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Resumo

RESUMO

O objectivo do presente trabalho de investigacdo foi o de determinar as
condig¢des ideais para as quais o endurecimento da superficie da liga Co28Cr6Mo conduz a
melhores propriedades mecanicas. Uma vez que esta liga é utilizada em aplicagdes bio-
médicas sujeitas a elevadas solicitagdes mecanicas (por exemplo, articulagdes do joelho e
da anca) e consequente elevado desgaste superficial das préteses, esta melhoria das suas
propriedades mecanicas destina-se a prolongar a longevidade das suas aplicagdes no corpo
humano, dilatando assim o tempo necessario entre intervengdes cirurgicas periodicas.

Os resultados mostram que o desgaste ocorrido numa superficie desta liga de
Co28Cr6Mo estd intimamente ligado a formagdo e fixacdo de 6xidos nas marcas de des-
gaste. Sob determinadas condi¢des de for¢a normal aplicada durante o servico (simulado
através de testes triboldgicos), ocorre esta formacgao de 6xidos, que promove a criagdo de
uma camada protetora contra o desgaste. As marcas associadas a testes triboldgicos de
provetes de Co28Cr6Mo endurecidos sob determinadas condi¢des (de pressdao normal,
aplicada durante o endurecimento a frio) revelam uma elevada formacao de oxidos e, para-
lelamente, um melhor comportamento mecanico, nomeadamente uma redugdo visivel do
volume de material removido quando sujeito ao desgaste. Assim, os resultados deste tra-
balho de investigacdo permitiram ndo s6 quantificar a influéncia dos 6xidos na protecao
desta liga contra o desgaste como concluir sobre quais seriam as condig¢des 6timas de trata-
mento mecanico (endurecimento a frio) que estivessem associadas a este comportamento

melhorado.

Palavras-chave: Co028Cr6Mo, Mechanical Test, Oxides,
Coefficient of Friction, Wear, Tribological tests.

Gongalo Manuel Abrunhosa Coutinho iii



Tribological Behaviour of CoCrMo Alloys - Influence of Strain Hardening

iv 2020/2021



Abstract

ABSTRACT

The objective of the present research work was to determine the optimal condi-
tions that allow surface hardening of the Co28Cr6Mo alloy and consequently lead to in-
creased mechanical properties. Since this alloy is used in biomedical applications that are
subjected to high mechanical stresses (e.g. knee, shoulder and hip joints) and consequent
high surface wear of the prostheses, this improvement of its mechanical properties is in-
tended to extend the longevity of its applications in the human body, extending the time
needed between periodic surgical interventions.

The results show that the wear occurring on a surface of this Co28Cr6Mo alloy
is closely linked to the formation and attachment of oxides at the wear marks. Under cer-
tain conditions of normal force applied during service (simulated through tribological
tests), this formation of oxides occurs, which promotes the creation of a protective layer
against wear. The marks associated with tribological tests of Co28Cr6Mo specimens hard-
ened under certain conditions (of normal pressure, applied during cold hardening) show a
high formation of oxides and, in parallel, a better mechanical behaviour, namely a visible
reduction of the volume of material removed when subjected to wear. Thus, the results of
this research work allowed not only to quantify the influence of oxides in the protection of
this alloy against wear, but also to conclude which would be the optimum conditions of
mechanical treatment (cold hardening) that would be associated with this improved

behaviour.

Keywords: Co28Cr6Mo, Mechanical Test, Oxides,
Coefficient of Friction, Wear, Tribological tests.
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INTRODUCTION

1. INTRODUCTION

Cobalt-based alloys are materials whose cobalt-basis is alloyed with elements
such as chromium, tungsten or nickel; they are composites whose major mass fraction is
cobalt. The base combination of the majority of cobalt alloys is cobalt-chromium, with
chromium acting as a strengthening alloy. Adding tungsten and/or molybdenum can im-
prove strengthening even more. These alloys are typically used in challenging environ-
ments including high temperatures and acidic environments. Generally, cobalt-based alloys
display pretty favourable mechanical properties. They are corrosion, wear and heat resis-
tant and are therefore used for components in exigent applications, such as hot gas turbines
or on the biomedical field. Cobalt also displays great resistance against sulphides, prevent-
ing any sulfidation of the material.

Metallic materials have been key materials to produce orthopaedic implants,
due to their advantage in superior mechanical properties, including the high yield strength,
ductility, fatigue strength and fracture toughness. Typically, the cobalt-chromium-molybde-
num (CoCrMo) alloys are currently used for artificial joint replacement such as hip, knee,
and shoulder prostheses (Wang and Xu, 2017). These alloys are conventionally produced
via casting or forging route; however, additive manufacturing techniques have also recent-
ly been employed in their fabrication.

Among the cobalt chromium-based alloys, the Co28Cr6Mo (also known as
ASTM F75, the Co28Cr6Mo cast alloy) has been by far the most applied alloy on the bio-
medical field over the last seven decades. This alloy shows a good combination of mechan-
ical strength, fatigue and wear resistance, corrosion resistance and high biocompatibility. It
possesses a good castability and hot workability, whilst the susceptibility to strain hard-
ening makes difficult any kind of cold working (Vicente et al., 2011). When comparing to
titanium alloys, also known for their good biocompatibility, the Co28Cr6Mo is more wear-
resistant and is clinically used as bearing surfaces of the joint prostheses, such as artificial
joint of metal-on-metal (MoM) bearings which were re-introduced by the early 1980s as an
alternative to metal-on-polyethylene (MoP) bearings (Wang and Xu, 2017). However, we
are still witnessing the emergence of new reports on periprosthetic tissue response to wear
products generated by friction. This information encourages researchers to take measures

to develop new materials, or methods to improve the properties of existing alloys (Mroz,

Gongalo Manuel Abrunhosa Coutinho 1
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2017). The degradation of the implants during service life leads to the release into the body
of toxic ions and wear particles. This continuous degradation is of concern for long-term
stability of the implants. Published literature has highlighted the relevance of lubrication as
well as metallurgical and contact mechanical factors on the degradation of CoCrMo im-
plant alloys. Recent experimental investigations have proposed tribocorrosion, i.e., the in-
terplay of mechanical wear and corrosion by the body fluids, as one of the crucial degrada-
tion mechanisms of implants (Mischler and Mufioz, 2013).

