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ABSTRACT 

      During this thesis, the design and development of novel multifunctional MAX reinforced 

polymer (MRPs) matrix composites was studied. MRPs were fabricated with a certain volumetric 

ratio of polymers and MAX phases. In Chapter II, synthesis and tribological behavior of PEEK-

Ti3SiC2 composites have been reported. A decrease in friction coefficient is observed when 10 

volumetric % of Ti3SiC2 was added in the PEEK matrix. Also, the wear rate of the composites 

decreases by 27 times when 5 volumetric % of Ti3SiC2 was added. In Chapter III, novel self-

lubricating Teflon-Ti3SiC2 and Nylon-Ti3SiC2 composites are reported. During self-mating, 

Ti3SiC2-Teflon composites showed better performance than Ti3SiC2-Nylon composites. In the case 

of friction coefficient, a marginal decreased is observed for Teflon composites but for Nylon-

Ti3SiC2 composites, an increase in friction coefficient is observed as the percent content of Ti3SiC2 

was increased. However, the wear rate decreased to (5±3) x 10-5 mm3/N.m and (1±1.5) x 10-5 

mm3/N.m in Teflon-5%312Si and Teflon-10%312Si, respectively, and thereafter retained a similar 

value of (1.6±1.6) x 10-5 in Teflon-30%312Si. We have observed a decrease in wear rate for Nylon-

Ti3SiC2 composites but it is very marginal decrease. In Chapter IV of this thesis, the scope of future 

studies are discussed. 
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CHAPTER I 

INTRODUCTION 

1.1 MAX Phase 

      One of the major modern day challenges in engineering is the need of versatile materials to 

fulfill the demand of rapidly growing technologies. Metals are ideal when we need durability and 

high performance in extreme environments because of their high damage tolerance and 

sustainability at high temperature. On the other hand, ceramics are different being elastically rigid, 

resistant to fatigue and oxidation. For designing ideal high-performance structural materials all 

these properties are required. To get this versatility in the material researchers have explored a new 

class of materials named MAX phase [1].  

 

Fig1.1 Possible combination of MAX phases [2]  
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      MAX phases are layered, hexagonal carbides and nitrides with general formula Mn+1AXn 

(MAX) where n=1-3, M stand for the early transition metal, A stands for group-A elements and X 

are either carbon or nitrogen. Fig 1.1 shows the different combination that can be used to fabricate 

MAX phases. MAX phases are highly damage tolerant, oxidation resistant at high temperatures, 

readily machinable and have a Vickers’s hardness values of 2-8 GPa [2-6]. MAX phases consist 

of over 6o different ternary carbides and nitrides. When n=1, 2, and 3 the series of MAX phases 

are known as 211, 312, and 413, respectively [2]. The unit cell of MAX phases for 3 different 

series of MAX phases are shown in Fig 1.2. Significant research has been done on MAX phases 

after Barsoum et al. synthesized MAX phases for the first time incorporating both the properties 

of metal and ceramic in the mid-1990s [4].  

 

 

Fig 1.2 Unit Cell for 211(a), 312 (b) and 413 (c) series of MAX phases [2]                                                               
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The layered structure of MAX phases indicate that it might show solid lubricity which is true as 

the first ever MAX phase, Ti3SiC2, was felt lubricious [4].  

      In this research, Ti3SiC2 was used as the primary MAX phases; thereafter three more MAX 

phases (V2AlC, Cr2GaC and Cr2AlC) were used.  

1.2 Background Study of Polymer Matrix Composites 

      Generally, polymers can be classified into two types, thermoplastic and thermoset. Both 

thermoset and thermoplastic polymers are mostly used for fabricating polymer matrix composites 

[7]. In recent years, polymers have become attractive materials for different applications due to 

theirs low weights, ease of processing and low cost [7]. Hence there are many attempts to improve 

the properties of polymers by various reinforcements including fiber reinforcement [8]. Fiber-

reinforced polymer matrix composites are important due to their high strength, light weight, and 

low friction coefficient and now being used in different household works to aerospace applications 

[7-10]. Carbon fibers are widely used as reinforcements in polymer matrix composites as carbon 

fibers have the highest modulus of elasticity and strength [10].  

 

Fig 1.3 Predicted and experimental result of tensile modulus of jute-reinforced PP composites 

[8] 
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      Currently, natural fibers are being used as an alternative to glass fiber and carbon fiber due to 

their environmental benefits over other fibers.  

      The natural fibers are low-cost fibers with low density and high specific properties. These are 

also nonabrasive and biodegradable [11]. From Fig. 1.3 [8], it was observed that natural fibers can 

increase the tensile strength of the polymer matrix composite when the weight ratio of the fiber is 

increased in the polymer matrix up to an optimum value; after that the tensile strength decreased 

a bit. Also, Emad Omrani et al. [7] found that friction coefficient and wear rate of the polymer 

matrix composite reinforced with fiber (natural or artificial) is much lower than the original 

polymer. During the same study, the researchers also found that seed oil palm reinforced polyester 

composites shows similar wear behavior as woven glass reinforced polyester. Emad Omrani et al. 

[7] also suggested that natural fiber can replace the glass fiber as a reinforcement for polymer 

composites. Another group of researchers found that the addition of carbon nanotube and carbon 

fiber fabric can increase the mechanical strength of the polymer matrix composite [12]. From the 

background study, it was observed that a lot of work has been done to improve the mechanical and 

tribological behavior of polymer matrix composite. During this research, the impact of MAX 

phases as a reinforcement to the polymer matrix composite is studied.  

1.3 Introduction of MAX Reinforced Polymers (MRPs) 

      MAX reinforced polymers (MRPs) are composites made out of polymer matrix where MAX 

phase is used as the particulate reinforcement. Gupta et al. [2] showed that MAX phases at room 

temperature shows dual characteristics; in stage one they show low friction coefficient and wear 

but in stage two they show high friction coefficient and wear. It is because of the formation of third 
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body abrasion in the later stage (Fig. 1.4). But at high-temperatures MAX phases show low friction 

coefficient and negligible wear [2]. 
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Fig. 1.4 Tribological performance of MAX phases at room temperature [2] 

      From the study of MRM composites by Gupta et al. [13-17] it is well established that at room 

temperature MAX phases are an outstanding materials to use as particulate reinforcement. When 

composites are made of metal matrix and MAX phases are used as a particulate reinforcement it 

is called max reinforced metal (MRM) [14]. Gupta et al. showed that MAX phases can be used as 
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a particulate reinforcement to the metal matrix. When MAX phases are used as a particulate 

reinforcement it usually enhanced the mechanical properties as well as the tribological properties 

of metal matrix composites [13-16]. Gupta et al. [14] also claimed that the addition of MAX phases 

in the metal matrix also imparts self-lubricity in the MRM composites. So it is fairly interesting to 

investigate what happens when MAX phases are introduced into a polymer matrix. Polymers are 

low-density materials. Polymers and their composites are extensively used in automobile, 

aerospace, and chemical sectors because of their properties like light weight, excellent strength-

to-weight ratios and resistance to corrosion [17]. In general, ceramic particles are added to the 

polymer matrix as particulate reinforcement to increase the mechanical and tribological behavior 

of polymer matrix composites [18]. Recently, Gupta et al. claimed that the addition of hard, 

machinable, conductive and lubricious MAX particles can impart self-lubricity and improve the 

mechanical and tribological behavior of epoxy matrix composites [18].  

 

Fig 1.5 Mechanical performance of epoxy-Ti3SiC2 composites [18] 
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      Fig 1.5 shows that the addition of MAX phases increased the yield strength of the epoxy matrix 

composites. Also, Fig 1.6 shows the friction coefficient of the MAX-Epoxy composites decreases 

with the increasing percent content of MAX phase. Also, the wear rate of the MAX-Epoxy 

composite decreases until a certain percent content of MAX phases in the Epoxy matrix [18]. 

Unfortunately not many works have been reported in the literature on the design of MAX 

reinforced polymer matrix composites other than the Epoxy-Ti3SiC2 composites by Gupta et al. 

[18].  

