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Resumen

La cadera es una de las articulaciones esféricas més conocidas, y estd formada por la cabe-
za del fémur asentada en la pelvis (acetdbulo). En las tltimas dos décadas, el reemplazo total
de cadera (RTC o THR en inglés) ha sido una intervencién quirtirgica de gran éxito. Lamen-
tablemente, el Perd no cuenta con un registro nacional como el de la Academia Americana de
Cirujanos Ortopédicos. Sin embargo, en base a los registros de los 5 afios anteriores al 2020, se
reporta un ingreso anual promedio de entre 20-70 pacientes por hospital de nivel I1I-2 o III-1. La
revision del implante de la articulacién de la cadera indica el fin de la cirugia de sustitucion con
€xito y anuncia una reaparicion de los sintomas que, con frecuencia, superan con creces los de
la afeccidn inicial. Los principales motivos registrados fueron: infeccién e inflamacién (20,1 %),
inestabilidad (18,3 %), aflojamiento aséptico (15,9 %), complicaciones mecanicas (14,9 %), en-
tre otras.

En este contexto, la biotribologia estudia las interacciones de las superficies en contacto bajo
movimiento relativo en sistemas biolégicos. Para reducir la pérdida de material, se puede aplicar
una capa de lubricante que evite el contacto directo. Debido al aumento de pacientes menores
de 30 afios, que requieren implantes que no limiten sus actividades y duren mas de 10 afios,
se sigue investigando en nuevos recubrimientos de implantes metdlicos o cerdmicos seguros
bajo las evaluaciones de comportamiento triboldgico y corrosivo para reducir la posibilidad de
una revision a corto plazo que retrase la rehabilitacion del paciente. En este contexto, esta tesis
presenta una alternativa para los lubricantes sélidos como recubrimientos en la cabeza femoral
de los implantes de cadera.

Esta tesis tiene dos objetivos principales. En primer lugar, es una revision de los avances ac-
tuales en la tecnologia de recubrimientos para mejoras tribolégicas en materiales de protesis de
cadera. Para ello, se revisan los resultados obtenidos en diferentes tribémetros. En segundo lu-
gar, se presenta el primer intento con €xito de crear un recubrimiento de Ti,AIC'y Ti3AlC; sobre
un sustrato de acero inoxidable. La caracterizacion estructural y morfoldgica de estos recubri-

mientos se realizé mediante técnicas como la microscopia electrénica de barrido, la difraccion



de rayos X y la espectroscopia Raman. Los resultados evidencian una formacion significativa
de fases MAX sobre un sustrato de acero inoxidable AISI 304 con una barrera de difusién de
SicNy.

Estas muestras se probaron posteriormente con un tribdmetro "bola sobre plano"para es-
tudiar si el coeficiente de friccion (COF) se veia afectado. Las 6 configuraciones trabajadas
fueron una combinacién de 3 fuerzas (0.16 N, 0.8 N y 1.6 N) con 2 velocidades (2 mm s 1 y
10 mms~") contra una bola de 4 mms de didgmetro de AISI 52100 durante 15 minutos. Los re-
sultados fueron prometedores, ya que en todas las condiciones probadas, el Ti3AIC, tenia un
COF en torno a 0,13. El revestimiento de 7i,AlC sobre AISI 304 presentaba valores similares al
AISI 304 sin revestimiento a altas fuerzas (COF entre 0.7 y 0.75), pero al aumentar la velocidad
y, por tanto, el recorrido, el Ti,AIC tenia un COF mas estable en torno a 0,72 para todas las
fuerzas. En general, el COF se vi6 reducido a largo plazo en las muestras con recubrimientos
de Ti»AlLC y Ti3AlC,, en comparacion al AIST 304 sin recubrimiento.

Para la caracterizacion de las huellas dejadas tras la prueba triboldgica, se utiliz6 SEM-EDX
para un escaneo lineal de la composicién de una seccion transversal de huellas y un andlisis
puntual de puntos alrededor del borde de la huella (donde la bola cambia de direccién). También
se utiliz6 la espectroscopia Raman para caracterizar los subproductos alrededor de las pistas
con mayores fuerzas aplicadas (1.6 N). El Ti,AlC tenia marcas visibles y un alto desgaste del
revestimiento, con la tnica excepcién de la pista a 2mms~! y 0,16 N. El TizAIC; tenia las
marcas menos visibles, y solo a baja velocidad y alta fuerza (2 mms~! y 1,6 N) habia desgaste
del revestimiento. En general, la mayoria de los restos en los resultados del andlisis elemental
provenian de la bola homdloga de AISI 52100.

En conclusion, se obtuvieron resultados prometedores en la reduccion de los valores de COF
de los recubrimientos de Ti,AIC y TizAlC,. Especialmente de TizAlC,, ya que tuvo la menor
formacion de particulas y desgaste de recubrimiento con un COF inferior a los materiales co-
merciales de protesis de cadera incluso sin lubricacion. En el trabajo futuro, el uso de TiAIC y
Ti3AlC, recubrimientos debe ser seguido por el estudio de estos recubrimientos biocompatibi-
lidad comportamiento y osteointegracion. Para verificar su uso en aplicaciones clinicas, debera

realizarse un andlisis sobre un implante de cadera comercial y un ensayo de tribocorrosion.
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Abstract

The hip is one of the most known ball-and-socket joint is formed by the head of the fe-
mur, seated in the pelvis (acetabulum). In the last couple of decades, total hip replacement
(THR) has been a highly successful surgical intervention. Unfortunaly, Peru does not have a
national registry like the American Academy of Orthopaedic Surgeons. However, based on re-
cord from the 5 years prior to 2020, in average an anual admission of between 20-70 patient
per hospital level 1I-2 or III-1 are reported. The revision of the hip joint implant indicates the
end of the successful replacement surgery and announces a return to symptoms that frequently
much outweigh those of the initial condition. The main reasons recorded were: infection and in-
flammation (20.1 %), instability (18.3 %), aseptic loosening (15.9 %), mechanical complications
(14.9 %), among others.

In this context, biotribology studies the interactions of surfaces in contact under relative
motion in biological systems. To reduce material loss, a layer of lubricant might be applied
to prevent direct contact. Due to the increase of patients younger than 30 years, who require
implants that do not limit their activities and last longer than 10 years, research continues on new
safe metallic or ceramic implant coatings under tribological and corrosive behavior evaluations
to reduce the possibility of a short-term revision that sets back the patient rehabilitation. In this
context, this thesis submits an alternative for solid lubricants as coatings on the femoral head of
hip implants.

This thesis has two main purposes. First, it is a revision of the current advances in coating
technology for tribological improvements in hip replacement materials. This is done mostly by
reviewing the results on different tribometers set-ups. Secondly, it presents the first successful
attempt on creating a coating of TiAIC and Ti3AlC, coatings over a stainless steel substrate.
The structural and morphological characterization of these coatings was performed by techni-
ques like Scanning Electron Microscopy, X-Ray diffraction and Raman spectroscopy. The re-
sults evidence a significant formation of MAX phases over a AISI 304 stainless steel substrate

with a diffusion barrier of Si,Ny.
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These samples were subsequently tested by a tribometer ball-on-flat in to find out if the
Coefficient of Friction (COF) was affected. The 6 configurations worked were a combination
of 3 forces (0.16 N, 0.8 N and 1.6 N) with 2 speeds (2 mms ! and 10mms~) against a 4 mm
diameter ball of AISI 52100 for 15 minutes. The results were promising, as in all conditions
tested, Ti3AlC> had a COF around 0.13. The Ti;AlIC coating on AISI 304 had similar values
to uncoated AISI 304 at high forces (COF between 0.7 and 0.75), but as the speed and thus
the stroke increased, the 7i,A/C had a more stable COF around 0.72 for all forces. In general,
the COF was reduced in the long term for the specimens with TiAIC and Ti3AlC, coatings
compared to uncoated AISI 304.

For the characterization of the tracks left after the tribological test, SEM-EDX was used for
a linescan of the composition of a crossection of tracks and point analysis of points around the
border of the track (where the ball changes its direction). Also Raman spectroscpy was used to
characterize the by products around the tracks with higher forces applied (1.6 N). The Ti,AIC
had visible marks and high wear of the coating, with the only exception of the track at 2 mms~!
and 0.16 N. The Ti3AlC; had the least visible marks, and only at low speed and high force
(2mms~! and 1.6 N) there was wear of the coating. In general, most of the debris in the results
of the elemental analysis came from from the ball counterpart of AISI 52100.

In conclusion, there were promising results on the reduction of COF values from both
Ti,AlC and TizAlC, coatings. Specially of Ti3AlC,, since it had the least particles formation
and coating wear with a COF lower than commercial hip replacement materials even without
lubrication. In the future work, the used of Ti,AlC and Ti3AlC; coatings must be follow up by
the studied of these coating biocompatibility behavior and osteointegration. To verified is used
in clinical application, an analysis over a commercial hip implant and tribocorrosive test should

be carried out.
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Introduction

Justification and problem

The American Academy of Orthopaedic Surgeons defines the hip as a ball-and-socket joint
formed by the head of the femur, seated in the pelvis (acetabulum). (Ferguson et al. 2018)
describes hip arthroplasty or total hip replacement (THR) as a highly successful surgical inter-
vention, where pieces of bone are removed and replaced with metal, plastic or ceramic implants
(AAOS 2021)). In this context, biotribology studies the interactions of surfaces in contact under
relative motion in biological systems (Kretzer 2013; Hutchings and Shipway 2017a; Menezes
et al. 2013)). Joint and implant surfaces experience friction and produce particles (through wear)
that are released into the underlying tissue. To reduce material loss, a layer of lubricant might
be applied to prevent direct contact (Ren et al. 2010; Hutchings and Shipway 2017a; Mang
and Dresel 2007). In the hip, implants generate damage to adjacent tissues during activities of
high duration and load, impaired lubrication loosens the implant (Bergmann et al. 2001)). Due
to the increase of patients younger than 30 years old, who require implants that do not limit
their activities and last longer than 10 years, research continues on new safe metallic or ceramic
implant coatings under previously mentioned tribological and corrosive behavior evaluations to
reduce the possibility of a short-term revision that sets back the patient rehabilitation.

At present, Peru does not have a national registry, but based on theses in the 5 years prior
to 2020, in average an anual admission of between 20-70 patient per hospital level II-2 or
III-1 are reported (Zanabria 2020; Palomino et al. 2016; Goodman [2021; Vento 2016). The
information is provided by the Central Operations Management of ESSALUD in Letter N°111-
GCOP-ESSALUD-2022, on the number of hip replacements and revisions in the 22 hospitals
in the ESSALUD networks between the years 2012-2021 (Figure TI)). It can be evidenced how
the hip replacement procedure was increasing until 2019 (1,704 THR) and showed a reduction

to 704 cases during the first year of the pandemic. In 2021, major networks reported increasing



numbers, particularly among women over the age of 60. In the United States, 2.2 million
THRs were recorded between 2012-2020 (AAOS [2021). But during the waves in the COVID-
19 pandemic, it dropped from 25,000 per month to 3,000. The “Organization for Economic
Cooperation and Development” (OECD) reports (Pabinger et al. |2018)) that Germany leads in
the number of hip replacements with 309 surgeries per 100,000 inhabitants in 2017, similar to
the 307 cases in Switzerland. In Latin American nations, 11,601 THRs were done in Mexico in
2017 and 8,795 in Chile.