In the currently investigated Cobalt-based alloy, a big difference exists between
the yield strength and the ultimate tensile strength; this means Co28Cr6Mo has high hard-
ening potential. Therefore, this study aims the characterization in terms of hardening, fric-
tion, and wear of the Co28Cr6Mo (ASTM F75) alloy. It represents an opportunity to inves-
tigate if the previous superficial hardening of this Cobalt-based alloy affects its wear
behaviour when in service and therefore can be a valid strengthening mechanism to in-
crease implants’ longevity on the human body.

The determination of cold-work conditions were performed and their respec-
tive impact on the mechanical properties of this Cobalt alloy were analysed. This work
aims to verify whether the hardening was efficient (and what are the optimal conditions to
obtain the best mechanical properties), to quantify not only the evolution of radial hardness
in hardened samples but also the influence of surface hardening on the amount of material
removed and its evolution with the force applied to the samples. In case of finding the ap-
proximately optimal cold-hardening conditions for this alloy, this research aims conse-

quently to justify and validate them through different types of analysis.
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LITERATURE REVIEW

2. LITERATURE REVIEW

Over the past decades, surgical implants have aimed at restoring the function of
parts of the human body, prolonging life quality and expectancy. Biomaterials have had in-
creasing use in the biomedical field (Zhou ZR et al., 2015) (Rampratap GK et al.,
2015). Appropriate selection of materials is a key element to express the longevity of im-
plants in the human body. The Co28Cr6Mo alloy owes its popularity in orthopaedics to the
fact that it shows to have the best wear resistance compared to other currently used bioma-
terials (Pourzal R., Catelas I. et al, 2011). However, we are still witnessing the emergence
of new reports on periprosthetic tissue response to wear products generated by friction.
This information encourages researchers to implement measures in order to develop new
materials, or methods to improve the mechanical properties of existing alloys (Mroz,
2017). Ideal implant property requirement is essentially summarised and categorised into
three important features. The material must (a) be biocompatible, (b) possess required bal-
ance in mechanical and physical properties, and (c) be easy to fabricate, that is, be consis-
tent with the natural geometry and be reproducible (Vilhena et al., 2019). Few published
literature have revealed an important influence of previous strengthening mechanisms and
treatments on microstructural and mechanical properties of CoCrMo alloys used on bio-
medical applications. There is a lot of investigation not only about this alloy’s properties
themself but also about its tribocorrosion behaviour.

Mori et al. (2012) found that the mechanical properties of a CoCrMo alloy (in
this case Co29Cr6Mo0.14N) after hot rolling indicate an extremely high yield stress,
which is more than twice the value observed prior to hot rolling. No dramatic reduction in
elongation from the strength increase was detected, which demonstrates that hot rolling is
effective for improving the strength—ductility balance of this alloy family. In that research,
the increased strength caused by dislocation strengthening and by grain refinement was as-
sessed quantitatively; the results demonstrate that dislocation strengthening makes a large
contribution to the increase in the strength of the hot-rolled material.

Mréz (2017) studied the effect of manufacturing technology of ball-and-socket
joints made of Co28Cr6Mo alloy on its tribological properties. Conclusions show that the
ball-and-socket joints made from Co28Cr6Mo alloy, using the techniques of selective laser

melting and spark plasma sintering are characterized by inferior tribological properties in
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comparison with the reference material produced from ASTM F1537 LC. Plus, the study
revealed that regardless of the production technology, the dominant type of wear of the
friction surfaces was abrasive-adhesive wear. This investigation also showed poorer tribo-
logical wear resistance of the ball-and-socket joints produced by means of SLM (Selective
Laser Melting) and SPS (Spark Plasma Sintering) technologies compared to the reference
material.

Seki et al. (2019) investigated the effect of heat treatment on the microstructure
and fatigue strength of CoCrMo alloys fabricated by selective laser melting. It was con-
cluded that the heat-treated groups showed significantly higher fatigue lifetimes than the
as-built groups. The heat treatment significantly improved fatigue strength due to the relat-
ed microstructural changes. As-built CoCrMo alloys typically have specific columnar
grains along the build direction; however, in that research, the heat-treated specimens con-
tained equiaxed grains with random texture. Therefore, they proposed that thermally in-
duced recrystallization resulted in residual stress relief and a subsequent increase in fatigue
strength.

Reséndiz-Calderdn et al. (2020) revealed new data about coefficient of friction
behaviour and wear rates of boriding CoCrMo ASTM F1537 alloy under rolling and
grooving micro-abrasion modes. It has been shown that wear resistance of the CoCrMo
alloy was considerably increased after boriding, with a reduction in wear rate compared to
the untreated alloy between 20% and 55% for grooving abrasion and between 6% and 10%
for rolling abrasion. Moreover, the coefficient of friction of borided alloy revealed higher
values when compared to the untreated alloy under rolling abrasion while a reduced coeffi-
cient of friction was found for the boriding alloy under grooving abrasion.