 

 

Fig 1.6. Tribological performances of Epoxy-Ti3SiC2 composite against Inconel 718 substrate 

[18] 

      During this thesis, a wide range of thermoplastic polymers will be selected to fabricate the 

MAX reinforced polymers. As a starting point, Ti3SiC2 will be used as the primary MAX phase 
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to work with; thereafter different MAX phases (Cr2AlC, V2AlC and Cr2GaC) will be used to 

fabricate MAX reinforced polymers. Powders of MAX phases and polymers will be mixed 

according to the volumetric ratio and then heated to a desired temperature (for example 450º C for 

PEEK-based MAX reinforced polymers, 350º C for Nylon and Teflon based MAX reinforced 

polymers) at a heating rate of 5º C/min will be used to fabricate these composites. After reaching 

the desired temperature; the samples will be held for 20 minutes at that temperature and then a 

pressure of 120 MPa will be applied. Thereafter, the sample will be cooled in the environmental 

air. The hardness of the fabricated sample will be measured by Vickers's hardness tester. Then the 

sample will be machined into a 3 mm cubic shape to do the tribology test and compressive test. 5 

KN load cell will be used for testing the compressive strength of the MAX reinforced polymers 

composites. The CSM tribometer will be used for the tribology study of these composites. All the 

tribology studies will be performed by a tab on disc method at 5 N load and 31 cm/s linear speed. 

SEM and EDS study will be done to study the surface of the composites and the micro constituent 

of the tribo films. Gupta et al. [2] had proposed a method of classifying tribofilms. Tribofilms are 

classified according to the face contributing to the formation of tribofilms. Details of the proposed 

method is listed in the Table 1.1. 

      It is expected the MAX reinforced polymers composite will show a higher hardness than the 

original polymer matrix due to the addition of harder MAX phases. It is also expected that the 

porosity of the samples will increase with the increase of percentage content of MAX phase. The 

MAX reinforced polymers are also expected to have higher mechanical strength than the polymer 

in pure form. But the most important anticipation of the study is that there will be a significant 

tribological improvement in MAX reinforced polymers than original polymer matrix at self-
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mating. As it is well-known that MAX phase can show self-lubricity, the researchers expect that 

MAX phase will impart lubricity in the MAX reinforced polymers composite thus help to decrease 

the friction coefficient and wear rate of the MAX reinforced polymers composites.  

Table 1.1 A novel method of classifying tribofilms [2] 

Source of tribofilms Tribofilms Temperature Characteristics 

MAX phase 

Ia Ambient 

Barely visible to naked eyes and 

iridescent layers or spots observed by 

optical microscopy  

 Ib  Powdery and abrasive third body 

 Ic  

Patchy lubricious tribofilms on the 

surface 

 

Id 550 ◦C 

Completely or partially triboxidized 

lubricrious and/or antiwear triboxides  

Inconel 718 IIa  “Glazed” lubricious oxides 

 IIb  

Glazed and multiple layered lubricous 

oxides 

Both MAX or MAX/Ag 

and SA’s surface 

IIIa Ambient 

barely visible to naked eyes and 

amorphous thin layers over each 

tribosurface by SEM  

 IIIb Thermal cycling Glazed and multiple layered 

MAX/Ag 

IVa Ambient 

Lubricious and no phase separation 

observed in the microscale  

 IVb 550 ◦C Phase Separated 

 

      It is also expected that a lubricious tribofilm will form in the interface of contacting surfaces 

which helps to reduce the friction and wear. These novel materials can be used for different multi-

functional applications, such as in bearing materials.
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CHAPTER II 

SYNTHESIS AND TRIBOLOGICAL BEHAVIOR OF NOVEL WEAR 

RESISTANT PEEK-Ti3SiC2 COMPOSITES 
  

2.1 Introduction 

 

      Poly ether ether ketone (PEEK) is a promising material for numerous engineering applications, 

such as, aerospace, military, nuclear plants, chemical process equipment and oil-well applications 

as it is bestowed with excellent properties like abrasion resistance, low water absorption, excellent 

chemical and hydrolysis resistance, durability in steam or high pressure environments without any 

detrimental effects on properties, very low flammability, and low emissions of smoke and toxic 

gas during combustion [1-4]. One of the successful method of further improving the properties of 

high performance polymers like PEEK further is by using fillers like graphene [5], WS2 [5], carbon 

nanotube [5, 6], Al2O3 [7, 8], SiO2 [8], Si3N4 [9], SiC [10, 11], glass Fibers [12], PTFE [13], h-BN 

[14], and CuS [15]. Table 2.1 summarizes the tribological behavior of PEEK composites against 

metal counterparts. Interestingly, similar studies for self-mating are lacking [16]. High 

performance polymers based polymer-on-polymer devices can have various applications; for 

example, Scholes and Unsworth [16] have envisioned that all-polymer combinations may provide 

engineers with new approaches for designing novel medical devices. It is expected that novel high 

performance devices can be designed by adding hard, machinable, conductive, oxidation resistant, 

and lubricous particles in a polymer matrix. MAX phases are excellent candidate as filler materials.
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      Recently, Gupta et al. [23-24] reported for the first time the fabrication of novel MAX-Polymer 

composites by incorporating Ti3SiC2 particulates (MAX Phase) in epoxy and UHMWPE (Ultra 

High Molecular Weight Polyethylene) matrix. These composites showed enhanced mechanical 

and tribological performance as compared to the base polymeric matrix. More particularly, 

UHMWPE-Ti3SiC2 composites showed excellent tribological behavior during self-mating, for 

example, the µmean decreased from ~0.54 in UMHWPE to ~0.15 in 35 vol% Ti3SiC2-UHMWPE 

[24]. In this Chapter II, we report for the first time the synthesis and characterization of Ti3SiC2 – 

PEEK composites. This study was already published in the Proceedings of the Institution of 

Mechanical Engineers, “Synthesis and Tribological Behavior of Novel Wear Resistant PEEK-

Ti3SiC2 composites”, S. Ghosh, R. Dunnigan and S. Gupta, Journal of Engineering Tribology, 

2016, DOI: 10.1177/1350650116648868. 

2.1 Experimental Methods 

      PEEK (average particle size 20 µm, Goodfellow Cambridge Limited, Huntingdon, England) 

and Ti3SiC2 (-325 mesh, 40-50 µm, Kanthal, Hallstahammar, Sweden) powders were used to 

fabricate composites. During this study four different compositions were designed by reinforcing 

PEEK matrix with 5 vol% (PEEK-5%312Si), 10 vol% (PEEK-10%312Si), 20 vol% (PEEK-

20%312Si), and 30 vol% Ti3SiC2 (PEEK-30%312Si), respectively. All the samples were produced 

by hot pressing (HP). The required amount of powders were dry ball milled (8000 M mixer Mill, 

SPEX SamplePrep, Metuchen, NJ) for 30 minutes. All the powders were then poured in a die (EQ-

Die-12D, MTI Corporation, Richmond, CA).  The compositions were then sintered by hot pressing 

(HP) (Model EQ-HP-6T, MTI Corporation, Richmond, CA) in atmospheric air.  
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Table 2.1: Summary of tribological behavior of PEEK samples 

 

Surface 
Countersurface Filler Conditions 

WR 

(mm3/N.m) 
Friction 

Ref. 

