 

concentrations of Ti3C2 in pure deionized (DI) water were prepared as showed in Fig. 13 (b) with an aim 

of investigating the effect of concentration on friction and wear characteristics. To prepare the solutions, 

0.01 g, 0.02 g, 0.03 g, 0.05 g, and 0.07 g of Ti3C2 was added to 1 ml of DI water for the solutions with 

1 wt%, 2 wt%, 3 wt%, 5 wt%, and 7 wt% Ti3C2 concentrations, respectively. Then, each solution was 

stirred in a magnetic stirrer for 1 hour at room temperature to ensure that Ti3C2 was uniformly dispersed.  

Martensitic SS (AISI 440C) was selected as the ball material due to its high hardness and corrosion 

resistance in water. The nominal radius of the balls was 3 mm. All balls used in this work were carefully 

examined under a LSCM (VK-X200, Keyence, Osaka, Japan) to determine the radii and to assess their 

surfaces before experiment. Figure 13 (c) shows a photograph of the ball glued on the holder for the 

experiment, along with an example of the three-dimensional (3D) LSCM image before experiment. The 

average radius of the balls was calculated to be 3.02 ± 0.01 mm (mean ± one standard deviation). It can 

be seen from Fig. 13 (c) that the surface of the ball before experiment was quite clean. The average 

surface roughness (Ra) of the balls was also determined from the LSCM data with a scan size of 1,270 

µm × 997 µm after the flattening process. The Ra value of the balls was calculated to be 0.29 ± 0.01 µm. 

The hardness of the balls was further determined using a micro-Vickers hardness tester (MMT-7, 

Matsuzawa, Japan). To that end, a ball was ground to form a flat surface. Hardness measurement was 
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performed with an indentation force of 0.98 N and dwell time of 20 s at five different randomly selected 

locations of three balls. The hardness values of the three balls were found to be similar to one another 

(765 ± 28 HV, 785 ± 34 HV, and 730 ± 10 HV). The average hardness value was determined to be 760 

± 23 HV. The hardness values of the balls determined in this work were in a good agreement with those 

of AISI 440C SS. 

 

Figure 13. (a) SEM images and XRD pattern of Ti3C2 flakes before test, (b) photographs of water-based 

lubricants with 0 wt%, 1 wt%, 2 wt%, 3 wt%, 5 wt%, and 7 wt% Ti3C2 concentrations, and photographs 

and 3D LSCM images of (c) ball and (d) disk. Inset in (a) is a high-magnification of the SEM image 

Austenitic SS (AISI 304) was used as the disk material. SS disks with a radius of 40 mm and a 

thickness of 10 mm were prepared for the experiment. Figure 13 (d) shows the photograph and 3D 

LSCM image of a disk before experiment. From Fig. 13 (d), the patterns, which likely formed during 

the manufacturing process, can be observed. The value of Ra of the disks was determined to be 1.67 ± 

0.05 µm from the LSCM data with a scan size of 1,408 µm × 1,056 µm obtained at five different 

locations on five different disks. The hardness of the disks was measured from five different locations 

of five disks using the micro-Vickers hardness tester with an indentation force of 0.98 N and dwell time 
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of 20 s. The average hardness value of the disks was 220 ± 10 HV, which was within the typical range 

of hardness of AISI 304 SS.  

3.2 Methods 

The tribological properties of the Ti3C2 as water-based lubricant additives for contact sliding 

between a SS ball and a disk were investigated using a ball-on-disk tribotester under boundary 

lubrication. A photograph of the tester used in this work is shown in Fig. 14. A normal force was applied 

by dead weight and the friction force was monitored using a load cell equipped with the tester. The 

experiments were conducted for a specimen radius of 10 mm at a constant rotating speed of 120 rpm, 

hence the linear sliding speed was calculated to be 0.126 m/s. The normal force varied from 3 N to 10 

N, which corresponded to a contact pressure from 0.91 to 1.36 GPa, as calculated using Hertzian contact 

model [46]. The experiment with a given normal force was conducted for up to 7,000 cycles 

corresponding to the sliding distance of one cycle was 0.063 m, and 0.2 ml of lubricant was applied to 

the contact area using a syringe. The lubricants were supplied right after the preparation to minimize the 

effect of dispersibility of additives on the experimental results. The experiments were repeated at least 

three times for each experimental condition. Prior to the experiment, the balls and disks were cleaned 

with isopropyl alcohol (IPA) by ultrasonication for 1 hour. All tests were performed in ambient 

conditions with the temperature 24°C − 26°C and relative humidity 37 − 46%. 