Figure 1: Data on hip replacements and hip revisions in ESSALUD between 2012-2021. Based
on data provided by ESSALUD

Between 2012-2020, a AAOS recorded 61,214 THR revisions out of a total of 927,375
hip arthroscopies (AAOS [2021)). The main reasons recorded were: infection and inflamma-

tion (20.10%), instability (18.30%), aseptic loosening (15.90%), mechanical complications



(14.90%), among others. The majority of revisions (52.80%) are done during the first three
months, with diagnoses linked with mechanical problems and wear accounting for 62.80%.
Based on evidence of rising population and lifespan, the OECD predicts that the number of
annual THRs will reach 2.8 million by 2050 (Pabinger et al. [2018)).

The revision of the hip joint implant indicates the end of the successful replacement surgery
and announces a return to symptoms that frequently much outweigh those of the initial condi-
tion. As a result, the starting state of a revision procedure cannot be compared to that of an
original implant. Because revision surgery entails not only surgery, but also continual risks and
follow-ups, as well as a special attention to the patient evolution (Volkmann 2009; Bayliss et al.
2017). Considering that the risk from hip implant use doubles every 5 years (Hughes, Batra,
and Hallstrom 2017), the OECD recommends increasing the quality of procedures to improve
implant lifespan and reduce complications (Pabinger et al. 2018). Currently, the use of bioma-
terials or coatings is being investigated. Despite an improvement in patient survival (80% after
20 years), implant loosening has been noted, particularly in more active patients (Bozic et al.
2009; Karachalios, Komnos, and Koutalos [2018). The aforementioned points make it clear that
there are still issues with coatings that might cause an inflammatory reaction following THR.
Therefore, there is still a need to develop a novel coating for metallic implants that enables
patients to avoid difficulties right away after implantation and hence reintegrate into their life

more rapidly.

Objectives

General Objective

The main goal of this thesis is to evaluate the tribological behavior of Ti3AIC; and Ti,AlC
MAX phases coating on surgical stainless steel 304, as well as to assess its potential usage as a

solid lubricant for future use as a hip prosthesis femoral head coating.

Specific Objectives

The first aim of this thesis is the evaluation of the state of the art of solid lubrication and hip
implants. The properties of the Ti3A/C, and Ti,AIC MAX phases as a coating of surgical steel
304 are also described in this thesis, together with the tribological characteristics of AISI 304

stainless steel. This study was conducted with the intention of contrasting surgical steel that has



been coated with Ti3AIC; and Ti,AIC MAX phases with surgical steel that has not been coated.

Thesis Outline

The first chapter of this thesis is focused on reviewing the background and general litera-
ture on the tribological and corrosive properties of current biomaterials in hip replacements and
MAX phases. On the other hand, the same chapter reviews and describes the most commonly
used techniques to characterize the tribological behavior of biomaterials. With the informa-
tion found, a detailed description of the work methodology during the research of this thesis
is found in Chapter 2. Chapter 3 focuses on describing the results of each stage of the the-
sis and it explains the behaviors evidenced to finish with the presentation of Conclusions and

Recommendations.



Chapter 1

Theoretical framework and

state-of-the-art

The topics of tribology and biomaterials are explained in detail in this chapter in order to
prepare the reader for the material to follow in the thesis. The introduction of MAX phases
and a demonstration of their tribological characteristics will also be covered. The tables that
will be shown will provide an overview of tribology and corrosion research on biomaterials
for orthopedic implants as well as MAX phases in industrial applications. MAX phases as
a biomaterial haven not received much attention, thus traits resembling those investigated in

biomaterials are discussed.

1.1. Tribology and biotribology of human joints

Tribology is defined as the branch of science and technology that studies the interactions of
surfaces in contact and under relative motion between them. It includes the study of friction,
wear and lubrication (Hutchings and Shipway 2017a)). When two surfaces are in contact fric-

tional forces are generated between the bodies, this contact causes the surfaces to



experience wear that could eventually lead to premature failure. To reduce the frictional force,
lubricants are used to prevent rough contact between the surfaces (Mang and Dresel 2007).
All tribological phenomena are produced by some atomic interaction between the surfaces in
contact or with the lubricant, with the most important phenomena being mechanical (material
removal or deterioration where the softer material tends to be removed by the harder material

(Roy2017)) and thermal (contact heat transfer and generation (Hutchings and Shipway [2017a)).

Figure 1.1: Graphical representation of the tribological interactions between two surfaces in
contact with each other (Vakis et al.|[2018))

Wear occurs through various material removal mechanisms, these mechanisms include abra-
sion, adhesion, cohesion, erosion, corrosion, etc. (Roy 2017). In most cases, wear is detrimen-
tal, causing increased clearance between moving components, unwanted freedom of movement,
and loss of accuracy (Hutchings and Shipway 2017a). High coefficient of friction values in en-
gineering applications would result in high frictional forces causing frictional energy losses,
wear and possible overheating.

To reduce such losses, a layer of lubricant is applied between the surfaces, thus avoiding
direct contact between solid surfaces (Hutchings and Shipway [2017a; Hutchings and Shipway

2017a; Mang and Dresel |2007). A variety of materials are used as solid and liquid lubricants



(Scharf and Prasad 2013). However, in some engineering applications, it is not practical to apply
lubricants; as a result, these surfaces contact without lubrication, causing dry sliding wear. If
the surfaces are not self-lubricating, the presence of hard particles may induce abrasive wear
(Hutchings and Shipway [2017a). On the other hand, there are circumstances in which solid
lubricants are the only workable option, such as in sanitary equipment where contamination
by a liquid lubricant must be avoided, or in space (or any other high vacuum environment)
where a liquid lubricant would evaporate. Additionally, at high temperatures, liquid lubricants
breakdown or oxidize (Nowak, Kucharska, and Kaminski 2019), which is why solid lubricants
are preferred. To minimize wear, coatings with good adhesion to the substrate are often used,
where the elastic and plastic properties of the coating may differ from those of the underlying
material, these coatings have the function of protecting and extending the life of the components
(Wood 2006).

The friction and wear behavior of all materials is affected by several characteristics and en-
vironmental variables, including: material pairing (known as tribopair), applied normal load,
sliding speed, surface topography and roughness, environment, chemical interactions, and slid-
ing configuration (determined by the tribometer). The most known tribological parameter is the
COF (u), a dimensionless number based on Amonton’s first law of friction, which states that the
friction force (F;) is directly proportional to the normal load as shown in[Figure 1.2] Themistius
(317-390 CE) conducted the first recorded study of friction and discovered that the friction for
sliding is larger than that for rolling (Menezes et al. 2013)). Centuries later, more systematic
experimental investigations were conducted by Leonardo da Vinci in the 1500s and later by
Amonton in 1699, verified by Euler in 1750 and Coulomb in 1781. Their empirical laws were:
the friction force is directly proportional to the normal load, the friction force is independent
of the apparent area of contact and it is almost independent of the sliding velocity. In order to

comply with the above-mentioned, it is usually assumed that the friction force is proportional



to the real area of contact (A) and A is proportional to the normal load (F;,).

Figure 1.2: Graphical representation of parameters coefficient of friction and Wear Rate (77i-
bology Laboratory at Lehigh University:|2012)

F,

p=— (1.1)
Fy
\% 3

A friction coefficient can then be defined by this: Wear, as is mentioned before, is a process
that occurs when two surfaces are sliding against one another, resulting in gradual removal
of one or both materials, depending of the roughness of each material. Archard and Holm
suggested that the total volume of material removed during sliding (the wear volume V) is
proportional to the normal force applied multiplied by the sliding distance by the proportionality
constant known as a wear factor or K.

This wear factor can be a property of the material set, sliding conditions, among other things.
One remarkable observation is that wear can vary more than eight orders of magnitude across

material systems. It can also vary just by changing the environment or the counter-material that



the material is sliding against. Wear is commonly used as an indicator of a material’s status
during its life time.

Lubricants comply with four lubrication regimes (hydrodynamic, elastohydrodynamic, mixed
and boundary) where behavior of the coefficient of friction depending on the lubri-
cant thickness (according to the Hersey number) is plotted on the Stribeck curve. The friction
coefficient depends on the Hersey number such that it is equal to the product of the dynamic
viscosity times the rotational speed (v) divided by the average load (F) (Y. Wang and Q. J. Wang
2013)). In the regime for boundary lubrication, the surfaces are covered with a thin film of lubri-
cant where friction and wear are determined primarily by the properties of the contact surfaces
and secondarily by the properties of the lubricant. In the case of mixed film lubrication there is
a space partially covered by a lubricant film where the load is supported by both the lubricant
film and the spray forces, a decrease in coefficient of friction can be observed. The elastohy-
drodynamic lubrication regime is often confused as part of the mixed film regime, but this is
characterized by having a continuous and uninterrupted lubricant film between the contact sur-
face and the dynamic viscosity of the lubricant alone controls the friction properties, since the
surfaces do not show wear. Finally, there is hydrodynamic lubrication which is characterized
by a relatively thick lubricant film where surfaces do not wear and rigid body geometries are
assumed, as well as the constant viscosity of the lubricants (Dowson 2012; Scharf and Prasad

2013; Y. Wang and Q. J. Wang 2013; Wische and Woydt 2014; Z. Xu et al. 2015).



Figure 1.3: Representation of the Stribeck curve and its regimes developed in Origin. Adapted
from (Kretzer 2013))

1.2. Tribology of biomaterials in hip implants

The main goal of a biocompatibility test is to study the effects of the interaction between
implant materials and patient tissues. The mechanical test aims to simulate real biomechanical
environment and loading conditions in order to compare the proposed system or new variations
(Boutrand 2019)). Since humans have started to investigate the human locomotion system, static
and active models have been developed to simulate implants interactions. The most common
biomaterials used in orthopedic prosthesis are metals, polymers, ceramics, composites and ap-
atite (Aherwar et al. 2015)).

Biotribology is the study of tribology in biological systems and illnesses caused by tribo-
logical wear and tear, as well as the optimization of therapies and medical equipment (Zhou and
Jin 2015). All structures in the human body eventually age to some extent. Despite the fact that
a healthy human joint may be anticipated to live for more than 70 years with low friction and

wear (Kretzer 2013)), an accident in the cartilage in joints can cause considerable wear and tear,
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needing replacement. It is critical to investigate the tribology of these joints, particularly pros-
theses, because the surfaces in continual contact create particles (due to wear) that are released
into the underlying tissue. In the case of an artificial hip joint, the materials and components
of the joint must meet both biological and mechanical requirements. As a result, components
must be produced with accuracy and congruent surfaces to provide reduced friction during hip
functions.