100Cr6 

cylinder 
PEEK No Fillers Linear reciprocating,  1 MPa, 3 x 10-6  0.6 

  

  
  WS2 (fullerene, 2 wt%) and 0.05 m/s 2 x 10-6 0.45 

  

  
  WS2 (needle like particle, 2 wt%)    1 x 10-6 0.75 

5 

  
  

CNT (multi-wall carbon 

nanotubes, 2 wt%) 
   3 x 10-6 0.45 

  

  
  GNP (Graphene, 2 wt%)    9 x 10-6 0.6 

  

AISI 1045 

Steel 

PEEK 

   

No Fillers 
Block-on-Ring, 196 N, and 

0.42 ms-1 
13 x 10-6  0.33 

  

  
PTFE (10 wt%)   5 x 10-6 0.25 

7 

  
Al2O3 (500 nm, 5 wt%)   7.5  x 10-6  0.33 

  

  

Al2O3 (500 nm, 5 wt%) and 

PTFE (10 wt%) 
  10  x 10-6  0.27 

  

Plain Carbon 
  

PEEK 

  

No Fillers 
Ring-on-Block, 196 N, and 

0.42 ms-1 
7 x 10-6 0.375 

9 

  
 Si3N4 (<50 nm, 8 wt%)   

1 x 10-6 0.25   

Plain Carbon   PEEK 

  

No Fillers   7 x 10-6 
0.275 10 

  
 SiC (<100 nm, 10 wt%)   4 x 10-6 0.21 

  

100C6 PEEK 

  

No Fillers Ball-on-disc, 5 N, and 0.5 m/s 50 x 10-6 0.3 11 

  
 SiC (2-3 µm, 7 wt%)   20 x 10-6 0.4   

AISI 1045 

Steel 

 

 

PEEK 

  

  

No Fillers 
Pin-on-disc, 8 MPa, and 0.25 

m/s 
5 x 10-6 0.21   

30 wt% Carbon Fibers   0.6 x 10-6 0.18 12 

  
30 wt% Glass Fibers   0.9 x 10-6 0.25 

  

AISI 304  

  

  

PEEK 

  

  

No Fillers 
Linear reciprocating, 6.25 

MPa, 50.8 mm/s 
5 x 10-3 0.13 

13 

32 wt% PTFE   2 x 10-9 0.115 
  

50 wt% PTFE   2 x 10-8 0.11 
  

Hardened 

Steel  PEEK No Fillers Ball-on-Disc, 5 N,  0.1 m/s,  
40 x 10-6 

0.24 14 

    
h-BN (0.5 µm, 8 wt%) 

  30 x 10-6 0.25   

PEEK-

OPTIMA PEEK-OPTIMA No Fillers 

Multidirectional  pin-on-

plate, 2 MPa, 4.5 x 10-6 NA   

CFR-PEEK 

(PAN) 

CFR-PEEK 

(PAN) Carbon Fibers 

25 mm stroke length, 2-5 

million cycles, 0.3 x 10-6 NA 16 

CFR-PEEK 

(Pitch) 

CFR-PEEK 

(Pitch) Carbon Fibers 1 Hz frequency 0.9 x 10-6 NA   
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      During HP, samples were heated at 5o C/min to 450o C, then they were held at 450o C for 20 

min, thereafter a uniaxial compressive stress of ~120 MPa was applied for 5 minutes, and the 

furnace was slowly cooled to ambient temperature. The hot pressed samples were then demolded 

from the die, and used for further characterization. For comparison, pristine PEEK compacts were 

also prepared by following the above-mentioned procedure.  

      Samples were mounted on aluminum mounts and coated with Au/Pd using a Balzers SCD 030 

sputter coater (BAL-TEC RMC, Tucson, AZ).  SE (Secondary Electron) and BSE (Back Scattered 

Electron) images were obtained by using a JEOL JSM-6490LV Scanning Electron Microscope 

(JEOL USA, Inc., Peabody, Massachusetts). X-ray information was obtained via a Thermo 

Nanotrace Energy Dispersive X-ray detector with NSS-300e acquisition.  In this Chapter II, the 

researcher will use a procedure outlined by Gupta et al. [21, 22] to characterize the chemical 

composition of the tribosurfaces. Briefly, two asterisks will be used to designate a chemically 

uniform region at the micron level as quantified by Energy Dispersive Spectroscopy (EDS). These 

regions will be designated as *microconstituent* to emphasize that these areas are not necessarily 

single phases. The presence of C in these tribofilms is shown by adding {Cx} in the composition.  

Prior to hardness testing all composites were polished (Ra < 1µm) and then tested on a Vicker’s 

micro-hardness indentor (Mitutoyo HM-112, Mitutoyo Corporation, Aurora, IL). Vicker’s 

hardness was measured by loading the samples at 2.9 N for 15 s. An average of five readings for 

each composite was measured and is reported in this text.  

      All the tribology studies were then performed by a tab-on-disc tribometer (CSM Instruments 

SA, Peseux, Switzerland) at 5 N (~0.3 MPa), 31 cm/s linear speed, 5000 m sliding distance, ~9 

mm track radius, and ~264 min cycling time. The HP samples were cut into tabs with dimensions 
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of ~4 mm x ~4 mm (cross-section) x ~3 mm (thickness). The HP samples were also used as disks 

(substrates). For each composition, a set of three experiments was performed. A surface 

profilometer (Surfcom 480A, Tokyo Seimitsu Co. Ltd., Japan) was used to measure surface finish 

of all the samples after polishing. Table 2.2 summarizes the surface finish of all the samples before 

and after tribology testing. Three experimental studies were performed for each composition to 

determine the surface roughness. The data analysis was performed by calculating an average of 

friction coefficient (µ) readings during a single experiment; thereafter, an average of three mean 

values from three experiments was calculated and reported in the text as µmean. The masses of the 

tabs and disks were measured before and after the testing by a weighing scale (XA 83/220/2X, 

Radwag, Radom, Poland). The specific wear rate (WR) was calculated from: 

                                     WR = (mi – mf)/(ρ.N.d)  ---------------------------(I) 

      where, mi is the initial mass, mf is the final mass, ρ is density of the composite, N is the applied 

load, and d is the total distance traversed by the static partner during the tribology testing. In the 

text, total WR of both the tabs and disks is reported and will be referred to as WR.   

Table 2.2: The surface roughness before and after the tribological testing 

 

  

 

 

 

 

 

 

Tribocouples 
Substrate (Ra) (µm) Tab (Ra) (µm) 

Before After Before After 

PEEK 0.30±0.01 0.20±0.04 0.19±0.01 0.25±0.01 

PEEK-5%312Si  0.17±0.04 0.23±0.02 0.15±0.02 0.18±0.01 

PEEK-10%312Si  0.20±0.07 0.26±0.02 0.17±0.03 0.26±0.04 

PEEK-20%312Si  0.63±0.14 0.24±0.12 0.32±0.06 0.23±0.06 

PEEK-30%312Si  1.37±0.37 2.06±0.51 0.97±0.15 2.06±0.51 
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2.3 Results and Discussion 

2.3.1 Investigation of the Microstructures 

Figure 2.1 shows the SEM micrographs of Ti3SiC2- PEEK composites. Ti3SiC2 particulates are 

well-dispersed in the PEEK matrix when the concentration of Ti3SiC2 particulates is ~5 and 10 

vol% Ti3SiC2, respectively (Figs. 2.1a-d). However, in PEEK-20%312Si (Figs. 2.1e-f) and PEEK-

30%312Si (Figs. 2.1 g-h) some signs of agglomeration and porosities in the microstructure were 

observed. Figure 2.2a plots the variation of porosity (Y1 axis) and hardness (Y2 axis) versus PEEK 

concentration. Clearly, as the concentration of Ti3SiC2 particulates was increased in the PEEK 

matrix, the porosity of the sample was increased. This observation corroborates the microstructural 

features observed by SEM analysis (Fig. 2.1).  

      In earlier studies, we have observed similar behavior where the addition of stiffer Ti3SiC2 

particulates make the densification of these composites difficult [25, 26]. Comparatively, the 

hardness of PEEK sample was ~141 MPa, it increased to ~169 MPa in PEEK-5%312Si; thereafter, 

it decreased gradually to ~152 MPa and ~123 MPa in PEEK-80%312Si and PEEK-70%312Si, 

respectively (Fig. 2.2a). The increase in porosity of the composites with the concentration of 

Ti3SiC2 is responsible for the lower hardness of the composites at higher concentration of Ti3SiC2 

particulates in the PEEK matrix.  

2.3.2 Tribological Behavior 

      Figure 2.2b shows µ versus distance profiles of different Ti3SiC2-PEEK composites during 

self-mating. In all cases, µ was stable during the tribological testing. The PEEK had a µ mean of 

~0.19, and it gradually decreased to ~0.14 in PEEK-10%312Si; thereafter, it increased to ~0.21 in 

PEEK-20%312Si, and retained similar value in PEEK-30%312Si sample (Fig. 2.2c). 
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Figure 2.1: SEM SE image of the polished surface of (a) PEEK-5%312Si PEEK (inset shows the 

SEM SE polished surface of PEEK) surface, (b) BSE image of the same region, (c) PEEK- 

10%312Si PEEK, (d) BSE image of the same region, (e) PEEK-20%312Si PEEK, (f) BSE image 

of the same region, (g) PEEK-30%312Si PEEK, and (h) BSE image of the same region. 
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Figure 2.2: Plot of (a) porosity (Y1 axis) and Hardness (Y2 axis), (b) friction coefficient (μ) 
versus distance, (c) mean friction coefficient (μmean), and (d) total WR versus PEEK 

concentration (vol%) of different PEEK-Ti3SiC2 composites. 