 

Figure 14. Photograph of the ball-on-disk tribotester used in this work. 
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The surface of the balls and the wear track formed on the disks were carefully examined after 

experiments using the LSCM to understand the wear characteristics of water-based lubricants with Ti3C2 

additives. In particular, the degree of ball and disk wear were quantitatively determined using Archard’s 

wear law [55]. To that end, additional LSCM images of the balls and disks were acquired after the 

ultrasonic cleaning since a significant amount of wear debris and additives may have been readily 

deposited on the surfaces during the experiment. The wear volume of the balls was determined as the 

volume of the spherical segment calculated using the cross-sectional height profiles at the center of the 

ball before and after experiment, considering that the ball was flattened due to wear. As for the disks, 

the LSCM images were obtained at five different locations of the wear track and the averaged cross-

sectional height profiles were taken from each image. Then, the wear volume of the disk was calculated 

by multiplying the average cross-sectional area of the wear track by the circumferential contact length. 

Furthermore, SEM observations and Energy-dispersive X-ray spectroscopy (EDS) analysis were 

performed, particularly of Ti3C2 flakes after the experiment, to gain a better understanding of tribological 

behavior of water-based lubricants with Ti3C2 additives.  
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4. RESULTS AND DISCUSSION 

4.1 Friction characteristics  

Figure 15 (a) shows the variation of friction coefficient with the number of cycles under a 3 N 

normal force obtained using the water lubricants with 0 wt%, 1 wt%, 2 wt%, 3 wt%, 5 wt%, and 7 wt% 

Ti3C2 concentrations. The initial friction coefficient was found to range from 0.17 to 0.31. Also, it was 

shown that the friction coefficient fluctuated during the initial stage of contact sliding for up to 3,000 

cycles. Then, the friction coefficient became relatively stable, and ranged from 0.24 to 0.34, as the Ti3C2 

concentration varied from 0 wt% to 7 wt%. It is plausible that the friction coefficient varies during the 

run-in process and become stable with increasing the number of cycles [56]. The difference in the 

variation of friction coefficient during the run-in period can be observed, which was likely associated 

associated with various factors such as initial states of ball and disk surface and initial amount of Ti3C2 

at the contacting interface. In general, it was observed that the friction increased and then decreased 

during run-in process. Given that such behavior may be associated with the ball flattening. At the initial 

state of contact sliding, contact area may relatively small, and therefore, the entrance of Ti3C2 flake may 

be limited. However, more flakes may be readily captured at the contacting interfaces as the ball become 

flattened. It is plausible that the friction coefficient varies during the run-in process and become stable 

with increasing the number of cycles [56]. The data presented in Fig. 15 (a) show that the friction 

coefficients for the water lubricants with Ti3C2 additives were consistently lower than that without Ti3C2 

additives. It can also be seen from the figure that the decrease in friction coefficient was the largest when 

the Ti3C2 concentration was 5 wt%. The friction coefficients were averaged after they became stable 

(i.e., from 3,000 to 7,000 cycles) for a clear comparison, and the variation of average friction coefficient 

was plotted against the Ti3C2 concentration under various normal forces, as shown in Fig. 15(b). It can 

be observed from the figure that the friction coefficient generally decreased as the Ti3C2 concentration 

increased up to 5 wt%, but it increased when the Ti3C2 concentration was 7 wt%, as anticipated from 

the data in Fig. 15 (a). However, the effect of normal force on friction coefficient was not clearly 

observed. The friction coefficients for 0 wt% and 5 wt% Ti3C2 concentrations were found to range from 

0.29 to 0.33 and from 0.20 to 0.26, respectively. The decrease in the friction coefficient for a 5 wt% 
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Ti3C2 concentration was calculated to be approximately 13% − 31%, compared to that for a 0 wt.% Ti3C2 

concentration. 