In light of the recent rise in demand for medical devices, particularly orthopedic implants,
the issue of their efficacy has been researched and, as a result, developed into a complex regu-
latory framework to guarantee their performance, safety, and quality. The study of wear debris
and its interactions with surrounding tissue have become a key component of hip implant biotri-
bology in recent years. (Wadhwa, Talegaonkar, and Popli 2019) investigated the regulation of
hip and knee joint replacement medical devices. They investigated the Johnson & Johnson ASR
Implant as a result of considerable reforms brought about by the failure of its hip implants. This
case study is documented in The case shows that since the start of the use of a metal
in hip replacement there were concerns of their effect on patients. In general, biomaterials
continue to increase the quality and endurance of human prostheses. The development of new
materials has an impact, starting with the selection of the biomaterial, which should consider
its compatibility with the human body as well as its behavior while sustaining the load-bearing
function of human bones (Aherwar et al. [2015). |

Despite the growing knowledge of how the loads variate and act on implants, mechanical
failure is still a common clinical failure in hip replacements (AAOS 2021). The main reason
is the underestimation of the complexity of the interactions between implant design (materials)
and biological system. A recent series of metal-on-metal hip implant failures has revealed the
lack of sufficient preclinical testing for certain types of design (Boutrand 2019). And not only

mechanical studies are needed to last a 15-years lifelong service with no possibility of routine
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maintenance, implants are also subjected to aggressive chemical environmental conditions dur-
ing the multidirectional loads. In order to avoid those clinical failures, standardized tests have

been developed for common implants such as hip and knee joint replacement.

Figure 1.4: Timeline of problems with metal-on-metal hip implants with cobalt and chromium.
Adapted from (Cohen 2012)

The femur bears the full weight of the body, so the hip implant in contact with the cortical

bone is intended to ensure a stable fixation. When an implant is placed in the body, there
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is a bi-directional biological interaction between the body and the implant material (Revell
2021)). In the early 1960s, a stainless steel stem with polytetrafluoroethylene (PTFE) was used.
However, its low wear resistance led to its replacement with a Co-Cr-Mo alloy and ultra-high
molecular weight polyethylene (UHMWPE). (Borjali, Monson, and Raeymaekers 2019) used
a Pin-on-Disc (PoD) tribometer to quantify and classify polyethylene wear in hip implants,
the results described in the [Table 1.1| were the basis of a model that allows the prediction of
polyethylene wear. (Celebi Efe et al.[2021) applied a UHMWPE film on the surface of Ti-6Al-
4V for tribological testing against an alumina ball in Ball on Disc (BoD) tribometer. The wear
results revealed that the coating has an ultra-low coefficient of friction compared to that of the
Ti-6Al-4V alloy and favorable wear resistance (84% higher than oxide coatings).

(Platon, Fournier, and Rouxel |2001)) studied the wear and friction of different combinations
of 316L stainless steel, UHMWPE and Diamond-like carbon (DLC) coating. The tests sought to
describe the tribological behavior of the materials, without performing tests on a hip simulator
because of its high cost and duration. They used BoD and PoD tribometers, which revealed
that DLC reduced wear due to its dry friction behavior. Another study analyzed the mechanical
properties of cobalt-chromium-molybdenum alloys as (Cuao-Moreu et al. 2020) coating. To
prevent the release of metal ions, an aluminum-chromium oxynitride coating was applied on
an ASTM F-75 cobalt alloy. Using a BoD tribometer, they recorded a 7-fold increase in wear
resistance over the untreated sample. The results of these studies and other biomaterials are
shown in the

In general, hip replacement is a successful procedure but excessive use of all-metal compo-
nents can lead to an immune reaction, especially in patients with metal hypersensitivity (10%
of the total population) (Haider et al. 2017)). Given the popularity of metal-on-metal implants,
a suitable possibility to extend an implant’s lifespan is to modify the metal surfaces by adding

surface coatings that reduce metal wear and ionic debris.
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Table 1.1:

Friction and wear of biomaterials used in hip implants. MCP: Mean contact
pressure. COF: coefficient of friction. F,,: Normal force applied.

Tribometer | Biomaterial Coating Counter Radious MCP | Normal COF References
part (mm)  (MPa) | Force (N)
- 1.7 0.3
CoCrMo borided AI203 11 19 40 0.25-0.45 (Cuao-Moreu et al.|2020)
AICrON ’ 0.6
- AI203 0.8
Ti-6Al-4V UHMWPE Al203 6 - 2 0.08 (Celebi Efe et al.|[2021)
UHMWPE-Hap Al203 0.06
316L DLC 316L 483 <0.1
Ti-6Al-4V DLC Ti-6Al-4V 343 0.13-0.3
Al1203 - Al203 668 0.09-0.32
316L DLC 10 23 0.12-0.3
Ball-on-disk 316L - 23 0.15-0.3
& Ti-6AL-4V DLC UHMWPE 23 0.1-02
A1203 - 23 0.05-0.4
Zr02 - 23 0.02-0.22
316L DLC 316L 256 0.1-0.3
Ti-6Al-4V DLC Ti-6Al-4V 181 0.1-0.8
Al203 - Al203 395 0.35-0.4
i}gli DI:C 26 i ; - 0(;.115»_00..2187 (Platon, Fournier, and Rouxel|2001)
Ti-6Al-4V DLC UHMWPE 12 0.22-0.32
Al1203 - 14 0.48-0.51
7r02 - 12 0.25-0.32
316L DLC 316L 0.2-0.45
Ti-6Al-4V DLC Ti-6Al-4V 0.1-0.23
Al203 - Al203 0.1-0.22
316L DLC 6 1 0.2-0.25
316L - 0.15-0.25
Ti-6Al-4V DLC UHMWPE 0.2-0.23
Al1203 - 0.18-0.27
Pin-on-disk Zr02 - 0.11-0.25
316L /BICJrCI\?/CCﬂr\lI\I Ti-6Al-4V 8 - 10 8421 (Patnaik, Ranjan Maity, and Kumar2021)
- | 0.09-0.1
CoCrMo S]\i[ ! UHMWPE GUR1050 9 - (? '(?64—-00'00755 (Borjali, Monson, and Raeymaekers 2018)
SM 1 2 0.075
Si3N4-TiN - Si3N4-TiN 1.14 - 10 0.8 (D’Andrea et al.[2021)
3;?;%2‘3 - UHMWPE 3 3.54 25 8;2 (Smirnov et al.|2018)
23.8 10 0.12
AISI420C 27.2 15 0.11
UHMWPE - 6 29_'9 %8 O‘_IZ (Ruggiero, D’ Amato, and Gémez|2015)
Ti-6Al-4V 27.1 15 0.14
Pin-on-flat 299 20 0.13
Ti-6ALAV 3 1.01 1 0.134
! 6 402 4 0.141
3 1.02 1 0.137
UHMWPE - AISI316L 160 lll‘ 0263 14 i g}?é (Ruggiero, D’ Amato, Gémez, and Merola|2016)
3 1.01 1 0.187
Al203 6 4.04 4 0.158
10 11.18 11 0.143

There is a trend of using Metal-on-Metal implants (Mihalko et al. 2020). Theoretically, these

adjustments ought to decrease friction and adhesive wear while increasing hardness to reduce

scratching and abrasive wear. They ought to also increase wettability to enhance lubrication.
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An example of clinical success is Smith and Nephew’s “Oxinium” zirconium alloy (Haider
et al. 2017). Diamond-like carbon (DLC) coatings tested in vitro were also developed to evalu-
ate their biocompatibility, corrosion resistance, superior tribological and mechanical properties
(Haider et al. 2017)). Aesculap Inc. patented a Zirconium nitride (ZrN) multilayer solution to
dissipate forces (Haider et al. 2017). Although (Herbster et al. 2020) compared current knee
replacement procedures and discovered that these strategies still had manufacturing and delam-
ination concerns, currently Ti-6Al-4V alloy is the most widely used material as a femoral stem
and femoral head (Boutrand [2019). This alloy resists metallic corrosion, which generates a re-
lease of metal ions (Mozafari|2020), through the formation of a self-protective 7iO; surface film
(Virtanen 2012). But despite this coating, the release of 7' ions has effects on adaptive immune
cells and, if micrometer-sized, renders them ineffective for proliferation and IL-2 production in
lymphocytes (Mozafari|2020). In general, titanium ions suppress lymphocyte activation and are

cytotoxic at high concentrations (Mozafari 2020).

1.3. Characterization techniques for hip replacement coat-

ings

1.3.1. Tribometers

Tribometers are devices used in most tribological investigations that aim to measure the
tribological properties of two materials rubbing against each other and the effectiveness of lu-
bricants between them. The purpose of a tribometer is to simulate friction and wear under
controlled and monitored conditions without the difficulties associated to experimentation be-
cause friction and wear are altered by various factors such as variations in temperature, load, or

moisture (Link et al. 2019). There are many different configurations of tribometers throughout
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engineering, but the most popular is "ball-on-disk". In this configuration, the ball slides in con-
stant contact with the disk while both can be driven independently, the disk can be large enough
for several wear tests to be performed on the same disk at different radii. It is frequently used
for greased lubricants due to the ball rotation that permits contact with the lubricant, however
the parameters vary according to the differences in track radii (Kilgour and Elfick [2008; Seyfert
2014; Hutchings and Shipway [2017b).

Therefore, this configuration can be used as a model test for mechanical component surfaces
that are subjected to high loads. Its wear debris can be pushed in front of the top sample and

remain in contact for a long time (Stavlid 2020).

Figure 1.5: Schematic of a ball on flat tribometer.

A similar configuration is "ball on flat" where the disk is replaced by a plane that cannot
rotate The "ball on flat" tribometer can test the tribological function of both the
hip and knee joints. However, pin/ball-on-plate simulators are basic devices that do not accu-

rately recreate the motion and stress profile experienced by human joints (Scholes and Unsworth
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2009). The motion condition between the femoral head and acetabular cup may be reduced into
a model where a flat surface (ball) slides against another flat surface due to the great conformity
of hip joint bearing surfaces (flat). As a result, pin/ball-on-plate tribometers testing are a low-
cost and straightforward method.In general, hip and knee simulators are better at mimicking
realistic and complicated loading and motion profiles, but pin-on-plate machines are a superior

way to perform the friction test (Shen, Fang, and Kang 2018).

1.3.2. Scanning Electron Microscopy (SEM)

SEM uses an electron beam (because of its shorter wavelength) to resolve the finer fea-
tures/details of materials (Ul-Hamid 2018). The electron gun generates the electron beam
and the beam is modified by apertures (control the passage of scattered electrons reaching the
lenses), electromagnetic lenses (reduce the size of the beam crossing point) and coils (track the
probe over the sample surface) located inside the column that focus the beam on a small (a few
nanometers in diameter) probe (Dunlap and J.E. Adaskaveg 1997). The barrel, column, and
sample chamber are kept in high vacuum (< 10~*Pa)) to minimize unwanted scattering (Gold-
stein et al. |2018). The final lateral resolution of the image corresponds to the diameter of the
electron probe.