 

      The concomitant WR of PEEK was ~2.4 x 10-5 mm3/N.m (Fig. 2d), it decreased sharply to ~9.1 

x 10-7 mm3/N.m in PEEK-5%312Si; thereafter it increased to ~6.5 x 10-6 mm3/N.m, ~1.4 x 10-6 

mm3/N.m, and ~3.0 x 10-5 mm3/N.m in PEEK-10%312Si, PEEK-20%312Si, and PEEK-30%312Si 

samples, respectively. Several factors like porosity, phase boundary decohesion between Ti3SiC2 
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particulates and polymer matrix can account for this behavior. More detailed studies are needed to 

understand the effect of each of these parameters. 

2.3.3 Investigation of Tribosurfaces and Potential Mechanism 

      Figure 2.3 shows the SEM micrographs of the PEEK (Fig. 2.3a) and PEEK-20%312Si (Figs. 

2.3b-d) after the tribology testing. The PEEK surface (Fig. 2.3a) was covered with adhesive wear 

marks whereas the PEEK-20%312Si surface did not show any wear marks in SE, but in BSE minor 

wear marks were visible. Clearly, there was negligible mass transfer between the tribosurfaces 

although mild oxidation of Ti3SiC2 particulates were observed. For example, a microconstituent 

region (1) had a chemistry of *(Ti0.8Si0.2)O0.03{Cx})* (Fig. 2.3d). The surface roughness of the 

samples (tabs and discs) also retained similar values before and after the testing process (Table 

2.2). Gupta and Barsoum [21] had proposed a classification system for tribofilms. They designated 

Type III tribofilms as those tribofilms which are formed by triboreactions at both the counter and 

MAX or MAX based composite surfaces. More particularly, Type IIIa can be classified as those 

tribofilms which are barely visible to naked eyes and for amorphous thin layers over each 

tribosurface by SEM analysis.  Thus, by using the classification proposed by Gupta and Barsoum 

[21], the tribofilms formed on the PEEK-20%312Si surface can be classified as Type IIIa. Due to 

the complexity of the tribological testing, it is fairly difficult to have a direct comparison of the 

results obtained during this study with other PEEK-based particulate composites, especially during 

self-mating [16]. However, based on the results summarized in Table 2.1, for example, CFR-PEEK 

showed an improvement of 1.5 times in WR as compared to PEEK samples during self-mating 

whereas PEEK-5%312Si tribocouple showed 27 times more wear resistance than PEEK 
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tribocouples. Clearly, PEEK-Ti3SiC2 composites are promising materials for tribological 

applications.  

 

 

Figure 2.3: SEM SE images of (a) PEEK (inset shows the schematics of adhesive wear), (b) 

PEEK-20%312Si (inset show the schematics of lubricous and WR Type IIIa tribofilm), (c) BSE 

image of the same region, and (d) higher magnification of the encircled region in (c) after 

tribology testing (the chemistry of micro-constituent region 1 is *(Ti0.8Si0.2)O0.03{Cx}* 

      

2.4 Conclusions 

      1. During self-mating, Ti3SiC2-PEEK showed better solid lubrication behavior than PEEK; for 

example, as the Ti3SiC2 content in PEEK was increased from 0 to 35 vol%, the µmean decreased 
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from ~0.19 to ~0.14 in PEEK-10%312Si, thereafter, it increased to ~0.21 in PEEK-20%312Si and 

PEEK-30%312Si, respectively. 

      2. PEEK-5%312Si tribocouple showed the lowest wear rate, and was 27 times more wear 

resistant than PEEK tribocouples.  

      3. By using the tribofilm classification proposed by Gupta and Barsoum [21], the tribofilms 

formed on PEEK-20%312Si surfaces were classified as Type IIIa. 
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CHAPTER III 

NOVEL SELF LUBRICATING TEFLON-Ti3SiC2 and NYLON-Ti3SiC2 

3.1 Introduction 

      Solid lubrication can be attractive due to a variety of reasons like simplicity, cleanliness, low 

expense, quiet operation, low maintenance, low outgassing and high temperature capability [1]. A 

low wear solid lubricant is needed for either (a) maintaining long life, or (b) maintaining proper 

kinematics. Very few materials, however, exhibit low friction and low wear, so the designer is 

forced to add cost and complexity to accommodate one or the other [1]. Polymers filled with 

inorganic particulates have emerged as potential materials for solid lubrication applications in 

polymers, for example, in Teflon [2-10] and Nylon [11-14] based polymeric systems. Tables 3.1 

and 3.2 summarize the tribological behavior of different Teflon and Nylon based composites. 

Recently, Gupta et al. [21-23] reported the fabrication of novel MAX-Polymer composites 

(MAXPOLs) by incorporating Ti3SiC2 particulates (MAX Phase) in epoxy, and UHMWPE (Ultra 

High Molecular Weight Polyethylene). In Chapter II, Polyether ether Ketone (PEEK) composites 

with Ti3SiC2 composites has been discussed. These composites showed enhanced mechanical and 

tribological performance as compared to the base polymeric matrix. More particularly, UHMWPE-

Ti3SiC2 composites showed excellent tribological behavior during self-mating, for example, the 

µmean decreased from ~0.54 in UMHWPE to ~0.15 in 35 vol% Ti3SiC2-UHMWPE.
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Table 3.1 Summary of WR and friction coefficient of different PTFE-based tribocouples 

 

 

 

Surface 
Countersurface Filler Conditions WR (mm3/N.m) Friction Ref.  

PTFE Stainless Steel 0 vol% ZnO nanoparticles 

Ring-on-Block, 200 N, 

0.431 m/s 

 

 

0.001 0.2 

2 

 

 

PTFE Stainless Steel 5 vol% nanoparticles 8.3E-05 0.21 

PTFE Stainless Steel 10 vol% nanoparticles 1.9E-05 0.2 

PTFE Stainless Steel 20 vol% nanoparticles 1.9E-05 0.21 

PTFE Stainless Steel 30 vol% nanoparticles 3.6E-05 0.21 

PTFE Steel 0 wt% Ultrafine Diamond 
Ring-on-Block, 200 N, 

0.42 m/s 

 

0.00062 0.22 
 

3 

 

PTFE Steel 5 wt% 0.00004 0.2 

PTFE Steel 10 wt% 0.000026 0.22 

PTFE Chromium Steel 0 wt% n-MoS2 Shaft-Partial Bearing, 0.5 

MPa, 50 cm/s 

 

0.0007 0.26 
4 

 PTFE Chromium Steel 1 wt% n-MoS2 0.0002 0.21 

PTFE Stainless Steel 0 vol%   CNT 

Ring-on-Disk, 200 N, 200 

r/mm 

 

 

0.0008 0.205 

5 

 

 

PTFE Stainless Steel 5 vol% CNT 0.000009 0.1875 

PTFE Stainless Steel 10 vol% CNT 0.000003 0.185 

PTFE Stainless Steel 20 vol% CNT 0.000002 0.175 

PTFE Stainless Steel 0 vol% B2O3 Pin-on-Disk 312 N, 0.025 

m/s 

 

0.001 - 

6 

 

PTFE Stainless Steel 5 vol% B2O3 0.0006 - 

PTFE Stainless Steel 25 vol% B2O3 0.00001 - 

PTFE Stainless Steel 0 wt% Al2O3 

Pin-on-Disk, 260 N, 50 

mm/s 

 

 

0.00035 0.15 

7 

 

 

PTFE Stainless Steel 4 wt% Al2O3 (38 nm) 0.00002 0.22 

PTFE Stainless Steel 8 wt% Al2O3 (38 nm) 0.00001 0.21 

PTFE Stainless Steel 20 wt% Al2O3 (38 nm) 0.0000012 0.19 

PTFE 

304 Stainless 

Steel 0 wt% Additions 

Pin-on-Disk, 3.1 MPa, 

0.01 m/s 

 