 

Figure 15. (a) Variation of friction coefficient with the number of cycles under 3 N normal force, (b) 

variation of friction coefficient at steady state with Ti3C2 concentration under 3N – 10 N normal force, 

and (c) variation of average friction coefficient with Ti3C2 concentration. Inset in (a) is the plot of friction 

coefficient for the number of cycles below 200. 

The friction coefficients obtained for normal forces ranging from 3 N to 10 N were further averaged 

to investigate more carefully the effect of Ti3C2 concentration, as shown in Fig. 15 (c). It was found that 

the friction coefficients decreased by 7%, 7%, 17%, 20%, and 10% for 1 wt%, 2 wt%, 3 wt%, 5 wt%, 

and 7 wt% Ti3C2 concentrations, respectively, compared to the friction coefficient for a 0 wt% Ti3C2 

concentration. These observations clearly suggest that Ti3C2 can reduce friction between a SS ball and 

a SS disk as an additive for water-based lubrication. The decrease in friction may be associated with 

behavior of Ti3C2 (e.g., adherence to surface and trapping in grooves) that enter into the contacting 

interface, as proposed in previous studies [29-32]. Also, it can be concluded that the optimal 

concentration of Ti3C2 for friction reduction was 5 wt% for the considered material pair and 

experimental conditions adopted for this work. The friction reduction effect may likely decrease when 

an excess Ti3C2 is applied to the contact interface (e.g., Ti3C2 concentration larger than 5 wt.%), as 

consistently observed in previous investigations [29-32]. The degree of friction reduction by Ti3C2 for 

water-based lubrication was relatively smaller than that offered by graphene-based materials [17,18]. 

However, the decrease in the friction provided by Ti3C2 was comparable with those offered by other 2D 
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materials, such as h-BN [22] and MoS2 [23] in water-based lubrication. Interestingly, the friction 

reduction obtained with Ti3C2 for oil-based lubrication [29-32] is generally smaller than when using 

graphene-based materials [57,58], but comparable to those offered by h-BN [59] and MoS2 [60]. It 

should further be noted that the degree of friction reduction by additives may significantly vary 

depending on experimental conditions. Nevertheless, the overall results in Fig. 15 clearly suggest the 

feasibility of using Ti3C2 as an additive for water-based lubrication.  

4.2 Wear characteristics  

The wear characteristics of the balls and disks were assessed to elucidate further the feasibility of 

Ti3C2 as a water-based lubrication additive. Figure 16 (a) shows 3D LSCM images of the balls cleaned 

using IPA after the experiments under a 3 N normal force. As examples, the images of the ball tested 

using the water lubricants with 0 wt%, 1 wt% and 5 wt% Ti3C2 concentrations are shown in Fig. 16 (a). 

In Fig. 16 (a), the cross-sectional height profiles before and after the experiment are provided for clear 

observation of wear. It can be seen from the figure that the balls were generally flattened due to the 

wear. Also, it was observed that slight scratches appeared on the ball surface along the sliding direction.  

The ball wear volumes and wear rates for various normal forces are plotted as functions of Ti3C2 

concentration in Figs. 16 (b) and (c), respectively. The ball wear volume ranged from (6.4 ± 1.6) × 10-4 

mm3 to (3.7 ± 1.6) × 10-3 mm3 under 3 N – 10 N normal forces with 0 wt% – 7 wt% Ti3C2 concentrations. 