The beam generates a variety of signals. Backscattered electrons (BSEs) are beam electrons
that emerge from the sample with a large fraction of their incident energy intact. Secondary
electrons (SEs) are electrons that escape from the sample surface after the beam electrons have
ejected them. X-rays are emitted when electrons break away from specific orbitals of an atom
in the sample (Dunlap and J.E. Adaskaveg|1997). Incident electrons may also enter the sample
with BSEs and SEs, causing the emission of X-rays atoms located deep inside the specimen.
Additionally, the main electron beam promotes X-ray emission (Dunlap and J.E. Adaskaveg

1997; Ratner 2013)).
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Energy-dispersive X-ray analysis, or EDS, is a method that uses these X-rays to detect
elements (Ratner 2013)). The basic foundation of EDS begins with the photoelectric absorption
of an X-ray photon in a semiconductor, where the energy of the photon is transferred to a bound
inner shell atomic electron that is expelled. Free electrons may move in response to an applied
potential, resulting in the accumulation of electrons at the anode on the back surface of the EDS
detector (Goldstein et al. 2018). The interaction of an X-ray photon with a group of electrons
results in the spectrum, which quantifies the photon energy that can give elemental composition
mapping across the object (Dunlap and J.E. Adaskaveg 1997} Goldstein et al. [2018)). The EDS
spectrum is created by measuring the charge that was deposited in the detector. EDS performs

site-specific elemental analysis in predetermined sections.

1.3.3. X-ray diffraction

The X-rays are the electromagnetic radiation at a wavelength range of 10~ nm to 10 nm,
and they are widely used from taking image of the inside of objects to reveal information on
the materials such as crystal structure, phase transition, crystalline quality, orientation, and
internal stress (Lee 2016). This measurements are a consequence of the interaction between
X-rays and matter. First, hard X-rays penetrate into all substances at different depths (more
optically opaque objects may be translucent to the hard X-rays). Secondly, X-rays have shorter
wavelengths than visible light, close to the size of atoms, that allows them to be diffracted by a
periodic and thus crystalline atom structure.

The X-rays are generated when electrons accelerated at a high speed, rapidly decelerate in
an X-ray tube. This source contains two metal electrodes: a cathode at negative voltage (source
of electrons) and an anode at ground potential (metal target). The electrons are accelerated
toward the metal target by a tungsten filament within the cathode, which has an electric potential

between 20 and 60 kV. When the electrons collide, they lose energy, which is then released as
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X-rays.

A study comparison of the corrosion behavior of Ti-6Al-4V and 316L stainless steel for
biomedical implants found that the XRD patterns of 316L stainless steel and Ti-6Al-4V were
used to confirm the presence of calcium phosphate used by (Gnanavel et al. [2018) to enhanced

osseointegration.

1.3.4. Raman spectroscopy

Raman spectroscopy was discovered in 1928 by using filtered sunlight; when a bright light
(electromagnetic radiation) is focused on a specimen, most of the light scatters back at the
same frequency as the incident beam. However, a fraction of this light excites vibrations in the
specimen and can lose (stokes) or gain (anti-stokes) energy (Ratner 2013; Vandenabeele [2013)).
This shift in frequency correlates to vibrational bands indicative of the specimen’s molecular
structure and is referred to as Raman scattering. Raman scattering is a technique that uses
vibrational transitions to gain information about the structure and characteristics of molecules.

The Raman spectroscopic technique has been severely limited for surface studies due to its
low signal level. Raman spectroscopy will be used to examine the structural and vibrational

properties of the thin films.

1.4. Corrosion of biomaterials in hip implants

Humans have been using artificial materials to repair tissues or organs for thousands of
years, vanadium steel was among the first metals developed for bone fracture fixation. Un-
fortunately, it was discarded due to its low corrosion resistance, mechanical failures and poor
biocompatibility (Eliaz 2019). Metallic corrosion is an electrochemical RedOx process (oxi-

dation and reduction reactions) that depends on the environment (Mozafari [2020; Eliaz 2019).
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In implants, corrosion is evidenced as metal degradation where surface metal ions are released
into the body (Boutrand 2019) and can be assisted by mechanical movement. When corrosion
is evident cracks usually occur at the junction of the parts and, after implantation, the amount
of metal ions is usually the highest with a decrease over time (Mozafari 2020).

As previously stated, while selecting metals, chemical resistance and the ability to apply pro-
tective methods like as passivation or surface treatments are considered (Pruitt and Chakravar-
tula 2011}; Sin, Hu, and Emami 2013)). (Swaminathan and Gilbert[2012) developed an electro-
chemical and fretting corrosion test system. To validate the model, they performed experiments
on combinations of Ti-6Al-4V and CoCrMo materials. They discovered that the Ti-6Al-4V
combination needed less effort to induce deterioration. (Royhman et al. 2016) developed a
methodology to study this mechanical corrosion in a device using a Ti-6Al-4V stem against a
CoCrMo femoral head. They were able to find a relationship between pH and amplitude of

motion, with corrosion wear of the surfaces.

1.5. Friction and Wear of MAX phase coatings

A new material used as a solid lubricant is the M, 1AX, or MAX phase. This is a class
of ternary carbide and nitride with a lamellar crystalline structure; where n = 1, 2 or 3, “M”
is a transition metal (Ti, Cr, Hf, Zr), “A” a group IIIA and IVA element (Al, Si, Sn), and “X”
is carbon or nitrogen (Eklund et al. 2010; Naguib et al. 2011). Applications of MAX phases
include coatings, structural elements for applications in corrosive media, conductive thin films
for micro-electronic systems.

The tribology of the MAX phases started with the study of the tribological behavior of the
Ti3SiCy, (Myhra, Summers, and Kisi|1999) phase. They reported a coefficient of friction value
of ((u < 5x107), the lowest value found in the literature. Subsequently, there was more inter-

est in MAX phase tribology because of its good behavior (low coefficient of friction and low
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wear rate). In 2000, (El-Raghy, Blau, and Barsoum 2000) investigated 7i3SiC,, where the u
increases linearly from 0.15 to 0.45 (first 5 seconds). It reaches up to 0.83 in the steady state,
this could be due to the accumulation of particles between the MAX phase and the counterpart.
In the following years, several tribology-related studies were reported with different counter-
parts such as Ti3SiC, vs. bearing steel (AISI 52100) (Sarkar et al. [2005), Ti3SiC, against low
carbon steel (Souchet et al. [2005), Ti3SiC; against steel and Si3N4 (Myhra, Summers, and Kisi
1999). Relevant tribological investigations that used 7i3AIC; or TirAlC are highlighted in the
Both MAX phases Ti3AIC, and Ti,AIC are used in this thesis as AISI 304 stainless
steel. Tribology of MAX phases is a field where more testing is needed to better understand the

tribological behavior of thin films of MAX phases.

Table 1.2: Friction and Wear of MAX Phases.

MAX phase Tribometer Counterpart COF Wear rate Source
(mm? /(N -m) ")

TizAILC, Ball on flat 316L 0.53-0.56 9.89x10~° (S. Wang et al
2016)

TiLAlC Ball on flat AISI 51200 steel 0.2-0.45 - (Quispe et al.
2022)

TizAlC, Ball on flat AISI 51200 steel 0.65-0.85 - (Quispe et al.
2022)

Ti3SiC, annealed Ball on flat | bearing steel 1.3505 | 0.2-0.3 - (Hopfeld et al.
2014)

CryAlC as deposited | Ball on flat | bearing steel 1.3505 | 0.15-0.4 - (Hopfeld et al.
2014)

Ti;AIN annealed Ball on flat | bearing steel 1.3505 | 0.15-0.5 - (Hopfeld et al.
2014)

TizAILC, Ball on Disc ALO3 - 10°7—10* (Jiang et al.2011) |

TiAIC Block on Disc | Low carbon steel | 0.3-0.345 1.64x10~° (Caietal.2017) |

Ti3AIC, Ball on Disc AL O3 1.22 1.2x1073 (Maetal.2013) |

Ti,AIC Pin on Disc Al O3 0.62 <1x107° (Gupta et al.[2008) |
TiAl Composite Ball on Disc AISI 52100 0.55 3.98x10~% (Z. Xu et al.[2015) |

TizAIC Block on Disc | Low carbon steel 0.13-0.33 2.5x107° (Huang, H. Xu, et |

al.[2015)

Ti3AIC, Ball on flat AISI 52100 0.35-0.82 4x107 (Wu et al.[2009) |
Ti»AIC coating Ball on Disc Stainless steel 0.32-0.38 - (Caoetal.2018) |
Ti>AlC coating Ball on Disc Al O3 0.766 4.7x1077 (Loganathan et al. |

2018)

TizAlC, Block on Disc | Low carbon steel 0.4-0.8 2.2x107° (Huang, Zhai, et

al.[2014)
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Chapter 2

Experimental methodology of
morphological analysis and tribological
evaluation in pin-on-flat tribometer of
MAX phases as a coating of 304 surgical
steel.

In this work, AISI 304 stainless steel (AISI 304 SS) was selected to be used as representa-
tive substrate of medical grade materials used in implants. Due to its properties of minimizing
metal ion dissolution and preventing local corrosion, medical grade stainless steel has stricter
standards on chemical composition than industrial stainless steel. For example, impurity ele-
ments like S and P have limited levels, while elements like Ni and Cr have higher presence than
in regular stainless steel. Despite the massive use of AISI 316L in implants, AISIT 304 is still
found in dental applications and medical instruments for surgery (Zardiackas 2006). Despite
having a different composition, AISI 304 has a number of benefits over AISI 316L or even
AISI 304, the most significant of which being AISI 304’s resistance to corrosion in simulated
bodily fluids and ability to maintain biocompatibility (Tang et al.[2006; Paul and Mandal 2013)).

AISI 304 stainless steel samples without coating as reference (n=1), and AISI 304 stainless

steel samples with Si,N, coating (100 nm) and a Ti-Al-C multilayer according to (Torres et al.
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2021) methodology (n=2) were used in this thesis work. The Si,N, layer works as a diffusion
barrier to avoid the diffusion of the Ti-Al-C layers deposited over the AISI 304 substrate. The
samples with multilayer underwent a heat treatment described by (Torres et al. 2021) for the
formation of MAX phase coatings Ti,AIC at 700°C (n=1) and Ti3AIC, at 950°C (n=2). The
methodology framework is described in as and overview, but each step is explained

detailed in this chapter.

Figure 2.1: Workflow synthesis of the project: 1) To determine if the coatings were produced,
the surface must first be characterized. 2) The tribological test simulate joint movement and its
wear. 3) An evaluation of the final surface characterisation enables a comparison to determine
if the coatings were damaged and how the byproducts are distributed.

2.1. 304 Surgical Steel and MAX Phase Coating Samples

The Center of Micro- and Nanotechnologies at Technische Universitit Ilmenau used the
Mid-frequency magnetron sputtering method to produce MAX-phase thin films in two steps

following (Torres et al. 2021)). As substrate, AISI 304 polished using electropolishing technique

24



with electrolytic solution of 55% H3PO4, 14% H>SO4 and 31% H>O was used (Awad et al.
2012; Doche et al. [2022). Subsequently, a 100 nm Si, Ny, coating, which worked as a diffusion
barrier, was deposited by chemical vapor deposition (LP-CVD). Subsequently, a multilayer
system was deposited using targets of titanium, aluminum and carbon that were sputtered in
CS400ES magnetron sputtering system (VON ARDENEN Anlagentechnik) with a power of
200 W for Ti and Al and 500 W for C. These targets purities were 99.6% for Ti, 99.95% for Al,
and 99.9% for C. The deposition of titanium (Ti), aluminum (Al), and carbon (C) multilayers
was done in 22 sets, with each set consisting of layers of Ti, Al, and C with thicknesses of 14
nm, 6 nm, and 3.5 nm, respectively. The layers were deposited in a high purity argon (Ar, 5.0)
atmosphere with a working pressure of 5- 103 mbar and a flow rate of 30 sccm.