Mischler and Mufioz (2013) evaluated published results on the degradation of
CoCrMo alloys using existing tribocorrosion concepts. Results showed that wear accelerat-
ed corrosion due to mechanical removal of the passive film during sliding is a major con-
tribution to the overall degradation. Further, a transition from low to high wear coefficients
was found at a threshold electrode potential close to 0.2 VSHE. These findings clearly
showed that electrochemical phenomena play a key role in the tribological behaviour of
biomedical CoCrMo alloy implants.

Balagna et al. (2012) characterized CoCrMo alloys after thermal treatment for
high wear resistance. In this study, five alloys were used as substrates for a coating deposi-

tion by a thermal treatment in molten salts, in order to form a tantalum-rich coating on the
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sample surface, able to improve the biocompatibility and wear resistance of the materials.
The aim of that investigation was to evaluate the temperature effects on the structure, mi-
crostructure, mechanical and tribological properties of the considered substrates, after the
removal of the coating by polishing. It was noticeable that the substrate crystalline struc-
ture changed during the heat treatment, inducing the formation of the hexagonal cobalt
phase and the decrement of the cubic one. This crystallographic modification did not seem
to influence the tribological behaviour of the substrates. On the contrary, it affected their
strength and ductility. In conclusion, the properties of the CoCrMo alloys were affected by
the tested thermal treatment in molten salts.

Chen et al. (2017) studied the effects of carbon addition on wear mechanisms
of CoCrMo metal-on-metal hip joint bearings. This research showed that increasing the
carbon content changes the microstructure of CoCrMo alloys, as it causes a higher degree
of precipitation of globular carbides, which decreases the extent of wear. It was clear that
high-carbon combinations exhibited excellent wear resistance. Abrasion was the dominant
wear mechanism in the case of the low-carbon alloy, while surface fatigue caused by torn-
off Mo-rich carbides was the dominant wear mechanism in the case of the high-carbon
alloy. Further, in contrast to the Mo-rich carbides, the Cr-rich carbides limit three-body
abrasion and increase the wear resistance.

Li et al. (2020) investigated the evolution of microstructures and their influ-
ence on the tribological properties of CoCrMo alloys processed by selective laser melting
and subjected to heat treatment. This study proved the dense sub-grain boundaries and fine
cellular dendrite decorated by microsegregation have a profound hardening effect on the
selective laser melted and subsequently aged alloy. Plus, it showed that aging at high tem-
perature (1150 °C) induces homogenized recrystallization microstructure free of residual
stress, which sharply decreased material nanohardness and scratch resistance.

Razavi et al. (2021) studied the effect of heat treatment on fatigue behaviour of
as-built notched CoCrMo parts produced by Selective Laser Melting. Results showed both
vacuum HT (heat treatment) and HIP (Hot Isostatic Pressing) had effects on the mi-
crostructure and internal defects, which resulted in an enhancement of fatigue properties.
Performing heat treatment at 1150 °C in vacuum and HIP at 1150 °C and 1020 bar resulted
in the reduction of internal porosity in the Selective Laser Melted specimens. Additionally,
a ductility increase of 347% and 329% was observed for the Selective Laser Melted spec-

imens subjected to HT and HIP, respectively. The presence of residual stresses together
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with a high number of internal defects resulted in very poor fatigue behaviour of as-built
SLM parts. This aspect was also significantly improved in the post treated parts, showing
fatigue strength improvements of 180%, 136% for smooth specimens, 153% and 135% for
notched specimens for HT and HIP conditions, respectively.

Ryu and Shrotriya (2013) evaluated the influence of roughness on surface in-
stability of medical grade cobalt—chromium alloy (CoCrMo) during contact corrosion—fa-
tigue. The experimental measurements of roughness changes after cyclic normal contacts
and microetching of milled surface described the continuous motion of decrease and in-
crease of roughness amplitudes due to stress-assisted dissolutions. The required thermody-
namic properties were approximated and employed to identify surface characteristics in
corrosion. In summary, a new approach of contact fatigue and corrosion was conducted to
identify the influence of roughness condition and contact pressures on the early stage of
contact corrosion—fatigue damage mechanism. As a result, the predictive equation of
roughness instability enabled the authors to characterize the surface damage of rough sur-
faces during contact corrosion—fatigue.

Zai et al. (2019) aimed at the improvement of wear and corrosion resistance of
the CoCrMo-UHMWPE (ultrahigh-molecular-weight polyethylene) pair articulating sur-
faces in the presence of an electrolyte. This study showed that the wear resistance of
UHMWPE was improved by addition of multi-layer graphene to the polymer matrix, with
graphene acting as a source of lubricant. Plus, the corrosion resistance of CoCrMo was im-
proved by a sol-gel ZrO2 coating sintered at a suitable temperature; this yielded an adher-
ent coating which was thicker than the native oxide on bare CoCrMo and was also more
resistant to abrasive wear. Furthermore, it became clear that the corrosion resistance under
wear for the best modified pair is about 19.5 times higher than for the untreated pair.

Garcia et al. (2010) described the tribological and wear resistance improve-
ments of CoCrMo alloys implanted by Plasma Immersion (PI); friction and wear tests were
performed to investigate the modifications obtained by oxygen implantation. Ultra micro-
hardness tests revealed an increase of more than 80% in the hardness for the first nanome-
ters in the implanted samples. Additionally, the friction coefficient obtained for the im-
planted samples was reduced from 0.36 for the untreated sample to below 0.1 at 520 and
540 °C. This paper also revealed important decreases in wear rate of close to a factor 10
for the implanted sample at high temperature (610 °C).