No clear effect of the normal force on the ball wear volume was observed in Fig. 16 (b). Additionally, 

it was shown that the effect of Ti3C2 concentration on the wear volume was not significant under a given 

normal force. The ball wear rate was calculated to be from (1.0 ± 0.3) × 10-8 mm3/(N·cycle) to (13 ± 

3.7) × 10-8 mm3/(N·cycle) under 3 N – 10 N normal forces with 0 wt% – 7 wt% Ti3C2 concentrations, 

as shown in Fig. 16 (c). As predicted from the data shown in Fig. 16 (b), no significant dependence of 

the wear rate on the normal force and Ti3C2 concentration was further observed. This result suggests 

that the ball wear did not progress enough for the effects of normal force and Ti3C2 concentration to be 

observed clearly. The variation of average ball wear rate with Ti3C2 concentration is plotted in Fig. 16 

(d) for clarity. The ball wear rate with 1 wt% – 7 wt% Ti3C2 concentrations were slightly larger than 

that with 0 wt% Ti3C2 concentration within the experimental uncertainties. As expected, the effect of 
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Ti3C2 concentration on the ball wear rate was not significant. This result might be feasibly associated 

with the higher hardness of the ball than that of the disk, which resulted in the suppression of ball wear. 

A long-term test would be preferable for clear observation of the effects of normal force and Ti3C2 

concentration on the ball wear. 

 

Figure 16. (a) 3D LSCM images and cross-sectional height profiles of balls after experiments with 0 

wt%, 1 wt%, and 5 wt% Ti3C2 concentrations under 3 N normal force, (b) variation of ball wear volume 

and (c) wear rate under 3N – 10 N normal force with Ti3C2 concentration, and (d) variation of average 

wear rate with Ti3C2 concentration. In (a), cross-sectional profiles before experiments are included for 

comparison. 

Figure 17 (a) shows the LSCM images of the wear tracks formed on the disks after the experiments 

under a 3 N normal force for varying Ti3C2 concentrations. The averaged cross-sectional height profiles 

of the wear tracks are also presented in Fig. 17 (a). The data in Fig. 17 (a) were obtained after the IPA 

cleaning. The images in Fig. 17 (a) demonstrate clearly that a significant amount of scratches were 
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formed along the sliding direction on all disks. It was observed from the data in Fig. 17 (a) that in 

general, the effect of Ti3C2 concentration on the depth of the wear track was not consistent (depth of 

1.64 µm, 0.6 µm, 1.49 µm, 0.52 µm, 0.50 µm, and 0.68 µm for 0 wt%, 1 wt%, 2 wt%, 3 wt%, 5 wt%, 

and 7 wt% Ti3C2 concentration, respectively). However, it can clearly be seen that the width of the wear 

track significantly decreased as the Ti3C2 concentration increased up to 5 wt% (width of 452.0 µm, 371.2 

µm, 340.2 µm, 275.0 µm, and 236.6 µm for 0 wt%, 1 wt%, 2 wt%, 3 wt%, and 5 wt% Ti3C2 

concentration, respectively). Subsequently, the width of the wear track was found to increase (341.3 

µm) when the Ti3C2 concentration increased to 7 wt%. The width of the wear track was expected to 

increase as the flattened area of the ball increased. However, no significant relationship between the 

flattened width of the ball and the width of the wear track on disk was observed from Figs. 16 (a) and 

15 (a). For example, although the flattened width of the ball after experiment with a 7 wt% Ti3C2 

concentration was larger than that after the experiment with 0 wt.% Ti3C2 (Fig. 16 (a)), the wear track 

was wider for 0 wt% Ti3C2 concentration than that for 7 wt% Ti3C2 concentration (Fig. 17 (a)). These 

results indicate that the direct contact between the ball and disk may be hindered by Ti3C2 flakes, 

particularly at the edges of the contact interface, and that such hindering by Ti3C2 flakes was more 

substantial as Ti3C2 concentration increased up to 5 wt%. However, it was postulated that this behavior 

of Ti3C2 flakes mitigated when an excessive amount of Ti3C2 flakes (e.g., 7 wt%.) was applied to contact 

interface. 