0.0007 0.18 

 

8 

 

PTFE 

305 Stainless 

Steel 5 wt% 20 µm Al2O3 0.00001 0.18 

PTFE 

306 Stainless 

Steel 5 wt% 40 nm Al2O3 0.0000001 0.19 

PTFE Stainless Steel 1 wt% Al2O3 (80 nm) (99% alpha) 

Pin-on-Disk, 250 N, 50.8 

mm/s 

 

 

0.0000002 0.23 

9 

 

 

PTFE Stainless Steel 2 wt% Al2O3 (80 nm) (99% alpha) 0.0000003 0.27 

PTFE Stainless Steel 5 wt% Al2O3 (80 nm) (99% alpha) 0.00000013 0.18 

PTFE Stainless Steel 

10 wt% Al2O3 (80 nm) (99% 

alpha) 0.0000002 0.3 

PTFE PTFE No Fillers Pin-on-Disk, 2 N, 0.2 m/s 0.0014 0.3 24 

PTFE PTFE No Fillers Block-on-Disk, 5 N, 50 

cm/s 

 

 

 

 

0.0007 0.27   

  

This 

study 

  

  

PTFE PTFE 5 vol% Ti3SiC2 0.00005 0.22 

PTFE PTFE 10 vol% Ti3SiC2 0.00001 0.25 

PTFE PTFE 20 vol% Ti3SiC2 0.000015 0.23 

PTFE 

 
 

PTFE 

 

30 vol% Ti3SiC2 

 

0.000016 

 

0.25 
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Table 3.2 Summary of WR and friction coefficient of different Nylon-based tribocouples 

 

 

Surface 
Countersurface Filler Conditions 

WR 

(mm3/N.m) 
Friction 

Ref. 

Nylon 1010 Steel Ring 

0 wt% ZnO Particles (50 

µm diameter) 

Block-on-Ring, 100 N, 0.42 

m/s 

 

 

 

 

 

 

 

0.0064 0.3 

11 

 

 

 

 

 

 

 

Nylon 1010 Steel Ring 

5 wt% ZnO Particles (50 

µm diameter) 0.0064 0.44 

Nylon 1010 Steel Ring 

10 wt% ZnO Particle (50 

µm diameter) 0.0047 0.43 

Nylon 1010 Steel Ring 

15 wt% ZnO Particles (50 

µm diameter) 0.0064 0.43 

Nylon 1010 Steel Ring 

20 wt% ZnO Particles (50 

µm diameter) 0.006 0.43 

Nylon 1010 Steel Ring 

5 wt% ZnO Whisker (25 µm 

diameter) 0.0063 0.4 

Nylon 1010 Steel Ring 

10 wt% ZnO Whisker (25 

µm diameter) 0.006 0.43 

Nylon 1010 Steel Ring 

15  wt% ZnO Whisker (25 

µm diameter) 0.0055 0.45 

Nylon 1010 Steel Ring 

20  wt% ZnO Whisker (25 

µm diameter) 0.0035 0.43 

Nylon 6 Chromium Steel 0 wt% Glass Fiber Ball-on-Disk, 40 N, 200 rpm 

 

 

0.000028 0.21 

12 

 Nylon 6 Chromium Steel 15 wt% Glass Fiber 0.000016 0.21 

Nylon 6 Chromium Steel 0 wt% Addition 

Pin-on-Disk, 5 N, 477 rpm 

 

NA 0.1 

13 

 Nylon 6 Chromium Steel 

1 wt% IF (Inorganic 

Fullerene) -WS2 

nanoparticles NA 0.075 

PA6 (80 wt%) /PPS 

(20 wt%) Chromium Steel 0  wt% Addition 

Ball-on-Disk, 15 N, 1000 

rpm 

 

 

 

0.000055 0.4 

14 

 

 

 

PA6 (80 wt%) /PPS 

(20 wt%) Chromium Steel 

5 wt% Carbon Fibers (300 

mesh) 0.00008 0.355 

PA6 (80 wt%) /PPS 

(20 wt%) Chromium Steel 

10 wt% Carbon Fibers (300 

mesh) 0.00009 0.34 

PA6 (80 wt%) /PPS 

(20 wt%) Chromium Steel 

15 wt% Carbon Fibers (300 

mesh) 0.0001 0.36 

PA66 PA66 x 

Pin-on-Disk, 2 N, 0.2 m/s 

 0.00016 0.6 24 

Nylon 6 Nylon 6 0 

Block(Tab)-on-Disk, 5 N, 50 

cm/s 

 

 

 

 

0.0003 0.185 

 

This 

study 

 

 

 

Nylon 6 Nylon 6 5 vol% Ti3SiC2 0.0002 0.25 

Nylon 6 Nylon 6 10 vol% Ti3SiC2 0.00015 0.26 

Nylon 6 Nylon 6 15  vol% Ti3SiC2 0.00017 0.27 

Nylon 6 Nylon 6 20  vol% Ti3SiC2 0.00017 0.28 
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      Comparatively, during self-mating, the WR of UHMWPE surfaces was ~1.6 x 10-4 mm3/N.m, 

whereas in 5 vol% Ti3SiC2-UHMWPE and 20 vol% Ti3SiC2-UHMWPE, the WR became 

negligible (<4 x 10-7 mm3/N.m), thereafter, the total WR increased to ~2 x 10-6 mm3/N.m in 35 

vol% Ti3SiC2-UHMWPE [22].  Similarly, during self-mating, Ti3SiC2-PEEK composites showed 

better tribological behavior than PEEK, for example, as the Ti3SiC2 content in PEEK was increased 

from 0 to 35 vol%, the µmean decreased from ~0.19 to ~0.14 in PEEK-10%312Si, thereafter, it 

increased to ~0.21 in PEEK-20%312Si and PEEK-30%312Si, respectively. PEEK-5%312Si 

tribocouple showed the lowest wear rate, and was 27 times more wear resistant than PEEK 

tribocouples [23].  

      From application perspective, polymer-on-polymer tribocouples are especially promising as 

polymers are light-weight and not susceptible to galvanic corrosion, but there has been limited 

studies on these tribocouples due to adhesive wear, lower thermal conductivity, among others [24]. 

Some of the applications of polymer-on-polymer devices are microbearings [25], and biomedical 

applications for cervical total disc replacement and joint replacements [26-28]. The aim of this 

Chapter III of current thesis is to synthesis of Nylon-Ti3SiC2 and Teflon-Ti3SiC2 composites and 

characterization of their tribological behavior during self-mating. In general, the composites of 

MAX phases and polymers are referred to as MAXPOLs [22, 23]. It is important to distinguish 

different types of MAXPOLs composites. In this Chapter III, <30 vol% Ti3SiC2 is being used to 

fill the polymer matrix; thus, these types of novel composites will be referred to as MAX 

Reinforced Polymers (MRPs) to distinguish these novel composites from interpenetrating 

composites, or any other engineered derivatives. 
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3.2 Experimental Methods 

      Teflon (Polytetrafluoroethylene (PTFE), average particle size 20 µm, Goodfellow Cambridge 

Limited, Huntingdon, England), Nylon (Nylon 6 (PA 6), average particle size 15-20 µm, 

Goodfellow Cambridge Limited, Huntingdon, England) and Ti3SiC2 (-325 mesh, 40-50 µm, 

Kanthal, Hallstahammar, Sweden) powders were used to fabricate the composites. During this 

study four different compositions were designed by reinforcing PTFE matrix with 5 vol% (Teflon-

5%312Si), 10 vol% (Teflon-10%312Si), 20 vol% (Teflon-20%312Si), and 30 vol% Ti3SiC2 

(Teflon-30%312Si), and Nylon matrix with 5 vol% (Nylon-5%312Si), 10 vol% (Nylon-

10%312Si), 20 vol% (Nylon-20%312Si), and 30 vol% Ti3SiC2 (Nylon-30%312Si), respectively. 

All the samples were produced by hot pressing (HP).  