Henriques et al. (2015) investigated the influence of the processing conditions
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on the mechanical properties of hot-pressed compacts of a CoCrMo biomedical alloy. The
properties of the CoCrMo compacts showed to be significantly affected by the processing
conditions, namely the temperature and time. Plus, the hot-pressing temperatures of 1000
°C and 1100 °C showed results in compacts with similar mechanical strength, porosity and
Young’s moduli. However, higher hardness values were registered for 1000 °C compacts
when compared to those hot pressed at 1100 °C. The 900 °C compacts exhibited brittle be-
haviour while 1000 °C and 1100 °C compacts exhibited increasing ductility with increas-
ing hot pressing temperature. This investigation has shown that hot pressing is an achiev-
able technique for the production of CoCrMo compacts for biomedical applications with
adequate mechanical properties; mechanical strength, porosity, Young’s moduli and hard-
ness can be adjusted by tuning the processing conditions.

Zhang et al. (2018) investigated the martensitic transformation and precipita-
tion of CoCrMo alloys fabricated by selective laser melting (SLM) under aging heat treat-
ment. They concluded that the rate increase of microhardness is related to the temperature
and aging time. The long aging time and high aging temperature promoted the martensitic
transformation and precipitation, which enhanced the microhardness. Specimens with
highest microhardness were obtained by aging at 900 °C for 10 hours.

Sadiq et al. (2015) characterised wear—corrosion or bio-tribocorrosion regimes
of a CoCrMo alloy over a range of applied loads and applied potentials. The effects of ap-
plied potential and applied loads were investigated for a CoCrMo alloy in a physiological
solution and in the presence of abrasive particles. This study showed that in the presence of
abrasive particles wear—corrosion synergy is enhanced at low applied loading in compari-
son to the same test conditions in the absence of particles. Also, the results indicated that
proteins present in foetal calf serum solution (the physiological solution) may result in the
development of a graphitic tribo-layer, and play a critical role in enhancing or protecting
against tribo-corrosive degradation.

Henriques et al. (2014) evaluated the mechanical and thermal properties of hot
pressed CoCrMo—porcelain composites developed for prosthetic dentistry. The results of
the study showed that CoCrMo particles exhibit good adhesion to the porcelain matrix. Ad-
ditionally, the incorporation of metallic particles in the ceramic matrix increased the frac-
ture strength (shear and flexural) of the composite and the presence of porcelain (ceramic
phase) in the CoCrMo matrix showed to decrease it. It was also revealed that the coeffi-

cient of thermal expansion of metal-ceramic composites increases and hardness decreases
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with increasing metallic particles content (although this increase is not linearly proportion-
al to the composition).

Herranz et al. (2020) made a mechanical performance, corrosion and tribologi-
cal evaluation of a low carbon CoCrMo alloy (more precisely, Co28Cr6Mo) processed by
Metal Injection Moulding (MIM) for biomedical applications. This study allowed the au-
thors to confirm that the low-carbon cobalt alloy processed by MIM exhibits an adequate
equilibrium between its mechanical and corrosion behaviour, with a notable performance
during fatigue and wear tests. The results confirmed the feasibility of CoCrMo alloys for
biomedical uses and proved that MIM technology is an appropriate processing method for
these materials.

Silva-Alvarez et al. (2020) improved the surface integrity of a CoCrMo alloy
by the ball burnishing technique. They concluded that the burnishing force is the key factor
in modifying the surface hardness, the roughness and the corrosion resistance, accounting
for a contribution of 88.5%, 72.7% and 85.9%, respectively; after burnishing, the hardness
increased from 416.5 HV to 584.5 HV, the surface roughness decreased from 0.1495 m to
0.0408 m and the corrosion rate changed from 636.04 mm/yr to 48.60 mm/yr. Summariz-
ing, the ball burnishing process applied to the CoCrMo ally generated a refined surface
layer that improves hardness, roughness and corrosion resistance.

Fleming et al. (2020) characterized the effect of melt temperature on the physi-
cal properties and chemical composition of investment cast ASTM F75 CoCrMo alloy.
They found that increasing the melt temperature had the effect of removing nitrogen from
the melt and adding oxygen. It was also determined that there was a strong positive corre-
lation between nitrogen content and strength values. If desired, there is scope to minimise
both oxygen pickup and nitrogen loss, nitrogen is correlated to increased mechanical prop-
erties of this alloy system by targeting lower melt temperatures.

Dorner-Reisel et al. (2004) studied the electrochemical corrosion behaviour of
uncoated and Diamond-Like Carbon (DLC) coated Co28Cr6Mo alloy samples. They con-
cluded that DLC coatings provide an useful measure for reducing the corrosion attack: the
coatings’ thickness is an essential factor for determining the extent of electrochemical
corrosion. The authors stated that in addition to the two proven coating thickness of
0.8 mm and 2.7 mm, further coating thickness should be systematically investigated.