The variation of disk wear volume with Ti3C2 concentration is presented in Fig. 17 (b). The wear 

volume of the disks ranged from (1.9 ± 0.6) × 10-2 mm3 to (5.1 ± 0.3) × 10-2 mm3 as the normal force 

varied from 3 N to 10 N and the Ti3C2 concentration from 0 wt.% to 7 wt.%. Similar to the wear of the 

balls, the effect of normal force on the disk wear volume was not clearly observed. However, it can be 

seen that the disk wear volume generally decreased as the Ti3C2 concentration increased to 5 wt% and 

then increased when Ti3C2 concentration was 7 wt%, as expected from the data presented in Fig. 17 (a). 

The decrease in the wear volume for 5 wt% Ti3C2 concentration (1.9× 10-2 mm3) was as high as 55% 

under a 3 N of normal force, compared to the wear volume for 0 wt% Ti3C2 concentration (4.3 × 10-2 

mm3).  
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Figure 17. (a) LSCM images and cross-sectional height profiles of disks after experiments with 0 wt%, 

1 wt%, 2 wt%, 3 wt%, 5 and 7 wt% Ti3C2 concentrations under 3 N normal force, (b) variation of disk 

wear volume and (c) wear rate under 3N – 10 N normal force with Ti3C2 concentration, and (d) variation 

of average wear rate with Ti3C2 concentration. 
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Figure 17 (c) shows the variation of disk wear rate for a given normal force with Ti3C2 

concentration. It can be seen in the figure that the wear rate decreased with increasing normal force. For 

example, as the normal force increased from 3 N to 10 N, the wear rates for 0 wt% and 5 wt% Ti3C2 

concentrations decreased from (20 ± 3.5) × 10-7 mm3/(N·cycle) to (6.7 ± 0.9) × 10-7 mm3/(N·cycle) and 

from (9.2 ± 2.9) × 10-7 mm3/(N·cycle) to (3.4 ± 0.7) × 10-7 mm3/(N·cycle), respectively. Ti3C2 flakes 

may be more damaged due to interactions with ball, disk and other Ti3C2 flakes under higher normal 

force. However, this may contribute to enhanced formation of a tribo-film that can suppress wear 

progression [29-32], which could be one of the reasons for the low wear rate under high normal force. 

In general, the wear rate was found to decrease with increasing Ti3C2 concentration from 0 wt% to 5 

wt%, and then increase when Ti3C2 concentration was higher than 5 wt%. To clearly examine the effect 

of Ti3C2 concentration on the disk wear rate, the average wear rates for a given concentration are shown 

in Fig. 17 (d). The wear rates were calculated to be (12 ± 1.7) × 10-7 mm3/(N·cycle), (9.6 ± 0.8) × 10-7 

mm3/(N·cycle), (7.9 ± 1.9) × 10-7 mm3/(N·cycle), (7.8 ± 2.0) × 10-7 mm3/(N·cycle), (6.2 ± 1.5) × 10-7 

mm3/(N·cycle), and (9.2 ± 2.4) × 10-7 mm3/(N·cycle) for Ti3C2 concentrations of 0 wt%, 1 wt%, 2 wt%, 

3 wt%, 5 wt%, and 7 wt%, respectively. The decrease in wear rates for 1 wt%, 2 wt%, 3 wt%, 5 wt%, 

and 7 wt% Ti3C2 concentrations was calculated to be 20%, 34%, 35%, 48%, and 23%, respectively, 

compared to the wear rate for 0 wt% Ti3C2 concentration. Decrease in the disk wear rate for 5 wt% Ti3C2 

concentration is relatively large, compared to that provided by h-BN [22], while it is relatively small, 

compared to that offered by graphene-based materials [17,18] for water-based lubrication. It is 

interesting to note that for oil-based lubrication the decrease in the wear rate provided by Ti3C2 [29,32] 

is often smaller than that provided by other 2D materials, including graphene-based materials, h-BN and 

MoS2 [57-60]. Nonetheless, the overall results presented in Fig. 17 along with the data in Fig. 15 

demonstrate the feasibility of Ti3C2 as a water-based lubrication additive for wear reduction. 