      The required amount of powders were dry ball milled (8000 M mixer Mill, SPEX SamplePrep, 

Metuchen, NJ) for 30 minutes. All the powders were then poured in a die (EQ-Die-12D, MTI 

Corporation, Richmond, CA).  The compositions were then sintered by hot pressing (HP) (Model 

EQ-HP-6T, MTI Corporation, Richmond, CA) in atmospheric air.  During HP, samples were 

heated at 5o C/min to 350o C, then they were held at 350o C for 20 min, thereafter a uniaxial 

compressive stress of ~120 MPa was applied for 5 minutes, and the furnace was slowly cooled to 

ambient temperature. The hot pressed samples were then demolded from the die, and used for 

further characterization. For comparison, pristine Teflon and Nylon compacts were also prepared 

by following the above mentioned procedure.  

      Samples were mounted on aluminum mounts and coated with Au/Pd using a Balzers SCD 030 

sputter coater (BAL-TEC RMC, Tucson, AZ).  SE (Secondary Electron) and BSE (Back Scattered 

Electron) images were obtained by using a JEOL JSM-6490LV Scanning Electron Microscope 
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(JEOL USA, Inc., Peabody, Massachusetts). The hardness measurements were performed on 

polished samples by using a Shore D hardness indentor (Model OS-1E, Precision Durometer, 

Electromatic Equipment Co., Inc., Cedarhurst, NY). Porosity of the sample was calculated by 

normalizing the measured density with theoretical density of the composites. All the tribology 

studies were then performed by a block-on-disc tribometer (CSM Instruments SA, Peseux, 

Switzerland) at 5 N (~0.3 MPa), 50 cm/s linear speed, 5000 m sliding distance, and ~10 mm track 

radius. The HP samples were cut into tabs with dimensions of ~4 mm x ~4 mm (cross-section) x 

~3 mm (thickness). The HP samples were also used as disks (substrates). For each composition, a 

set of three experiments were performed. A surface profilometer (Surfcom 480A, Tokyo Seimitsu 

Co. Ltd., Japan) was used to measure surface finish of all the samples after polishing. All the 

samples had Ra <1 µm (arithmetic mean roughness). The data analysis was performed by 

calculating an average of friction coefficient readings during a single experiment; thereafter, an 

average of three mean values from three experiments was calculated and reported in the text as 

µmean. The mass of the tabs and disks were measured before and after the testing by a weighing 

scale (XA 83/220/2X, Radwag, Radom, Poland). The specific wear rate (WR) was calculated from: 

                                     WR = (mi – mf)/(ρNd)  ---------------------------(I) 

where, mi is the initial mass, mf is the final mass, ρ is density of the composite, N is the applied 

load, and d is the total distance traversed by the static during the tribology testing. In the text, total 

WR of both the tabs and disks is reported and will be referred to as WR [21-23]. 

3.3Results and Discussion 

3.3.1 Investigation of the Microstructures 

Figure 3.1 shows the SEM micrographs of Ti3SiC2-Teflon composites. In general, Ti3SiC2 

particulates are well-dispersed in the Teflon matrix. Figure 3.2 shows the SEM micrographs of 
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Ti3SiC2-Nylon composites. Ti3SiC2 particulates are well-dispersed in the Nylon matrix at lower 

concentration (<10 vol%), but at higher concentrations, these particles are dispersed at phase 

boundaries of the composites (Fig. 3.2f). Similar behavior was also observed in Ti3SiC2-

UHMWPE composites where Ti3SiC2 segregated to the phase boundaries due to dewetting [22]. 

Figure 3.3 plots the variation of porosity (Y1 axis) and hardness (Y2 axis) versus Ti3SiC2 

concentration.  

 

Figure 3.1 SE SEM micrographs (a) Teflon, (b) Teflon-5%312Si, (c) BSE image of the same 

region, (d) Teflon-10%312Si, (e) BSE image of the same region, (f) Teflon-20%312Si, (g) BSE 

image of the same region, (h) Teflon-30%312Si, and (i) BSE image of the same region. 

 

      In general, the porosity of the samples increased as the concentration of Ti3SiC2 was increased 

in the particulate matrix which further corroborates the presence of porosities during SEM analysis 
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(Figs. 3.1 and 3.2). Previous studies on composites composed of Ti3SiC2-UHMWPE, and Ti3SiC2-

PEEK had also yielded similar results [22, 23]. 

 

 

Figure 3.2 SE SEM micrographs (a) Nylon, (b) Nylon-5%312Si, (c) BSE image of the same 

region, (d) Nylon-10%312Si, (e) BSE image of the same region, (f) higher magnification of the 

marked region, (g) Nylon-20%312Si, (h) BSE image of the same region, and (i) BSE image of 

Nylon-30%312Si. 

 

      Briefly, the addition of Ti3SiC2 particulates increases the stiffness of the compacted samples 

during processing which hinders the densification of these composites. As a result, the hardness 

of the samples increased as the concentration of Ti3SiC2 particulates was increased in the polymer 

matrix (Fig. 3.3). 
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Figure 3.3 Plot of Porosity (Y1 axis) and Hardness (Y2 axis) versus Ti3SiC2 additions for (a) 

Teflon-Ti3SiC2, and (b) Nylon-Ti3SiC2 composites. 
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Figure 3.4 Plot of friction coefficient versus (μ) sliding distance of different compositions of (a) 

Ti3SiC2-Teflon, (b) Ti3SiC2-Nylon, and (c) mean friction coefficient (μm) versus Ti3SiC2 

additions (vol%) (data of Ti3SiC2-UHMWPE [22] and Ti3SiC2-PEEK [23] composites are also 

inserted in the plot to show comparison). 

 

0

0.1

0.2

0.3

0.4

0.5

0 1000 2000 3000 4000 5000

F
ri

c
ti
o
n
 C

o
e
ff
ic

ie
n
t

Distance (m)

Teflon

Teflon-5%312Si
Teflon-10%312Si

Teflon-20%312Si
Teflon-30%312Si

(a)

0

0.1

0.2

0.3

0.4

0.5

0 1000 2000 3000 4000 5000

F
ri

c
ti
o
n
 C

o
e
ff
ic

ie
n
t

Distance (m)

Nylon

Nylon-5%312Si
Nylon-10%312Si

Nylon-20%312Si

Nylon-30%312Si

(b)

0

0.2

0.4

0.6

0.8

1

0 10 20 30 40

F
ri

c
ti
o
n
 C

o
e
ff
ic

ie
n
t

Teflon-Ti
3
SiC

2

PEEK-Ti
3
SiC

2

UHMWPE-Ti
3
SiC

2

Ti
3
SiC

2
 Additions (Vol%)

Nylon-Ti
3
SiC

2

(c)



31 
 

3.3.2 Tribological Behavior 

      Figures 3.4a and 3.4b show µ versus distance profiles of different Ti3SiC2-Teflon and Ti3SiC2-

Nylon composites during self-mating, respectively. In the former case (Fig. 3.4a), µ was stable 

during the tribological testing for all compositions, whereas Ti3SiC2-Nylon composites during self-

mating showed stable µ as a function of distance as compared to Nylon which showed erratic 

behavior. More particularly, µmean decreased marginally from ~0.27 in Teflon to ~0.25 in Teflon-

30%312Si, whereas µmean increased gradually from ~0.185 in Nylon to ~0.28 in Nylon-30%312Si, 

respectively (Fig. 3.4c). Comparatively, the overall trend in µmean was very similar to Ti3SiC2-

PEEK whereas Ti3SiC2-UHMWPE composites showed a more pronounced effect (Fig. 3.4a) [22, 

23]. The potential mechanism will be discussed in the next section. 

      The WR of Teflon was (7±1) x 10-4 mm3/N.m (Fig. 3.5a), it decreased to (5±3) x 10-5  mm3/N.m 

and (1±1.5) x 10-5  mm3/N.m in Teflon-5%312Si and Teflon-10%312Si, respectively, and 

thereafter retained a similar value of  (1.6±1.6) x 10-5  in Teflon-30%312Si samples. The WR of 

Nylon decreased marginally from (3±2) x 10-4 mm3/N.m in Nylon to (1.7±1.2) x 10-4 in Nylon-

30%312Si samples (Fig. 3.5a). Ti3SiC2-PEEK samples showed similar trend whereas in Ti3SiC2-

UHMWPE composites, the WR almost became negligible in UHMWPE-5%312Si and 

UHMWPE-20%312Si compositions (WR < 4 x 10-7 mm3/N.m) (Fig. 3.5a).  