Vilhena et al. (2019) investigated the tribocorrosion of different biomaterials

under reciprocating sliding conditions in artificial saliva. In this research, comparative ex-
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periments were performed using commercial pure titanium (cP-Ti), Ti6Al4V alloy, pure
niobium (Nb), and a Co28Cr6Mo alloy sliding against a Zirconia counterbody tested in ar-
tificial saliva. It was noticeable the wear volume increased monotonically with the increase
in sliding distance times the normal load for all the four different test specimens. Further-
more, the Nb specimen showed a steady state coefficient of friction of the order of 1.13,
much higher than those of the other three specimens, as follows: 0.60, 0.45, and 0.31 for
respectively, cP-Ti, Ti6Al4V, and Co28Cr6Mo; the wear volume showed exactly the same
tendency that was observed for the steady state coefficient of friction, as follows: Nb >
cP-Ti > Ti6Al4V > Co28Cr6Mo. Additionally, all specimens showed a relationship be-
tween wear resistance, coefficient of friction, and hardness since the wear resistance de-
pends on the material capacity to resist removal of material by abrasive particles and the
wear mechanism was, predominantly, abrasive wear, while in Nb specimen, some points of
adhesion were observed.

Patel et al. (2012) investigated Co28Cr6Mo ASTM F75 and ASTM F1537 con-
ventionally manufactured Cobalt-based orthopaedic alloys and a spark plasma sintered
(SPS) alloy and the relationship between their forming route, microstructure and tribologi-
cal performance. In this study, the microstructure and phase analyses of the three alloys
have been studied in detail and indicated that the two conventionally manufactured alloys
show similar microstructures and phases; however, the SPS alloy had a very different mi-
crostructure and phase content. The phases within the microstructure determine the hard-
ness of the alloy and the similar phases of the F75 and F1537 give similar microhardness,
with the F75 being slightly higher due to the increased quantity of carbon enabling more
carbides to be formed. The SPS alloy was much harder, due to the specific phases, such as
the Hexagonal Closed Packed (HCP) Co, which has few slip systems and the rich phases
of Cr, Mo and Cr,0; that act as dislocation movement preventers, with the oxide being the
hardest phase, making the alloy even harder. The nanohardness was higher than the micro-
hardness due to formation of passive films that these CoCrMo alloys usually form on the
surface of the alloy. The tribological performance of the three alloys was tested and it
could be observed that the SPS alloy has 5-10 times lower wear rate compared to the other
two alloys. Additionally, the metallic elemental content indicated that the SPS alloy releas-
es much less Cr and Mo compared to the F75 and F1537, but still has a relatively high Co
release. Overall, the SPS alloy showed an improvement in terms of tribological perfor-

mance compared to the other conventionally fabricated alloys and released smaller
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amounts of the Cr and Mo. Thus, in this research, this material showed significant promise
as an alternative route for production of cobalt-based (Co28Cr6Mo) orthopaedic alloys.

Diaz et al. (2014) evaluated the reduction of corrosion current of CoCr alloys
by post-PIII (Plasma Immersion lon Implantation) oxidation. It was shown that post-oxida-
tion by PIII leads to a more favourable corrosion protection with lower corrosion current
and more positive corrosion potential compared to thermal oxidation or plasma oxidation.
This study revealed PIII is the best alternative for forming a small surface modification of
oxygen into CoCr alloys. It could be directly used for applications for biomaterials.

Mréz (2016) investigated the effect of manufacturing technology on the tribo-
logical properties of the ASTM F75 Co28Cr6Mo alloy. This researcher concluded that the
samples prepared from this cobalt alloy using the technology of selective laser melting and
spark plasma sintering are characterized by inferior tribological properties compared to the
used reference material (ASTM F1537 LC). Furthermore, regardless of the production
technology, the dominant type of wear of the friction surfaces was abrasive-adhesive.

Tonelli et al. (2020) studied the Co28Cr6Mo alloy processing by Selective
Laser Melting (SLM), analysing the effect of Laser Energy Density (LED) on microstruc-
ture, surface morphology, and hardness. In this research, low LED was not sufficient
enough to fully melt the feedstock powders; in account of extensive lacks of fusion, SLM
samples exhibited a porosity content in the range 1-7%, high roughness on the top surface
(Ra = 13—7 pm) and also a considerable variability in the macrohardness. On the other
side, medium and high LED succeeded in melting all powders and returned sound compo-
nents, with a very low porosity content (0.5-0.1 %) and smother top surfaces (Ra = 5-2.5
um); in addition, hardness values had a very low variability. Dominant defects were micro-
sized gas porosities although, if the energy density was too high (LED > 200 J mm™ ), key-
hole collapses would occur. The energy density seemed to have no direct effect on the
quality of lateral surfaces of samples and on the laser tracks size, both on the transverse
and longitudinal sections. Plus, at a micro-level scale, the microstructure of all samples
exhibited similar features: cellular grains with epitaxial growth crossing over layers, ori-
ented along the direction of the maximum heat gradient.

Clemow and Daniell (1980) studied the influence of microstructure on the ad-
hesive wear resistance of a CoCrMo alloy. The factors responsible for the difference in
wear behaviour between three microstructural conditions of CoCrMo alloy were deter-

mined. This difference has been shown to be independent of the hardness of the face and is
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known to reduce the adhesion of oxide scale on CoCr alloys. Therefore its formation on the
surfaces of sliding pins could be expected to influence the transition load since this was de-
pendent on oxide adhesion. Since similar experimental conditions were used for all tests in
this research, such variables as interfacial temperature, atmosphere and bulk concentrations
remained constant. In this case the presence of Cr,O; on the surfaces of the solution treated
pins could be attributed only to differences in the chromium concentration across the mi-
crostructure between the different conditions. Chromium is known to be fundamental in
determining the formation of Cr,O; in Co-C%, Ni-Cr and Fe-Cr alloys, and as a result of
coring varied in concentration in the as-cast CoCrMO alloy specimens from 19% to 35%
between the dendritic and interdendritic regions. The other main alloying element present,
1.e. molybdenum, varied in the matrix only between 4% and 6%.