To gain a better understanding of the effect of Ti3C2 on wear, the balls and disks were carefully 

examined before they were cleaned. As examples, the high-magnification LSCM images obtained after 

experiments with 0 wt%, 1 wt%, 5 wt% and 7 wt% Ti3C2 concentrations are shown in Figs. 18 (a), (b), 

(c), and (d), respectively. From images in Fig. 18 (a), along with those in Figs. 16 and 17, signs of 
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abrasive and adhesive wear can be observed on both the ball and disk surfaces after the experiment with 

0 wt% Ti3C2 concentration. However, the disk wear was more severe than the ball wear, which was due 

to the fact that the hardness of the disk was significantly smaller than that of the ball. In addition, the 

slight occurrence of abrasive wear was observed on the ball, which may be associated with the hard 

wear particles at the contact interface [41]. Figure 18 (a) also shows the wear debris adhered to both the 

ball and disk surfaces. It was likely that the wear debris on the ball and disk surfaces was mainly 

generated from the disk, considering the disk wear volume was one or two orders of magnitude larger 

than the ball wear volume.  

 

Figure 18. LSCM images of the flattened area of ball and wear track of disk after experiments with (a) 

0 wt%, (b) 1 wt%, (c) 5 wt%, and (d) 7 wt% Ti3C2 concentrations under 3 N normal force. 

 

Figure 19. Examples of SEM image and EDS spectrum of Ti3C2 on the flattened area of ball 
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Figure 18 shows that the amount of particles on both the ball and disk surfaces generally increased 

with increasing Ti3C2 concentration. These particles were expected to be mostly Ti3C2 given that the 

wear volume of ball and disk was a few orders of magnitude smaller than the volume of Ti3C2 in 

lubricant. SEM image and EDS spectrum of these particles on the ball surface are provide in Fig.19. 

The planar shape of the particles and the relatively strong Ti peak clearly indicate that these particles 

were mainly Ti3C2. The planar shape of Ti3C2 may be advantageous for it to enter the contact interface. 

It is likely that the Ti3C2 flakes on the contact interface could hinder the direct contact between the ball 

and disk, leading to suppression of wear progression [29]. Particularly, this behavior of Ti3C2 was 

expected to be more significant at the edges of the contact area, as discussed earlier. It can also be seen 

that Ti3C2 was relatively well scattered on both the ball and disk surfaces with 5 wt% concentration (Fig. 

18 (c)) than for 1 wt% concentration (Fig. 18 (b)). This may be responsible for more significant wear 

reduction as Ti3C2 concentration increased up to 5 wt%. However, it can be seen from Fig. 18 (d) that 

Ti3C2 was more agglomerated after the experiment for 7 wt% Ti3C2 concentration. Such agglomeration 

can be clearly observed from the SEM image of Ti3C2 after the experiment, shown in Fig. 20 and the 

data of flakes size analysis in Fig. 21. Comparing Figs. 13 (a) and data showing from Fig. 21, the lateral 

size of the flakes from less than 1 μm to several μm as showed in Fig. 13 (a). Assume that the flakes 

were circle, the flake area can be determined less than ten square micrometers. However, the flake area 

of Ti3C2 was found to increase up to several tens of square micrometer after test due to agglomeration. 

Given that the agglomeration can come from the wear debris. However, Ti3C2 volumes correspond with 

0.2 ml lubricant delivered to the contact area were 0.48 (mm3), 0.95 (mm3), 1.43 (mm3), 2.38 (mm3) and 

3.32 (mm3) with 1 wt%, 2 wt%, 3 wt%, 5 wt% and 7 wt% Ti3C2 concentration, respectively. Comparison 

with the wear volume of the ball and disk in Fig. 16 (b) and Fig. 17 (b), can be concluded that the 

agglomeration from the Ti3C2 flakes because the volume of Ti3C2 is much larger than wear volume of 

the ball and disk. It was plausible that more significant agglomeration of Ti3C2 at its high concentration 

may be responsible for the mitigation of the wear suppression effect, as proposed in the previous study 