The samples were repeatedly evacuated to reduce oxidation (Jet First, Joint Industrial Pro-
cessors for Electronics), and then they were heated in the second stage using rapid thermal pro-
cessing (RTP) in an environment of Ar and hydrogen. The sample was then heated to 200 °C and
kept there for 300 s, allowing the water that might be adsorbed at the surface of the sample as
moisture to evaporate. The samples were then heated, according on the sample, to temperatures

between 700 °C and 950°C in stages of 50°C with a holding duration of 300 s.

2.2. 'Tribological characterization

Tribometer Setup

In the labs of the Department of Chemical Engineering, Biotechnology, and Materials of the
University of Chile, tribology experiments were carried out on the tribometer MFT-5000 Multi
Function Tribometer. Each sample was cleaned with isopropyl alcohol to remove particles
and grease from the surface (Fellah et al. 2014). Commonly, according to ISO 7148-1:2012 and
ASTM G99-17, hip implant materials are tested on a tribometer with pin-on-disk configurations.

Nevertheless, due to the device availability, a ball on flat configuration was used (Figure 2.2)
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according to ASTM G133-05 at room temperature, to find the friction coefficient.

Each test lasted 15 minutes, had a 2.5 mm stroke length, and was conducted with two sliding
velocities in the hip joint’s typical range (2mms~! and 10 mms~!) while varying the normal
loads (0.16, 0.8, and 1.6 N). A AISI 52100 steel ball (radius of 4 mm) served as the counterpart
in all experiments, and it was changed for each sample. Each velocity and normal force were

mixed in 6 different combinations (Figure 2.1)), then repeated three times in a row. Each sample
included 18 tracks. (Figure 2.2J).

Figure 2.2: Ball-on-flat tribometer schematic and distribution of tracks in each sample.

Depending on the triaxal forces exerted in a walk, an average hip might endure over 2000 N
throughout the gait cycle (Ruggiero and Sicilia 2020; Jamari et al. 2022). Based on the Hertzian
elasticity contact theory and hip collected gait data in vivo, Wang et al. offer a realistic stress
level and peak stress analysis at the human hip joint (maximum of 11.89 MPa) (X. Wang et al.
2005). In (Sanders and Brannon [2011)), Hertzian contact theory was applied for concentric hip

contacts in abnormal states and multiple material couples assuming:

1. The materials are homogeneous, linear elastic, and isotropic.
2. The surfaces are perfectly smooth and frictionless.

3. The surfaces are nonconforming.
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4. The contact dimensions are much smaller than the surface radii at the contact point (Hertz,

1882; Johnson, 1985).

The work by Sandres et al. shown that the accuracy of Hertzian contact theory for fore-
casting contact dimensions in edge loading is dependent on the bearing materials and contact
location. Their measures were frequently greater than their expectations in their outcomes.
They discovered that contact would press some of the grease slightly past the contact boundary;
also, powder particles may attach to the edge of the transfer film. A mean contact pressure of
5.7 GPa for ceramic on ceramic implants.

A hertzian contact pressure analysis in is used to determine the average contact
stress based on values of contact load and probe radius (Chandra et al. 2011). This analy-
sis depends on the normal force (0.16, 0.8 and 1.6 N), radius of the AISI 52100 steel ball
(4 mm). Also the the elastic modulus and Poisson’s ratio of the steel ball (Ep,;; = 200GPa and
Vpair = 0.3), AISI 304 steel (Eseer = 193GPa and Ve = 0.29), TizAIC; (ETi010, = 297GPa
and Vri a0, = 0.2) and Ti,AIC (Erjyaic = 277GPa and Vri,4c = 0.19). The mathematical pro-
cedure followed here is described in Quispe et al.2022| and the results are shown in

Table 2.1: The hertzian contact pressure for the contact between the AISI 52100 steel ball and
a samples plane

Hertzian contact pressure (MPa) | 0.16 N | 0.8 N | 1.6 N
Steel AISI 304 447 765 964

Steel + SiyNy + TirAIC 493 843 1062
Steel + Si,N, + Ti3AlC; 503 861 1085

Coefficient of Friction: Data processing

Due to the presence of noise during changes of direction in the track path, the application
of a "Moving Average" filter was proposed. This filter selects a window of values and averages

them in order to eliminate the values that move away from the surrounding values. The filter
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was used in MatLab and applied on Origin for this thesis work to facilitate the representation
of results. The value of the window of values used was 150 because 90,020 measuring points

were obtained per COF measurement in each track [Figure 2.2]

2.3. Morphological characterization

The coated (AISI 304 steel with Ti-Al-C based MAX phase) and uncoated (steel) samples
were characterized at the Materials Characterization Center at Pontificia Universidad Catdlica

del Perd (CAM-PUCP) before and after the tribological.

2.3.1. Scanning Electron Microscope

The Scanning Electron Microscope (SEM) equipment FEI Quanta 650 was used to take
images to identify the surface morphological change at an accelerating voltages of 15 kV and
a spot of 5. The spot size d50 with this parameters is 170.6 nm. Energy dispersive X-ray
spectroscopy (EDX) was carried out on the samples using an EDAX Octane Pro EDX detector
installed on the SEM to determine their elemental composition.

The measures before the tribological test were at randoms points (n=2) on the sample sur-

face. After the test, an image of each track (subsubsection 2.2)) was taken, and a linescan EDX

ortogonal to the track were conducted. Additionally, a collection of points close to the bound-

aries were measured to identify the wear particles and debris.

2.3.2. X-Ray Diffraction

X-ray diffraction was performed with a Bruker D8 Discover diffractometer with Cu Ko
radiation (A = 1.5406 A), an accelerating voltage of 40 kV and a filament current of 40 mA.
The patterns were obtained in two configurations: Bragg-Brentano (BB) and Grazing incidence
(GI). The GI measurements were performed at a fixed incidence angle of 2° (20 between 5°-

80°) and a Goebel mirror to obtain a parallel beam. In the BB configuration, measurements
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were performed in the 20 range of 5°-65°.

2.3.3. Raman Spectroscopy

Raman spectroscopy was performed using a Renishaw inViaT™ Qontor™ micro-Raman
inViaT™ confocal microscope. The excitation wavelength was 633 nm (He-Ne laser). The
measures before the tribological test were at randoms points (n=2) on the sample surface. Fol-
lowing the test, measurements were taken at the lateral and superior edges of the track as well

as inside the track to describe the wear particles.
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Chapter 3

Results and discussion

3.1. Morphological characterization prior to the tribological
testing

In order to understand the particles composition formed after the wear test by the tribometer
contact, all samples were measured by SEM/EDX, XRD and Raman espectroscopy. All tech-
niques provide data on the MAX phase coating and if the steel substrate has been sufficiently
penetrated. The use of the Torres et al. preparation method to deposit the TiAIC or TizAlIC,
MAX phase coatings as a solid lubricant on an AISI 304 stainless steel substrate has not before
been documented in literature (Torres et al. [2021]).

To understand the chemical composition, the EDX data is more useful. In [Figure 3.1} to
confirm that the steel used was AISI 304, the percentage of chemical elements in the steel
sample is displayed and compared to commercial AISI 304. The concentrations of Fe, Cr,
Ni, Mn, S, Si, and N are within the predicted limits (AlHazaa and Haneklaus |[2020; Borba et al.
2020). The electrolytic solution in the electropolishing (H3PO4, H,SO4 and H>O) might explain

the elevated P concentration, as well as the presence of O. Due to self-absorption, low x-ray
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fluorescence yields, and detector inefficiency or contamination, the high levels of carbon seem
to be present (Buck 2017). The composition is more closely aligned with what is anticipated in

AISI 304 overall.

Figure 3.1: Atomic Concentration comparison of standard AISI 304 and the steel substrate used
for coated samples. Based on (AlHazaa and Haneklaus 2020; Borba et al. 2020)

In the the composition of the coated samples is shown. To be able to attribute the
chemical composition to the corresponding MAX phases, in the ratio of Ti:Al and
C:Al of the samples is compared. According to the stoichiometry of the MAX phases a Ti:Al
ratio of 2:1 for TirAIC and 3:1 for Ti3AIC, is expected whereas the C:Al ratio is 1:1 or 2:1,
respectively. The Ti-Al-C relation is around 2.41:1:1.23 at 700 °C, showing an slightly increased
Ti and C concentrations. This might indicate that 7i,A[C is partially formed. Additionally, since

the high acceleration voltage employed in EDS makes it difficult to detect nitrogen, the high Si
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concentration supports the creation of the diffusion barrier Si,Ny. (15 KV).

Figure 3.2: Atomic Concentration of selected elements found in the MAX phase coated sam-
ples.

In the case of 950°C, the Ti-Al-C relation is around 1.56:1:0.50. This shows a significant
presence of Ti and Al in comparison to C. And it might evidence the formation of Ti3A/C, with
co-products like Al,O3 or TiO, when oxygen is present (the absent of oxygen in [Figure 3.2
could have avoid retention of Ti and Al), that avoids the interaction of C with Ti or Al. Also,
the present of Cr, Ni and mainly Fe evidence that the substrate is the steel previously described.

Table 3.1: High intensity peaks location found for Ti,AlC, Ti3AlC,, Fe-Austenite and
aluminum oxide. Adapted from:(Zandrahimi et al. 2007; Ansari and Husain 2011}
Karunakaran, Anilkumar, and Gomathisankar 2011; L. Wang and Sun |2013; Quan and He
2015 Sanati, Raeissi, and Edris 2017; Abdo et al. 2021}; Torres et al. 2021 Naecem et al. 2022;
Quispe et al. |[2022)

Peaks positions [°]

Tir,AIC | TizAlC, | Fe-Austenite | Al,O3
13.32 9.59 43.33 27.20
34.50 19.30 50.50 29.20
39.48 36.50 74.43
53.50 38.50 90.45
71.80 83.50
85.50 42.00

The XRD results in were used as a reference to identify whether the coatings

were MAX phases and to verify if the substrate was AISI 304. includes a list of
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the expected peaks to be identified (without their corresponding Miller indices of the crystal-
lographic planes). First the identification of the AISI 304 in the steel sample are noted with
black lines (y ). These peaks refer to the presence of Fe-austenite, which is typical for AISI 304
(Zandrahimi et al.|[2007; L. Wang and Sun 2013; Quan and He 2015} Sanati, Raeissi, and Edris
2017; Abdo et al. 2021; Naeem et al. 2022). In this thesis, the presence of austenitic iron is
used as a steel fingerprint in samples with MAX phase coatings. These last 4 peaks of the XRD

diffractogram are similar to the steel fingerprint of the reference in black in all samples.