Liao et al. (2013) intended to outline some recent progresses in understanding
wear and corrosion of metal-on-metal CoCrMo hip replacement both in-vivo and in-vitro.
They concluded that the clinical outcomes of MoM hip replacements are variable: some
MoM hip replacements have shown excellent performance for over 20 years, while some
MoM devices failed a few years after implantation due to loosening or adverse local tissue
reactions. The authors also stated that, in addition, a thorough understanding of the phase
transformation of CoCrMo alloys is needed, as has been done for steels and many other
alloys used in manufacturing. On the other side, it was noticeable that recent tribocorrosion
studies of metal bearing have provided rich insight into the stimulated metal degradation
with simultaneous wear and corrosion reactions. However, while the dependence of tribo-
corrosion on the applied load has been studied to some extent, the influence of the mi-
crostructure, e.g. grain size, second phases and chemical segregation to grain boundaries,
on the tribocorrosion process is little understood.

Yoneyama et al. (2020) investigated the influence of Bovine Serum Albumin
(BSA) on the tribocorrosion behaviour of a low carbon CoCrMo alloy in simulated body
fluids. This study has shown that under its experimental conditions Albumin does not af-
fect the passivation kinetics of the CoCrMo alloy, reduces wear and friction and increases
the viscosity of the solution (and therefore enhances hydrodynamic effects which is the
main mechanism by which albumin lowers wear). Moreover, albumin lowered the coeffi-
cient of friction below a threshold of approximately 0.22, but only under specific electro-
chemical conditions. As a consequence, the surface shear stress decreased and this limited

the extent of mechanical mixing of oxide and metal and thus reduced wear.
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Casaban Julian and Igual Muifioz (2011) evaluated the influence of microstruc-
ture of High Carbon (HC) CoCrMo biomedical alloys on the corrosion and wear behaviour
in simulated body fluids. In this study, thermal treatments influenced the corrosion behav-
iour, passive dissolution and tribological response. Plus, an increase of grain boundaries
accelerated the anodic reaction in all solutions. A higher carbide volume fraction generated
a lower wear-rate. Microscopic observation by means of Optical and SEM microscopy
showed that presence of proteins modified the debris behaviour. In nonprotein containing
solutions particles were dispersed away from the track while in protein solutions particles
tended to agglomerate and sediment around the wear track.

Sun et al. (2009) investigated the sliding-corrosion and abrasion-corrosion per-
formance of a cast CoCrMo alloy in simulated hip joint environments using a microabra-
sion rig integrated with an electrochemical cell. Experimental results revealed that under
abrasion-corrosion test conditions, the presence of proteins increased the total specific
wear rate. Additionally, electrochemical noise measurements indicated that the average an-
odic current levels were appreciably lower for the proteinaceous solutions when compared
with the inorganic solutions. A severely deformed nanocrystalline layer was identified im-
mediately below the worn surface for both proteinaceous and inorganic solutions. The lay-
er was formed by a recrystallisation process and/or a strain-induced phase transformation
that occurs during microabrasion—corrosion.

Toh et al. (2017) reviewed the tribochemical characterization and tribocorro-
sion behaviour of CoCrMo alloys in which some remarks have been drawn. The authors
affirmed that various tribochemical methods are, in general, employed to effectively char-
acterize the tribocorrosive behaviour of CoCrMo alloys. Additionally, it was stated that
long-term performance of CoCrMo alloys largely depends on the applied environmental
conditions. Carbides play a pivotal role in the strengthening of CoCrMo alloys but also in-
troduce unfavourable tribocorrosion conditions that are detrimental to the materials when
dislodged from the matrices. In general, low-carbon CoCrMo alloys show a better wear re-
sistance than high-carbon CoCrMo alloys. Also, alloying elements, such as Nitrogen, can
be added to strengthen the alloys through the formation of nanograins and the use of
carbon as a strengthener in CoCrMo alloys is perhaps restricted.

Mathew et al., (2011) compared two testing systems to evaluate the tribocorro-
sion behaviour of CoCrMo alloy for hip prosthesis as a function of loads. In the first con-

figuration, “System A”, a linearly reciprocating alumina ball slid against the flat metal im-
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mersed in a phosphate buffer solution (PBS). In the second configuration, “System B”, the
flat end of a cylindrical metal pin was pressed against an alumina ball that oscillated rota-
tionally, using bovine calf serum (BCS) as the lubricant and electrolyte. The tribocorrosion
behaviour of the CoCrMo alloy was influenced by the test system; It was more favourable
in System B, which was closer to in vivo conditions. Comparing System B against System
A: the electrochemical impedance after sliding increased, whereas it decreased in System
A; the polarization resistance increased, rather than decreased as in System A, indicating a
protective effect and the wear factor and energy dissipation per unit mass loss were over an
order of magnitude lower in System B than A. Additionally, except at the normal highest
load, the dominant mass loss mechanism was wear-corrosion, suggesting marked syner-
gism between wear and corrosion. The results for System B suggested that the dominant
mass loss mechanism in metal-on-metal bearings is wear-corrosion. The notable differ-
ences between the two systems indicated that emulating key aspects of the in vivo condi-
tions is important.