      It is very difficult to compare tribological results of different groups as these are done under 

different conditions which are dependent on various applications. In general, the WR of Teflon 

during self-mating [24], and against different substrates varied between 10-3-10-4 mm3/N.m which 

are in the similar range as our results.  
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Figure 3.5 Plot of (a) WR versus Ti3SiC2 additions (data of UHMWPE-Ti3SiC2 and PEEK-

Ti3SiC2 is inserted for comparison [22-23]), and WR versus friction coefficient of different, 

(b)Teflon-based composites [Table 3.1], and (c) Nylon-based composites against different 

substrates 
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      For qualitative comparison, Figure 3.5b summarizes the WR versus µ plot of different Teflon-

based composite systems (for detailed references – please see Table 3.1).The self-lubricating and 

self-mating Ti3SiC2-Teflon tribocouples compares favorably with composites fabricated by the 

additions of ZnO [2], ultrafine diamond [3], MoS2 [4], B2O3 [5], and Al2O3 (micron sized 

particulates) [8]. These results are especially significant as they were observed during self-mating 

which open new avenues of novel polymer-on-polymer composites. Polymer based 

nanocomposites showed better results than the self-mating Ti3SiC2-Teflon composites. McElwain  

et al. [8] showed that the Teflon matrix filled with nano-fillers of alumina performed better than 

micron-sized fillers as nanocomposites deposited a thinner, well-adhered transfer film that is stable 

and consequently not abraded by nano-fillers (Fig. 3.5b, Table 3.1). Burris and Sawyer [9] in their 

pioneering work showed that irregular sized nano-fillers of alumina performed better that spherical 

nano-fillers of alumina. Later, Ye et al. [10] proposed that the tribology of these nanocomposites 

are governed by a complex interplay of transfer film adhesion, chemistry, debris morphology, and 

mechanics. For future studies, the effect of nano-fillers of Ti3SiC2 on the tribological behavior of 

Teflon-based composites will give a more direct comparison with nano-composites.  

      Figure 3.5c summarizes WR versus µ plot of different Nylon-based composite systems. The 

detailed data and references are listed in Table 3.2. Self-mating tribocouples of Ti3SiC2-Nylon 

composites compare favorably with ZnO (particulates or whiskers) [11], and other fibrous fillers 

[12, 14]. There have been very few studies to study the self-mating of Nylon-nylon tribocouples 

[24, 29]. For example, Jia et al. [24] observed higher wear in Nylon-Nylon self-mating by using 

oil lubrication as compared to dry lubrication due to reduction in mechanical strength because of 

the diffusion of oil into the outer layer. The prospect of using Ti3SiC2 particulates as antiwear 
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additive offers materials scientist more options for designing Nylon based polymer-on-polymer 

devices. 

3.3.3 Investigation of Tribosurfaces and Potential Mechanisms 

      Figure 3.6 shows the SEM micrographs of the Teflon (Figs.3.6a-b) and Teflon-20%312Si 

(Figs. 3.6c-f) tribocouples after the tribology testing. The Teflon surface (Figs. 3.6a-b) is riddled 

with adhesive wear marks. Comparatively, Teflon-20%312Si samples (Figs. 3.6c-f) showed 

minimal damage due to adhesive wear and minimal mass transfer between the tribosurfaces. In 

other words, no tribofilms was observed on both tribo-surfaces. The Ti3SiC2 particulates showed 

signs of mild oxidation (Fig. 3.6d). Comparably, Fig. 3.7 shows the SEM micrographs of Nylon 

(Figs.3.7a-b) and Nylon-20%312Si (Figs. 3.7c-f) tribocouples after the tribology testing. Nylon 

surfaces showed signs of adhesive wear whereas both surfaces of Nylon-20%312Si showed 

features like polymer ligaments, pull-out of Ti3SiC2 particulates due to abrasive wear by Ti3SiC2 

particulates. In addition, Ti3SiC2 particulates did not show any oxidation which indicates that there 

is no transfer film at the interface (Inset of Fig. 3.7f). By analyzing the two composite systems, it 

is clear that interactions between polymer and Ti3SiC2 particulates play a very critical role in wear 

determining process. Figure 3.8 shows simple schematics to summarize the tribological process. 

Adhesive wear is observed during self-mating of Teflon and Nylon (Figs. 3.8a1-a2). It is widely 

accepted in literature that the wear between polymer tribocouples is due to adhesion, and the exact 

mechanism has been a subject of detailed fundamental studies [24, 30, 31]. Based on the recent 

data [22], the tribological behavior of the MRPs during self-mating can be divided into three 

different scenarios. During case A, for example, Ti3SiC2-UHMWPE composites [22], if the 
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Ti3SiC2 particulates remain embedded in the polymer matrix during the tribological process then 

mild adhesive wear is accompanied by the formation of type IIIa tribofilms (Figs. 3.8b1-b2). 

 

 

Figure 3.6 SE SEM micrographs of (a) Teflon (block), (b) Teflon (disk), (c) Teflon-20%312Si 

(block), (d) BSE image of the same region (inset shows the higher magnification of the region 

marked in (d)), (e) Teflon-20%312Si (disk), and (f) BSE image of the same region after 

tribological testing. 
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Figure 3.7 SE SEM micrographs of (a) Nylon (block), (b) Nylon (disk), (c) Nylon-20%312Si 

(block), (d) BSE image of the same region, (e) Teflon-20%312Si (disk), and (f) BSE image of 

the same region after tribological testing (inset shows the higher magnification of the region 

marked in (f)). 
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      As a background, Gupta and Barsoum [19] had proposed a classification system for tribofilms 

according to triboreactions. Type III tribofilms are formed by triboreactions at both the counter 

and MAX or MAX based composite surfaces. These tribofilms were further classified into 

different sub-categories by taking into account the architecture of the tribofilms and chemical 

reactions. Type IIIa tribofilms were classified as those tribofilms which are barely visible to naked 

eyes and for amorphous thin layers over each tribosurface by SEM analysis.  During Case B, mild 

adhesive wear tracks and no visible tribofilms were observed [Fig. 8c1-c2]. There were no signs 

of abrasive wear in the polymer matrix which indicates that Ti3SiC2 particles are well adherent in 

the polymer matrix. This type of behavior was observed in Ti3SiC2-PEEK [23] and Ti3SiC2-Teflon 

composites. The WR is however high as compared to Case A (Fig. 3.5a) which further indicate as 

tribofilms are not able to adhere to tribosurfaces or too thin to be observed by SEM analysis thus 

the WR is higher as compared to case A, but the presence of Ti3SiC2 particulates are able to reduce 

the adhesive wear at dry contacts which accounts for better tribological performance than the 

respective pristine polymer-polymer tribocouples. In other words, the formation of adherent 

tribofilms lowers the WR by protecting the substrates in Case A as compared to the latter case 

where no tribofilms are observed. In general, tribofilms are observed during tribology of polymer 

matrix composites filled with inorganic particles [32-34]. Bahadur [34] had also summarized that 

the effectiveness of tribofilms to protect the substrates will depend on, (a) the cohesion of transfer 

film, (b) adhesion between transfer film and counterface, and (c) the protection of rubbing polymer 

surface from metal asperities by transfer film.  
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Figure 3.8 Schematics of (a1) adhesive wear in polymer-polymer composites, (a2) SEM 

micrograph showing adhesive wear (Fig. 3.6), (b1) Type IIIa tribofilms, (b2) SEM micrograph 

showing Type IIIa tribofilm [22], (c1) Negligible mass transfer between tribocouples, (c2) SEM 

micrograph of Teflon-20%312Si surface (Fig. 3.6), (d1) Abrasive wear at tribocontacts due to 

the pull out of Ti3SiC2 particulates, and (d2) SEM micrograph showing abrasive wear (Fig. 3.7). 
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      During Case C, for example Ti3SiC2-Nylon composites, the excessive debonding of Ti3SiC2 

particles during tribological process caused abrasive wear, and resulted in higher WR as compared 

to both Cases A and B (Fig. 3.8d1-d2). It is important to note that inspite of the abrasive wear 

observed in Nylon-Ti3SiC2 composites, the overall wear of these composites are slightly lower 

than the Nylon-Nylon tribocouples (Table 3.2). Based on current results, it can be surmised that 

Ti3SiC2-polymer composites during self-mating performs comparably to different polymer-metal 

tribocouples, and are promising materials for different tribological applications. It is further 

hypothesized that the properties of MRPs can be further enhanced by increasing bonding between 

the polymer and Ti3SiC2 particulates and decreasing the size of Ti3SiC2 particulates. 