X-Ray Diffraction previous to Tribological tests
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Figure 3.3: Bragg Brentano configuration-X-Ray diffraction patterns of AISI 304 stainless steel,
MAX TiAlC at 700°C MAX and Ti3AIC, at 950°C

In (Quispe et al. 2022), the peaks found for the Ti;AIC coating over Si,N, (as substrate)
using the technique elaborated in (Torres et al. [2021) were at 20 = 13.30° and 26 = 34.50°
(marked with orange lines). These peaks, along with 20 = 39.48°, shown in the sample diffrac-

togram corroborate the formation of a Ti,AIC coating in (after being heated at
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700°C). The remaining peak over 20 = 40° may be a consequence of a shifting due to dif-
ferent expansion/contraction of the coating and substrate.

For the sample heated at 950°C (T'i3AlC,), the peaks found at 20 = 9.59° and 20 = 19.30°
had the positions as expected for Ti3A/C, (marked with green lines). The peaks at 20 = 34.50°
and 20 = 39.48° peak are described in for TiAIC. Those peaks could be a con-
sequence of shifting to the left for lattice expansion of the diffusion barrier o coating, or the
formation of Ti,AIC due to heat treatment close to 950°C (Lee [2016; Torres et al.[2021)).

Finally, the presence of aluminum in the coating together with oxygen results in minor
depositions of Al, O3 evidence in the peaks about 20 =27° and 20 = 28° (marked with pink lines
in [Figure 3.3). The oxygen is probably provided during the heating process. This aluminum
oxide is frequently present during the synthesis of Ti,A/C, and it is also needed to enhance the
coating’s oxidation resistance (Haftani et al. 2016)). The full list of high peaks intensity is found
in[Table 3.11

Table 3.2: High intensity peaks location in Raman spectrum of 7i,AlC, Ti3AlC;, aluminum
oxide and graphite. Adapted from: (Presser et al. 2012; Rao, Pierce, and Dasgupta |2014;
Torres et al. [2021)

Compound Wavenumbers (in ® cm™ 1) Reference
rioaic | 1933 | 2609 12703 | 3587 (Presser et al. 2012) |
1499 | 262.1 | 268.1 | 365.1 (Torres et al.[2021)
TizAIC, 125.0 | 183.4 | 201.5 | 270.2 | 623.2 | 663.3 | (Torres et al. 2021)
Al O3 300.0 | 381.0 | 567.0 | 711.0 (Torres et al.[2021)
graphite 1340.0 | 1590.0 293.0 (Rao, Pierce, and Das-
gupta [2014)

According to (Spanier et al. 2005; Presser et al. 2012), the wave numbers (cm_l) ex-
pected for bonds of Ti-Al, Al-C and Ti-C in Ti;AlC are expected at 149.9 ecm 1, 262.1ecm™ 1,
268.1cm™! and 365.1 cm™! (Table 3.2). The results infor the bonds in Ti,AIC, only
have a peak at 270.3 cm~! and 358.7 cm ™! which means that the coating had indeed Ti,AIC, but

the peak at 623.2 also proves that there is a notorious presence of TizAlC, (both MAX phases in
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the same coating). For the sample treated at 950 °C which is expected to have Ti3AlC;, have its
3 major peaks where the Ti3AIC, peaks appear (Table 3.2). On the other hand, there is evidence
that the presence of oxygen may create small formations of A/,O3, and graphite may be inside
the substrate due to the electrolytic solution and posterior temperature treatment.

According to the results, the coatings composition is predicted to conform to the composi-

tion of Ti,AlC or TizAlC; MAX phases.

Raman Spectrums of Samples previous to Tribological tests
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Figure 3.4: Raman spectrums of AISI 304 stainless steel, MAX Ti,AIC at 700°C MAX and
TizAlC, at 950°C
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3.2. Tribological test of coefficient of friction by variations of
normal force and speed

The objective of the tribological testing was to determine how the coefficient of friction
changed as a function of the normal forces (0.16 N, 0.8 N, and 1.6 N) and speed (2 mm s~ and
10 mms~!) at which the ball moved back and forth against the flat surface. The low speed test
had a sliding path length of about 1.8 m, while the higher speed test had a sliding path length of
9 m due to the test fixed duration of 15 minutes for each track. According to the literature, the
COF for AISI 304 against AISI 52100 is around 0.7-0.8 due to variations in the measure like
tribometer set up, normal force and counter part material (Arash et al.[2015; Dogan, Findik, and

Oztarhan 2003}, Qin et al. 2018}, Dib et al. [2020). In a summary of the values of the

tribological test presented in

Table 3.3: Coefficients of friction of Ti,AlC, TisAlC, and AISI 304 at combinations of the
normal forces (0.16 N, 0.8 N, and 1.6 N) and speed (2 mms~! and 10 mms™1).

2mms~! 10mms !
0.16 N | O8N [16N | 0.I6 N | 08N | 1.6 N
Steel 0.85 0.78 | 0.77 | 0.85 0.8 0.65
Ti,AlC 0.52 0.73 | 0.68 | 0.72 0.74 | 0.72
Tiz3AIC, | 0.15 0.14 | 0.13 | 0.14 0.14 | 0.14

3.2.1. Results at 2 mms~!

At2mms ! and 0.16 N

The visible wear particles in this test are fewer than what is shown in the upcoming results
at the same minimum speed and normal force (Figure 3.5). At the beginning of the tribological
experiment the COF of AISI 304 against AISI 52100 was 0.6 due to the running-in, but it
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stabilizes around 0.85 (upper 75% quantile), which is the average for this steel. This running-in
affects the COF of all AISI 304 tested, but it was previously reported that this AISI 304 have
this behavior (Dib et al. 2020). It must be considered that this steel had a high COF, but even
the AISI 316L have a COF not lower than 0.75 with running-in behavior (Dogan, Findik, and
Oztarhan 2003). The wear particles are not only a combination of the steel and the coating, but
also the elements of the AISI 52100 from the ball counterpart, which is known to have more
iron and less chromium. The AISI 52100 (against AISI 304) has proven to be that predominant

source of wear due to its delamination (Zandrahimi et al. 2007]).

Figure 3.5: COF analysis for Steel, Ti»AIC and TizAIC, at 2mms~! and 0.16 N.

The Ti,AlIC coating had a stable COF around 0.52, and it also had running-in behavior as
evidenced by the production of wear debris surrounding the track, which served as lubrication in
part (due to minor delamination). The image of the track in shows a track with a width
around 200 um with an slight formation of wear around. A cross-section linescan demonstrates
that friction causes a wear mark in the center of the track (about 135 um), where the wear of
the Ti,AIC coating is demonstrated by a loss of more than half of Ti and the wear of the barrier

diffusion by a decrease of Si (from 13% to 7%). Also the dark marks in the SEM image is steel
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since its levels duplicate itself where the coating wear was higher (double Fe and Cr). The peak
of oxygen at 125 um is a consequence of the accumulation of oxides at the border, which were

removed from the inside of the track (oxygen absent from 125 um to 165 um).

Figure 3.6: Scanning electron microscope-energy dispersive X-Ray detector (SEM-EDX) anal-
ysis of Ti»AIC at 15 kV. SEM micrographs of the wear track at 2mms~! and 0.16 N. The orange
dashed line shows the position of the wear track.

In the wear particles surrounded the borders of the tracks seems to been mainly
consequence of steel delamination. The points around the laterals of the track (point 2 and
point 3) have slightly lower levels of Ti and Al with higher levels of Fe and C. The presence
of Ti,AlC is probably a consequence of the delamination of the lubrication coating. Not only
the MAX phase coating was removed, but also the the AISI 52100 counterpart is the provider
of steel traces accumulated at the borders from its own delamination. The points inside the
great accumulation of wear particles (points 6 and 7) have a composition similar to the previous
mentioned. The points further from the border are marks of visible wear accumulations. Point 1
shows a highly oxidation of steel and Ti with almost no presence of TiAIC. The remain points

4 and 5 have the highest levels of oxides, but much less accumulation of steel in comparison to
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other points. In general, most of steel in this track comes from the counterpart with zones of
high delamination of the coating that protects the surface from the friction working as a solid

lubricant.

Figure 3.7: EDX points analysis on the scanning electron microscopy (SEM) images of Ti,AlC
wear particles around a wear track at 2mms~—! and 0.16 N.

Figure 3.8: Scanning electron microscope-energy dispersive X-Ray detector (SEM-EDX) anal-
ysis of Ti3AIC, at 15 kV. SEM micrographs of the wear track at 2mms~! and 0.16 N. The
orange dashed line shows the position of the wear track.
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Figure 3.9: EDX points analysis on the scanning electron microscopy (SEM) images of Ti3AlC,
wear particles around a wear track at 2mms~! and 0.16 N.

Out of what it was expected, TizAIC;, had different behavior with the lowest COF at 0.15,
with a running-in behavior. This running-in behavior may be consequence of a well done de-
lamination, where the wear from the coating is shaped like leafs over the tracks and then it
became a protection for this track. The SEM image in shows an almost non visible
track, were the wear particles are almost unnoticeable, but the track is highlighted by orange
lines. The track had an approximated width of 40 um. Ti3AlC; was not affected except for the
small accumulation of carbon at the borders, probably for the wear of graphite byproducts ev-
idenced in [Figure 3.3|Elements from the diffusion barrier (silicon and nitrogen) and steel (iron
and chromium) had no important variations in its levels, except the slightly decrease on the lev-
els of nitrogen in the borders. The increasing on oxygen is accumulated at the border (50 um)
and inside (70 um) of the track due to oxides formation. The change of no more than 4% in all

elements are evidence of the absence of wear of the coating or its delamination.
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There is no visible sign of wear particles, even at the edges where the ball changes direc-
tions, which is thought to be where the majority of the wear occurs. All 3 points seem to have
composition similar to the values measure in the Ti3A/C, coated sample before the wear with
some accumulation of oxides due to the friction test. In the steel (red bar), chromium had almost

no change, but the levels of iron are the main indicator of variations

At2mms ! and 0.8 N

At 0.8 N (Figure 3.10), the steel has an uneven COF behavior where the coefficient of fric-
tion reach stability around 0.78. The AISI 304 started with a running-in behavior as mentioned
before and it stabilize at 0.8 m. At this conditions, Ti»AIC have a smoother COF curve with
staring at 0.4, but the wear particles create a constant increasing of COF due to the delamination
of the MAX phase coating and the particles of contaminants inside, the COF was similar to the

steel, but smoother probably because of the smaller wear residues.

At 0.8 N and 2 mm/s
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Figure 3.10: COF analysis for Steel, Ti»AIC and Ti3AIC, at 2mms~! and 0.8 N.

The Ti,AlC coating with COF around 0.78 shows a visible track in the SEM image in
with a width around 250 um noted with orange lines and also visible wear particles
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accumulated in lines. The cross-section linescan highlight two zones: the middle of the track
at about 70 um, and the bigger accumulation at the inferior border at about 135 um, where
the delamination of TipAIC and AISI 5200 is located. The track is highly oxidized around the
center of the track (pink line), but the iron levels rise from 14% to 35% (the Ti levels decrease
the same percentage the Fe increases). Carbon has a similar correspondence with Cr as Ti does
with Fe at this stage. At 135 um, the values of not only Fe and O increase, but also the presence
of Ti. As the chromium level nearly did not grow, the levels of steel from the AISI 5200 are
lower than within the track, and yet this zone now contains the majority of the MAX coating

and steel wear particles.