Yan et al. (2006) investigated tribocorrosion in implants, assessing high carbon
(HC) and low carbon (LC) CoCrMo alloys by in situ electrochemical measurements. Tests
were carried out in three different biological solutions: 50% calf bovine serum, Dulbecco’s
Modified Eagle’s Medium (DMEM) and 0.36% NaCl solution at 37 °C with the specific
objective being to attempt to isolate the effects of proteins and amino acid species in wear—
corrosion. It was concluded that the interaction between tribological and electrochemical
responses could be assessed by in situ electrochemical measurements and application of in
situ monitoring had shown that corrosion plays a significant role in the overall degradation
process in the various simulated biological fluids studied there. From a tribology point of
view, comparing the three different fluids, proteins in 50% serum are believed to act as a
lubricant and reduce friction. However, due to their effect on corrosion and tribocorrosion
processes, they could enhance material degradation. Finally, among the materials that have
been tested in this study, HC CoCrMo gave the lowest friction in simulated biological flu-
ids and the lowest material loss, compared with LC CoCrMo. This was primarily because

of its high corrosion resistance in tribocorrosion conditions.
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2.1. Hertzian Contact Theory

It is important to introduce the Hertzian Contact Theory since the contact
between crossed cylinders (between the Co28Cr6Mo samples and the respective
counterbodies) can be described by it.

Stachowiak and Batchelor (2013) described the Hertzian Contact Theory. It is
known that two contacting surfaces under a determined force will deform; the deformation
may be either plastic or elastic depending on the material's properties and the magnitude of
the applied force. In many engineering applications, for example, rolling contact bearings
and gears, the contacting surfaces are non-conformal hence the resulting contact areas are
very small and the resulting pressures are therefore very high. These stresses can be
determined from the analytical formulae, based on the theory of elasticity, developed by
Hertz in 1881.

Hertz's model of contact stress is based on the following assumptions,
summarized by Stachowiak and Batchelor (2013), the authors of Engineering Tribology:

* the materials in contact are homogeneous and the yield stress is not exceeded;

* contact stress is caused by the load (normal to the contact tangent plane),
which means that there are no tangential forces acting between the bodies;

* the contact area is very small compared with the dimensions of the contacting
solids;

* the contacting solids are at rest and in equilibrium;

the effect of surface roughness is negligible.

The evaluation of contact parameters is essential in many practical engineering
applications. The most frequently used contact parameters, as stated by Stachowiak and
Batchelor (2013), are:

 the contact area dimensions;
* the maximum contact pressure (often named Hertzian stress);
* the maximum deflection at the centre of the contacting surfaces;

* the position of the maximum shear stress under the surface.

The contact area depends on the geometry of the contacting bodies, load and
material properties. In many cases, the contact area is enveloped by an ellipse such as in

the case of two cylinders with different diameters, crossed at an angle # 90° (when the
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diameters are different, the contact becomes elliptical). It is important to note that when
two cylinders have the same diameter, the contact is circular. The contact area between two
parallel cylinders is enclosed by a narrow rectangle. Contact pressures and deflections also
depend on the geometry of the contacting bodies.

In the present research work, the contact geometry between the Co28Cr6Mo
samples and a tungsten carbide cylinder in the mechanical tests (where cold-hardening was
performed) was defined by crossed cylinders positioned at approximately 90° as shown in
Figure 2.1, taken from Popov (2010). Furthermore, in the tribological tests, the
Co028Cr6Mo samples were also crossed at 90° with the ring-shaped zirconia counter bod-
ies. It is important to note that, in this case, the contact area isn’t circular but elliptical.

This happens because the samples and counter bodies have different radii.

Figure 2.1. Contact between two crossed cylinders (Popov, 2010).
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3. OBJECTIVES

As stated before, the objective of the present research work was to determine
the optimal conditions that allow surface hardening of the Co28Cr6Mo alloy and conse-
quently lead to increased wear resistance. However, preliminarily it was necessary to un-
derstand if this material presents favourable conditions for its hardening.

To understand whether a material is prone to hardening and to quantify this
proneness, it is necessary to consider the definition of toughness. Toughness is the ability
of a material to absorb energy and deform plastically without fracturing. A material with a
high toughness allows favourable conditions for its hardening, i.e. mechanical treatments.
This capacity varies from material to material and can be graphically represented by the

area under the stress-strain curve of the material in question, as seen in Figure 3.1.

A

Stress, o

>

Strain, €
Figure 3.1. Toughness is the area under a stress-strain curve of a material.

Thus, it was necessary to analyse the stress-strain curve of the material of the

present research work, Co28Cr6Mo, represented in Figure 3.2. This figure represents only

the plastic domain of this material, since the area of the elastic zone is minimal, due to a

very steep slope of the graph in this zone.
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Figure 3.2. Plastic domain of the Co28Cr6Mo stress-strain curve.

As can be seen, there is a large difference between the yield strength (503
MPa) and the ultimate tensile strength (952 MPa). The area of the graph between these two
values represents the extent associated with the strain hardening (Figure 3.3). The greater
this difference, the greater its ability to harden. Thus, this Co28Cr6Mo alloy proves to be

favourable for mechanical treatment as it has a very high toughness.
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Figure 3.3. The extent between the yield strength and the ultimate tensile strength represents the
strain hardening zone of the material.

As the material is work hardened it becomes increasingly saturated with new

dislocations, and more dislocations are prevented from nucleating (a resistance to disloca-
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tion-formation develops). This resistance to dislocation-formation manifests itself as a re-
sistance to plastic deformation; hence, the observed strengthening. This leads to an in-
crease in the yield strength of the material and a subsequent decrease in ductility. Upon
application of stresses just beyond the yield strength of the non-cold-worked material, a
cold-worked material will continue to deform. This justifies the usefulness of cold hard-
ening in the wear resistance of the material.