[57]. Figure 22 shows SEM images of Ti3C2 and a tribo-film formed on the ball surface after experiments 

with 7 wt% Ti3C2 concentration under 10 N normal force. The data in Fig. 22 suggest the damage of 
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Ti3C2 and the formation of tribo-film under relatively high normal force, which may contribute to 

suppressing the wear progression, as discussed earlier. It should further be noted that Ti3C2 can readily 

be oxidized in water, especially from the edges of the flakes, and TiO2 can be formed [61,62]. Hence, 

as a result of oxidation, the layered structure of Ti3C2 could be degraded, which may lead to a further 

decrease in its performance as an additive. However, such a performance decrease could be partly 

compensated, given that TiO2 may be used as a lubricant additive [12].  

  

Figure 20. SEM images of the agglomerated  Ti3C2 on the flattened area of ball after experiments with 

(a) 1 wt%, (b) 2 wt%, (c) 3 wt%, (d) 5 wt% and (e) 7 wt% Ti3C2 concentrations under 10 N normal 

force. 
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Figure 21. (a) Distribution of flake size on flattened area of ball and wear track of disk with 1 wt%, 5 

wt% and 7 wt%, (b) flakes size analysis of Ti3C2 on the flattened area of ball and disk after 

experiments under 10 N normal force. 
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Figure 22. SEM images of (a) Ti3C2 and (b) tribofilm on the flattened area of ball surface after 

experiment with 7 wt% Ti3C2 concentrations under 10 N normal force.  

It should be noted that the tribological characteristics may vary significantly, depending on material 

pair and operating and environmental conditions. Hence, the studies across a broad spectrum of 

experimental parameters are needed to elucidate the feasibility of Ti3C2 as an additive for water-based 

lubrication. In particular, a database to determine the optimal concentration should be established, given 

that optimal concentrations of lubricant additives may be dependent on the tribological system. The 

effect of size, thickness, and functional group on the tribological characteristics should be explored to 

improve the performance of water-based lubrication. Long-term tests are further needed for the practical 

applicability of Ti3C2 as a lubricant additive. Nevertheless, the results of this work provide useful 

information for the fundamental tribological properties of Ti3C2 as a feasible water-based lubrication 

additive.  
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5. CONCLUSIONS AND RECOMMENDATION 

5.1 Conclusions 

In this work, the friction and wear characteristics of Ti3C2 as an additive for water-based lubrication 

were experimentally assessed using a ball-on-disk tribotester. The experiments were performed using 

SS balls and disks at varying normal forces and Ti3C2 concentrations. The overall results show that Ti3C2 

can provide friction and wear reduction for water-based lubrication. The decrease in the direct contact 

between the ball and the disk offered by Ti3C2 flakes was believed to be responsible for this outcome. It 

was also shown that the hindering of contact was more significant at the edges of the contact interface, 

which in turn led to suppression of wear progression. Additionally, the degrees of reduction of friction 

and wear were found to increase from 7% to 20% and from 20% to 48%, respectively, as Ti3C2 

concentration increased from 1 wt% to 5 wt%, compared to the friction and wear without Ti3C2 additive. 

However, the reduction in friction and wear were limited to 10% and 23%, respectively, when Ti3C2 

concentration further increased to 7 wt%. The excessive agglomeration of Ti3C2 flakes may be 

responsible for this outcome. The results of this work may provide useful information for a fundamental 

understanding of the tribological properties of Ti3C2 as a water-based lubrication additive and may 

therefore aid developing environment-friendly lubricants. 

5.2 Recommendation and future works 

Based on the limitations of this work, several recommendations were made for further investigation. 

Firstly, long term test to evaluate the suitability of the data over a long period of time should be 

performed. Secondly, many factors such as sliding speed, temperature, and environmental conditions 

may affect the optimal value of Ti3C2, and then the tribological behavior of Ti3C2 may vary depending 

on the tribological system. Therefore, the experiment across broad spectrum of experimental parameters 

is needed. Finally, the comparison tribological properties of Ti3C2 as lubricant additive in water with 

other 2-D materials should be performed to investigate the prominence of Ti3C2 in 2-D family.  
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