Figure 3.11: Scanning electron microscope-energy dispersive X-Ray detector (SEM-EDX)
analysis of Ti»AIC at 15 kV. SEM micrographs of the wear track at 2mms~' and 0.8 N. The
orange dashed line shows the position of the wear track.

Since the wear particles are visible the halo of particles formed around all the
track is represented by the points 1, 2 and 7. These points are almost similar to the Ti,AIC
before the friction test, but have replaced more than half of the diffusion barrier ($i,Ny) with
residuals of steel particles. They also do not include any oxides. Points 3, 4, 5, and 6 differ from

each other because they represent distinct regions of the track. The point 5 is inside the track,
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which has values similar to the previous points, but has replaced part of its titanium with oxides
(TiO, or Al,O3). Points 3 and 4 appear to be comparable particles retrieved from the track and
have similar compositions with severe oxidation (around 30%). At last, point 6 is a visible wear
particles isolated that have less oxidation than point 4. Even when the wear is severe in some

points, all still have residual accumulation of Ti,AIC.

Figure 3.12: EDX points analysis on the scanning electron microscopy (SEM) images of Ti,AlC
wear particles around a wear track at 2mms~! and 0.8 N.

Ti3AlC, kept an steady COF of 0.15, which could mean almost no wear formation. Com-
pared to the track at 0.16 N, the track in the SEM image in is more visible. However,
the linescan quantification does not show noticeable variations in the levels of Ti (black line) or
Fe (pink line). In this track, the visible marks are around 45 um and 85 um. The only variations
in that range are a decreasing of carbon and a corresponding increasing in the oxygen levels.
The oxides formed are assumed to be Al O3, or Ti0O; in small amounts.

Even when the linescan does not show a variation in the crosssection, the SEM image in

shows the wear of the coating and residues of the delamination of both AISI 52100
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and Ti3AlC, coating. A point inside the track (point 4) has the same composition as a point
outside the track (point 5), and both have the same composition as the measurement before
the wear. The most evident sign of wear is border delamination. The coating and diffusion
barrier appear to have been torn off of Point 1, leaving only the steel substrate. According to the
literature, a tribometer with a reciprocating action wears more at its border than other rotatory
possibilities such as a pin-on-disk. This disk layout produces a continuous wear pattern with no
wear zones (such as the interior of the track). More pressure and deeper penetration are created
when the pin or ball changes direction by changing its speed. Other remnants, such as points 2

and 3, appear to be laminates peeled off of the steel and hence contain intact compositions.

Figure 3.13: Scanning electron microscope-energy dispersive X-Ray detector (SEM-EDX)
analysis of Ti3AIC, at 15 kV. SEM micrographs of the wear track at 2mms~! and 0.8 N. The
orange dashed line shows the position of the wear track.
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Figure 3.14: EDX points analysis on the scanning electron microscopy (SEM) images of
Ti3AlC, wear particles around a wear track at 2mms~! and 0.8 N.

At2mms ! and 1.6 N

At the 2mms ™! speed with the highest normal force used of 1.6N (Figure 3.13), the steel
have a larger running-in behavior, reaching an stable COF of at 1.4 m behavior as in 0.8 N
before, but with a maximum COF of 0.77. At this higher force the coefficient of friction it is
expected to decrease like in (Chowdhury et al. |2013)), where a pair AISI 304 with mild steel
showed an small reduction of its COF by increasing the force at a steady speed. This explains
why the steel did not reach a COF closer to 0.8 like in literature, instead it had a slow start near
to the constant COF values of Ti3AlC, over AISI 304.

The Ti»AlLC sample had a high COF around 0.68 because it seems that MAX phase coating
was broke since the start. In the Raman Spectrum in [Figure 3.16| it is shown the analysis of

the borders of the track (lateral and superior) and the inside. The shift of the peak near to
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663.3cm™! (peak of a Ti-C bond in Ti3AIC;) could mean a perturbation in the expansion rate
during the heat treatment at 700 °C to produce the MAX phase coating. Is also remarkable that
this peak is reduce in the lateral where the accumulation of the Ti»AIC is minimum. The point
inside the track showed small peaks of TiAIC and no sign of graphite, probably only steel is
left since here is where the wear of the coating is expected.It must be remark that the graphite

presence is a consequence of using a graphite target (source of the C) (Li et al. 2018).

At 1.6 N and 2 mm/s
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Figure 3.15: COF analysis for Steel, Ti,AIC and TizAIC; at 2 mm s~land 1.6 N.

To contrast the results in the inside (red Raman spectrum in the linescan pro-
vides useful complementary information. The SEM image in [Figure 3.17| evidence a visible
track from 90 um to 160 um. At 40 um, an oxide presence replaces small amounts of Ti and Cr,
but increases presence of C. The fraction of Ti is lowered inside the track without impacting Al
or C. Because of the presence of steel, AISI 52100 ball delamination residues remain inside the
track without damaging the Si, Ny, diffusion barrier.

To verify the values in the lateral (blue Raman spectrum in [Figure 3.16), 10 points were
analyzed at the lateral border of the track (Figure 3.18). The bulk of the MAX coating and

even the diffusion barrier have been removed from the steel sheet that is visible inside this track
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(point 1) and seems to be highly oxidized (steel from the substrate and the ball). Point 8 is on
the opposite side of the same wear accumulation. Point 8 has a high quantity of oxides but also
contains Ti, Al, C, and a portion of Si,Ny. The locations closest to the border (points 2, 3, 4, and
5) have lowered Si and N,and replaced them with steel. The particle at point 10 is comparable
in composition to the border. Also, the points in the halo of wear around the track (points 5, 6,
and 7) have the same composition as the point inside the track. In general all point have high
levels of steel (mainly from the AISI 52100 ball) as a consequence of the delamination of the
steel ball. Most of the particle of Ti,AlC seems to still be protecting the surface.

The Ti3AlC, had a steady COF around 0.13. Its Raman spectrum in [Figure 3.19|evidence
the presence of Ti3AlC, and graphite at the borders (lateral and superior) and inside the track.
In contrast to Ti,AIC (Figure 3.16), the presence of bonds in Ti3AlC; is still strongly evident at
all borders. At the superior border, the accumulation of 7i3A/C, seems to be even greater than
before the test. Also, all borders have greater accumulation of graphite. The presence of the

peak in 365.1 cm ™! represents a bond in Ti,AIC. This peal is sharper in the borders.

Figure 3.16: Raman spectrums of Ti>AIC at 700°C MAX at 2 mms~ ! and 1.6N, where the wear
was maximum.
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Figure 3.17: Scanning electron microscope-energy dispersive X-Ray detector (SEM-EDX)
analysis of TirAIC at 15 kV. SEM micrographs of the wear track at 2mms~' and 1.6 N. The
orange dashed line shows the position of the wear track.

Figure 3.18: EDX points analysis on the scanning electron microscopy (SEM) images of Ti,AIC
wear particles around a wear track at 2mms~! and 1.6 N.

The SEM image in [Figure 3.20| shows a track with a width of 25um. This track have

an reduction of Ti and Si, with a respective complementary increasing of Fe and C. At the
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superior border (purple spectrum in [Figure 3.19), there is visible particles acumulation but not
a noticeable variation of the elements presence besides reduction of C. The MAX phase coating
seems to not be destroyed and the steel presence is from the AISI 52100 ball. In the image,
it is not easy to notice the wear track marks without the orange lines. The absent of marks
of coating wear, except of the zones where the coating was delaminated, are evidence of a
protective behavior of the Ti3AlC, coating as a solid lubricant. Its lubrication behavior was
described before as a delamination process. In the literature, 7i,AIC has a lower COF than
TizAlC; as Silicon coating. In this work, Ti3AlC, has better behavior over a substrate of AISI

304 because it does not peels off as easily as TiAIC.

Figure 3.19: Raman spectrums of Ti3AIC; at 950°C MAX at 2mms~! and 1.6N, where the
wear was maximum

At the border, four point were measure to analyze the wear particles composition (Fig-|
lure 3.2T). The point 1 seems to be the AISI 304 under the coating, the wear in this zones might
be a consequence of the change of directions of the AISI 52100 ball. The point 2 is in a wear

residues accumulation of Ti3AIC,. Point 3 have residues of K, Na and CI due to contamination.
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Even when point 1 and 4 have high levels of steel, their sources are different since point 4 is a

particles from the ball with high oxidation and carbon.

Figure 3.20: Scanning electron microscope-energy dispersive X-Ray detector (SEM-EDX)
analysis of Ti3AIC, at 15 kV. SEM micrographs of the wear track at 2mms~! and 1.6 N. The
orange dashed line shows the position of the wear track.

Figure 3.21: EDX points analysis on the scanning electron microscopy (SEM) images of
Ti3AlC, wear particles around a wear track at 2mms~! and 1.6 N.
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3.2.2. Results at 10 mms~!

At 10 mms—! and 0.16 N

Figure 3.22: COF analysis for Steel, TiAIC and Ti3AlC, at 10 mm s~!and 0.16 N.

The COF of AISI 304 reach is higher value at 10 mms~! and 0.16 N in a COF
of 0.85. Now that the distance has increase to 9 m, the running-in phase is only presence for the
first 2m. The BOX graph in provides a better vision of the COF curves avoinding
the running-in effect of the final COF. All COF have more stable values than at 2 mms .

The track of Ti>AIC is even more visible than at 2 mm s~! in is shown a track
with a width around 100 mm. The previous relation of reduction of Ti and increasing of Fe
is also evident. The presence of Fe from the steel, and the reduction of Si from the diffusion
barrier, are evidence of a wear of the coating which is why this sample reach a high COF around

0.8. There is also an accumulation of oxides besides the track.
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Figure 3.23: Scanning electron microscope-energy dispersive X-Ray detector (SEM-EDX)
analysis of Ti»AIC at 15 kV. SEM micrographs of the wear track at I0mms~! and 0.16 N.
The orange dashed line shows the position of the wear track.

Figure 3.24: EDX points analysis on the scanning electron microscopy (SEM) images of Ti,AlC
wear particles around a wear track at 10 mms~! and 0.16 N.

To describe the boundaries, eight points were measured in the lateral borders (superior and

inferior) and in the wear particles The lateral boundaries where particle buildup
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was apparent (points 2, 3, 4, 6, and 7) are identical to the inside of the track (point 8). These
points have lowered their diffusion barrier and replaced it with AISI 52100 steel. They also
had identical Ti, Al, and C concentrations as before the tribological test. Point 1 is located in a
large wear particle at the track’s edge. It has similar steel levels, but less MAX phase coating
and more oxides. On the other hand, point 5 is located further from the track where a group of
particles are located. This zone is full of oxides and all the elements in 77,A/C are reduce to a

fraction of before.

Figure 3.25: Scanning electron microscope-energy dispersive X-Ray detector (SEM-EDX)
analysis of TizAIC, at 15 kV. SEM micrographs of the wear track at 10 mms~! and 0.16 N.
The orange dashed line shows the position of the wear track.