3.4 Conclusions 

      Ti3SiC2-Teflon and Ti3SiC2-Nylon composites were synthesized for the first time. SEM 

evaluation showed that Ti3SiC2 particulates are well dispersed in the Teflon matrix, whereas 

Ti3SiC2 particulates showed dewetting and they were present in the phase boundaries in Nylon 

matrix. During self-mating, Ti3SiC2-Teflon composites showed better performance than Ti3SiC2-

Nylon composites. For example, µmean decreased marginally from ~0.27 in Teflon to ~0.25 in 

Teflon-30%312Si and the concomitant WR of Teflon was (7±1) x 10-4 mm3/N.m and it decreased 

to (5±3) x 10-5 mm3/N.m and (1±1.5) x 10-5 mm3/N.m in Teflon-5%312Si and Teflon-10%312Si, 

respectively, and thereafter retained a similar value of (1.6±1.6) x 10-5 in Teflon-30%312Si. 

Comparatively, µmean increased gradually from ~0.185 in Nylon to ~0.28 in Nylon-30%312Si, and 

the concomitant WR of Nylon decreased marginally from (3±2) x 10-4 mm3/N.m in Nylon to 

(1.7±1.2) x 10-4 in Nylon-30%312Si samples. After evaluating the tribosurfaces by SEM analysis, 

three different scenarios were identified for understanding the tribological performance of MRPs.
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CHAPTER IV 

CONCLUSION AND SCOPE OF FUTURE STUDIES 

4.1 Conclusion 

      PEEK-Ti3SiC2, Teflon-Ti3SiC2, and Nylon-Ti3SiC2 composites were synthesized and 

characterized for the first time. In these three set of MRPs, it was observed that the porosity of the 

samples increased as a function of Ti3SiC2 content in the polymer matrix. More particularly, in 

Teflon-Ti3SiC2 and Nylon-Ti3SiC2 composites, the hardness of the samples increased as a function 

of Ti3SiC2 content, whereas in PEEK-Ti3SiC2 composites, an increase in hardness was observed 

until 5 vol% of Ti3SiC2 addition, thereafter the hardness decreased with the further addition of 

Ti3SiC2.  

     During self-mating, PEEK-Ti3SiC2 composites showed better performance than the Teflon-

Ti3SiC2 and Nylon-Ti3SiC2 composites. For example, the friction coefficient of the PEEK-Ti3SiC2 

composites decreased from 0.19 to 0.14 when 10 vol% of Ti3SiC2 was added; whereas in Teflon-

Ti3SiC2 the friction coefficient decreased from 0.27 to 0.25 when Ti3SiC2 content was increased 

to 30 vol%, and in Nylon-Ti3SiC2 composites, the friction coefficient increased from 0.185 to 0.28 

as 30 vol% of Ti3SiC2 was added in the Nylon matrix. Also, PEEK-Ti3SiC2 composites showed 

better wear resistance than the Teflon-Ti3SiC2 and Nylon-Ti3SiC2 composites. The PEEK-

5%312Si showed 27 times more wear resistance than the pure PEEK. In Teflon-Ti3SiC2 

composites, the wear rate decreased from (7±1) x 10-4 mm3/N.m to (1±1.5) x 10-5 mm3/N.m when 

10 vol% Ti3SiC2 was added in the Teflon matrix, and in Nylon-Ti3SiC2 composites, the wear rate



  

41 
 

decreased marginally from (3±2) x 10-4 mm3/N.m in Nylon to (1.7±1.2) x 10-4 in Nylon-30%312Si 

samples.  

      In summary, all three set of composites exhibited better solid lubrication and tribological 

behavior than the pristine polymer, which show that Ti3SiC2 can be used as an anti-wear additive 

to the polymer matrix.  These results also open a new avenue for designing polymer-on-polymer 

tribocouples.  

4.2 Scope of Future Studies 

      During all the studies, Ti3SiC2 was the only MAX phase used to synthesize different MRPs 

although different polymers were used as matrices. It is further recommended that during the next 

phase of this research should focus on studying the effect of different M and A group on MRPs. 

All the samples were fabricated by using micron (µm) sized particulates of MAX phases. By 

analyzing the Figures 3.5b and 3.5c, it can be concluded that nanosize (nm) particle performs better 

as filler materials than micron size particles for tribological study. In general, the friction 

coefficient and wear rate are lower for nanosize filler materials into polymer matrix as compared 

to micron size particles in the polymer matrix. It would be interesting to study the effect of 

nanosized MAX phase particles in the polymer matrix.      

      In this chapter, preliminary results on manufacturing of MRPs by using Cr2AlC, Cr2GaC, and 

V2AlC particulates in the PEEK matrix will be presented. 

4.3 Experimental Methods 

      PEEK (average particle size 20 µm, Goodfellow Cambridge Limited, Huntingdon, England) 

and Cr2AlC or Cr2GaC or V2AlC (-325 mesh) powders were used to fabricate composites. During 

this study, four different compositions for each MAX phase were designed by reinforcing PEEK 
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matrix with 5 vol.% (PEEK–5% Cr2AlC or Cr2GaC or V2AlC), 10 vol.% (PEEK–10% Cr2AlC or 

Cr2GaC or V2AlC), 20 vol.% (PEEK–20% Cr2AlC or Cr2GaC or V2AlC), and 30 vol.% Ti3SiC2 

(PEEK–30% Cr2AlC or Cr2GaC or V2AlC), respectively. All the samples were produced by hot 

pressing (HP). The required amount of powders were dry ball milled (8000M mixer Mill, SPEX 

SamplePrep, Metuchen, NJ) for 30 min. All the powders were then poured in a die (EQ-Die-12D, 

MTI Corporation, Richmond, CA). The compositions were then sintered by HP (Model EQ-HP-

6T, MTI Corporation, Richmond, CA) in atmospheric air. During HP, samples were heated at 5º 

C/min to 450º C, then they were held at 450º C for 20 min, thereafter a uniaxial compressive stress 

of ~120 MPa was applied for 5 min, and the furnace was slowly cooled to ambient temperature. 

The hot pressed samples were then demolded from the die, and used for further characterization. 

For comparison, pristine PEEK compacts were also prepared by following the above mentioned 

procedure. Prior to hardness testing all composites were polished (Ra<1 mm) and then tested on a 

Vicker’s micro hardness indenter (Mitutoyo HM-112, Mitutoyo Corporation, Aurora, IL). 

      Vicker’s hardness was measured by loading the samples at 2.9N for 15 s. An average of five 

readings for each composite was measured and is reported in this text. The rule of mixtures was 

used to calculate the theoretical density of the PEEK-MAX composites. The mass and dimensions 

of each sample were measured and the experimental density then calculated. Using the 

experimental and theoretical density, the relative density and porosity was calculated in this 

chapter. 
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4.4 Results and discussion 

      Figure 4.1 shows the change in porosity as a function of MAX phases. In general, as the 

concentration of MAX phase particulates were increased in the PEEK matrix, the porosity in the 

sample increased. Figure 4.2 shows the change in hardness as a function of MAX phases content. 

In most of the cases, an increase in hardness was observed when 5 vol% MAX phase added to the 

PEEK matrix, thereafter hardness decreased as the concentration of MAX phase was increased. 
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Figure 4.1 Plot of Porosity versus MAX phase content 

      However, in PEEK-Cr2AlC composites, an increased in hardness was observed until 10 vol% 

addition of MAX phase into the PEEK matrix, thereafter the hardness started to decrease. More 

studies are needed to understand the mechanical and tribological behavior of these composites.  
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Figure 4.2 Plot of Hardness versus MAX phase content 
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