The Ti3AIC; track is more visible than at 2mms~', but in have a width of no more than
40 um. The percentage of Ti in the sample is the lowest yet, hence this track have a almost no
visible wear particles. Also, the only complementary variations are with the reduction of C and
increasing of N from the diffusion barrier. At the border in[Figure 3.26] the points 1 and 4 inside
the track are similar to the values before the tribological test. On the other hand, points 2 and 3

seem to be residues from the AISI 52100 ball due to its high levels of steel and oxides.
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Figure 3.26: EDX points analysis on the scanning electron microscopy (SEM) images of
Ti3AlC, wear particles around a wear track at 10mms~—! and 0.16 N.

At 10 mms—! and 0.8 N

At 0.8 N and 10 mm/s
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Figure 3.27: COF analysis for Steel, TiAIC and TizAlC; at 10 mm s~!and 0.8 N.
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At high speed and medium normal force in the AISI 304 have a short duration
running-in until it reach 0.8 as its COF. The Ti,AIC sample reach 0.75 after a rupture of the
coating at the beginning like in previous results. Meanwhile, the Ti,AlC stabilize its high COF
(at 0.75) probably due to the wear of both MAX phase coating and Si,N, coating. The Ti3AlC,

sample had a lower COF of with a running in behavior for 3 m reaching 0.14 as before.

Figure 3.28: Scanning electron microscope-energy dispersive X-Ray detector (SEM-EDX)
analysis of Ti»AIC at 15 kV. SEM micrographs of the wear track at 10 mms~! and 0.8 N.
The orange dashed line shows the position of the wear track.

In the SEM image shows an irregular track. The track width of the track was
around 50 um to 75 um. The first peak in oxygen levels is consequence of a accumulation of
particles at 100 um. Inside the track there was only a decreasing of less than 10 % of Ti, with its
respectively complementary increase on Fe. The levels of chromium increase (2 %) probably
came from AISI 52100. To analyze the border, seven points were positioned in 3 zones in
Figure 3.29; inside the track (point 2 and 3), lateral of the track (point 1 and 4) and outside the
border points 5, 6 and 7). In the first zone, point 2 seems to have not lose its Ti,AlC coating, but

instead had particles from the AISI 52100 (increase in steel) and oxides generated by the heat
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from the test (accumulated in point 3). Outside the track, in the second zone, point 1 preserves
its coating with small accumulations of oxide. On the other hand, in point 4 there is not only a
visible accumulation (see SEM image in [Figure 3.29)), there is also a high increase of 40 % in
levels of oxygen. At last, the third zone had a same behavior of preserve coating in point 5, but

particles of oxide in point 6 and 7.

Figure 3.29: EDX points analysis on the scanning electron microscopy (SEM) images of Ti,AlC
wear particles around a wear track at [0 mms~! and 0.8 N.

With a COF of 0.14, Ti3AIC; had a big track almost no perturbation with a constant COF
of 0.15. The SEM image in show a track with a width around 50 mm. The only
perturbations are at the borders, where the levels of carbon rise and the level of N slightly
decrease. The rest of elements does not have significant variations. The points at the border in
are divided in zones. The first zone has the points closer to the border of the track
(point 1, 2 and 4). These points have a similar composition as the samples tested before, this
could evidence that the Ti3AIC; coating had only been partially delaminated by the friction. The

further the point is (points 5, 6 and 7), it is probable that it has come from the delamination from
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inside the track. In contrast, the steel in highly present in the point 3 where seems to be visible

the AISI 304 due to the extreme pressure in the border where the ball changes its direction.

Figure 3.30: Scanning electron microscope-energy dispersive X-Ray detector (SEM-EDX)
analysis of Ti3AIC, at 15 kV. SEM micrographs of the wear track at 10mms~! and 0.8 N.
The orange dashed line shows the position of the wear track.

Figure 3.31: EDX points analysis on the scanning electron microscopy (SEM) images of
TizAlC, wear particles around a wear track at 10mms~' and 0.8 N.
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At10 mms—! and 1.6 N
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Figure 3.32: COF analysis for Steel, TiAIC and TizAlC; at 10 mm s~!land 1.6 N.

At high speed and high normal force in the AISI 304 still have a running-in
effect until it surpasses 0.9 as its COF. The Ti,AIC sample reaches 0.75 (as in the previous
tests) after a rupture of the coating at the beginning. However, the Ti,AlC had reach a plateau
at 0.75, far from the steel (at 0.92). The Ti3AlC, sample had again a lower COF at 0.14.

The Raman spectrum in [Figure 3.33| shows a accumulation of Ti,AIC particles inside the
track, since the SEM image exhibit wear formation. Inside the track there is low levels Ti,AIC,
and no graphite. The graphite, and most of particles, seem to be accumulated at the border
where the ball changes its direction (blue curve). In this location, the levels of Ti,AIC are even
10 times the previously found. And also most of the graphite seems to be located here. At the
superior location is an evident presence of 7Ti2AIC removed from the inside, with some shift in
the location of the peaks for Ti,AlC.

To better analyze the inside of the track, a cross section from was taken. The
SEM image exhibit a visible track marks with high accumulation of particles from inside the

track. The track had a width of over 100 um. Outside the track seems to be a particle accu-

58



mulation of carbon oxide, since the rest of elements are absent. Inside the track, there is high
presence of iron and oxygen in the darker zones of the image. The levels of Ti, Al and C from

the Ti,AIC are almost no existent inside the track, like in the Raman spectrum [Figure 3.33

Figure 3.33: Raman spectrums of Ti»AIC at 700°C MAX at 10mms~! and 1.6N, where the
wear was maximum

At the border were analyzed seven points by EDS, where it seems to be more accumulation
of the coating destroyed (Figure 3.33). Those points were located in 3 zones: Inside the track
(point 3), at the borders (point 2, 4 and 5) and the rest at different visible wear particles around
the track. At point 3, the levels of TipAlC had declined to the half of the levels before the tribo-
testing. It seems that the 7Ti,A/C was partially removed and the steel presence is partially from
the ball since its diffusion barrier is barely evident (a third of before). At the border, points 2
and 4 had a similar proportion of Ti,AlC as in point 3, with similar formation of oxides in point
2. On contrast, point does not show any 7i,AlC and it mostly has oxides. Outside the track,
point 6 and 7 does not show any Ti;AlC, but it seems that most has been removed as sheets

since point 1 is almost fully Ti,AIC with SiyNy,.
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Figure 3.34: Scanning electron microscope-energy dispersive X-Ray detector (SEM-EDX)
analysis of Ti»AIC at 15 kV. SEM micrographs of the wear track at 10mms~! and 1.6 N.
The orange dashed line shows the position of the wear track.

Figure 3.35: EDX points analysis on the scanning electron microscopy (SEM) images of Ti,AlC
wear particles around a wear track at 10mms~! and 1.6 N.

The Raman spectrum in shows a accumulation of Ti3AlC, particles inside the

track, since the SEM image exhibit less wear formation and coating wear than in Ti;AIC. Inside
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the track there is low levels of Ti3AIC,, but the highest levels of graphite. The graphite, and
most of particles, seem to be accumulated inside and at the border where the ball changes its
direction (blue curve) in less proportion. In this location, the levels of Ti,AIC are the same
as inside and both are higher than the results before the tribometer test. Also at the superior
location is an evident presence of small proportion of TiAIC removed from the inside, with no

evidence of graphite. There were no peaks with significant shift.

Figure 3.36: Raman spectrums of Ti3AIC, at 950°C MAX at 10 mm s~ ! and 1.6N, where the
wear was maximum

To better analyze the inside of the track, a cross section from was taken. The
SEM image exhibit a visible track, but no accumulation of particles from inside the track (there
is some particles outside the track). The track had a width of less than 80 um. Inside the track,
there is no noticeable variation on the levels of Ti3AlC, or iron, except a peak of iron at 80 um
due to particles from the ball of AISI 52100. The high presence of oxygen in the darker zones
of the image is located at the borders of the track. The levels of Ti, Al and C from the Ti,AIC

are not affected, like in the Raman spectrum At 20 um seems to be located an
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accumulation of graphite remove from the inside of the track.

Figure 3.37: Scanning electron microscope-energy dispersive X-Ray detector (SEM-EDX)
analysis of Ti3AIC, at 15 kV. SEM micrographs of the wear track at 10mms~! and 1.6 N.
The orange dashed line shows the position of the wear track.

At the border seven points were analyzed by EDS (Figure 3.38), where it seems to be more
accumulation of the coating destroyed (Figure 3.36). The point 4 at the inside seems to be

almost exactly as before the friction test. However, at point 1 there seems to be accumulation of
wear particles even inside the track (as in poitn 7). This point had the highest level of oxygen,
replacing the levels of TizAlC,. At the farthest point (point 2), there is the same accumulation
of oxides as in point 1. Similarly, but at a lower proportion of Ti3AlC,, points 5 and 6 have only
reduced its levels of steel and replaced the absent of 7Ti3A/C, with oxides. Point 3 on the other

hand, had the highest accumulation of what seems to be graphite.
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Figure 3.38: EDX points analysis on the scanning electron microscopy (SEM) images of
TizAlC, wear particles around a wear track at 10 mm s~!land 1.6 N.
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Conclusions and Recommendations

The current study shows a characterization of the MAX phase coating on steel, which has not
been previously described in the literature. While prior work with silicon as a substrate revealed
that TiAIC had a lower COF around 0.2-0.4 (Quispe et al.|[2022), the current thesis found that
Ti3AlC; had a COF around 0.14 which was lower COF than previously reported in literature
(0.7-0.9) superior on steel. In general, the successful formation of Ti;AlC and TizAlC; coatings
was verified by XRD and EDS. Throughout the various test periods, the values of the friction
coefficient TizAlC, remained consistent despite the changes on speed and normal force applied.
When the experiments were carried out at low speeds (2 mm s~ 1), the COF of Ti»AIC increased
in response to an increase in force. This is the opposite of what is mentioned for iron. On the
contrary, the behavior of Ti,AIC remained consistent, independent of force, as speed increased.

Although initially it was observed that the coefficient of friction of steel was occasionally
lower, it was discovered that when the velocity was increased,

Ti>AlC had a better long-term behavior (after 3 m). Ti3AI/C, had the lowest COF, but also
had the least visible tracks with less variations in the composition linescan. The particles that
were accumulated at the borders of the tracks were mostly oxides. On the other hand, the
observed elements representing steel most probably came from the ball counterparts instead
of the substrate. This supports the hyphotesis of MAX phases TirAIC and Ti3AlC, coatings
worked good as protective coating providing additionally a low COF.

In the future, it would be beneficial to assess not just with a ball-on-flat tribometer, which
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simplifies wear, but also with a pin-on-disk tribometer, which can replicate friction in a spher-
ical joint better (Scholes and Unsworth 2009} Shen, Fang, and Kang 2018)). These additional
tests should be included in a broader review of a tribocorrosive test. This tribocorrosive test
allows the measurement of not only the effect of mechanical friction, but also the influence of
the electrolytic solutions to which the hip implant is subjected (Davim [2013). However, the
biocompatibility of the MAX phase coating and its wear particles must be confirmed. Cell
proliferation with human cell lines can be used to measure biocompatibility. Osseointegration
testing would also be possible. This assays should be performed before and after the friction

test.

Figure 3.39: Comparison of COFs analysis for Steel, Ti»AlC and TizAlIC, at each speed and
force combination.
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