The hardening of this Co28Cr6Mo alloy is particularly important for the pur-
pose of this research work as it promotes increased wear resistance (it allows a lower wear
rate) which is the ultimate objective since this alloy is used in biomedical applications and

its longevity on human body is essential for the patient's life quality.
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4. MATERIALS, EQUIPMENT AND
PROCEDURES

4.1. Materials

4.1.1. Samples

The samples used in the present research work are made of Co28Cr6Mo cast
alloy (also known as ASTM F75). The samples have a cylindrical geometry, with a diame-
ter of 5 mm and a length of 10 mm. Its chemical composition and mechanical properties
are shown, respectively, in Table 4.1 and Table 4.2. The values shown here were taken
from the Standard Specification for Co28Cr6Mo Casting Alloy for Surgical Implants (UNS

R30075).
Table 4.1. Chemical composition of Co28Cr6Mo alloy (ASTM F75).

Chemical Composition (wt. %)
Element Min. Max.
Chromium (Cr) 27 30
Molybdenum (Mo) 5 7
Nickel (Ni) 0.5
Iron (Fe) 0.75
Carbon (C) 0.35
Silicon (Si) 1
Manganese (Mn) 1
Tungsten (W) 0.2
Phosphorus (P) 0.02
Sulphur (S) 0.01
Nitrogen (N) 0.25
Aluminium (Al) 0.1
Titanium (Ti) 0.1
Boron (B) 0.01
Cobalt (Co) Balance

Table 4.2. As-cast mechanical properties of Co28Cr6Mo alloy (ASTM F75).

Mechanical Properties

Ultimate tensile strength (UTS), min. 655 MPa
Yield strength (YS, 0.2% offset), min. 450 MPa
Elongation, min. 8%
Reduction of area, min. 8%
Hardness 25-35 HRC

266-345 HV
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4.1.2. Counter bodies

The counterbody used for the first experimental tests, namely, for the lathe me-
chanical tests, as explained in Section 4.3.2 (pg. 31), was a tungsten carbine (WC) cylin-
der, characterized by high hardness, in order to be close to the rigid material considered in
the numerical model, also explained in Section 4.3.1 (pg. 28). This high hardness was es-
sential to cause hardening of the Co28Cr6Mo samples.

On the other hand, for the sliding wear tests performed on the tribometer, a zir-
conia ring counter body was used against the Co28Cr6Mo sample (zirconia was chosen be-
cause it is commonly used as counter body on prostheses). Its external diameter was

20 mm.

4.2. Equipment

4.2.1. Lathe
In order to induce a superficial hardening of the Co28Cr6Mo specimens, a
lathe was used to promote the rotation and the force between the crossed cylinders, as

shown in Figure 4.1(a).

22 2020/2021



MATERIALS, EQUIPMENT AND PROCEDURES

Figure 4.1. Equipment used during the mechanical tests.

Figure 4.1(b) shows a larger magnification of the equipment used. The respec-

tive legend follows:
1. Load cell;
2. Cylindrical tungsten carbide (WC) sample;
3. Co28Cr6Mo cylindrical sample;
4. Mechanical lathe to rotate the Co28Cr6Mo cylinder.
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4.2.1.1. PicoScope

A PicoScope 3204A was used to view and analyse real-time signals. The Pico-
Scope 6 software enables analysis using FFT, a spectrum analyser, voltage-based triggers,
and the ability to save/load waveforms to disk. This equipment allowed to obtain voltage
outputs that had a linear relation with the normal force and the frictional force, as de-
scribed in Section 4.3.2 (pg. 31). Therefore, it ultimately allowed to determine the progres-
sion of these two variables through the experimental lathe test. Its outputs were later
analysed: medium normal force and coefficient of friction were determined, averaging the

instant values obtained during the mechanical tests.

4.2.2. Polisher

After cutting the samples in the hardened zone, they were polished in order to
decrease the superficial rugosity of the cross section and obtain accurate Vickers micro
hardness measurements in the durometer. After using a SiC Struers FEPA P # 1000 with 18
um grain size, the sample was polished with a SiC Struers FEPA P # 2000, 10 pm. Additio-

nally, a monocrystalline diamond suspension with 3 um was applied.

4.2.3. Durometer

The hardness measurements were performed with a Struers Duramin durome-
ter, shown in Figure 4.2. It has a maximum resolution of 0.01 pm and performs measure-
ments on Vickers, Knoop, Brinell and Rockwell. In this case, these measurements were
taken through Vickers micro hardness tests. This equipment is able to perform micro and
macro-hardness measurements, with an applied load range of 10-2000 gf and automatic
load system. The positioning of the samples is controlled by a micrometric measuring table

with two degrees of freedom.

24 2020/2021



MATERIALS, EQUIPMENT AND PROCEDURES

Figure 4.2. Struers Duramin durometer.

4.2.4. Scanning Electron Microscope

A scanning electron microscope (SEM) is a type of microscope that creates im-
ages of a determined specimen by scanning its surface with a focused beam of electrons
that are generally produced in a tungsten filament. The electrons interact with atoms in the
sample surface, producing various signals that contain information about the surface
topography and composition of the sample. This equipment is also important to quantify in
percentage the chemical composition of a certain pre-selected area of the material under

analysis. The model used was a HITACHI SU3800 as shown in Figure 4.3.

Figure 4.3. HITACHI SU3800 scanning electron microscope.
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4.2.5. Tribometer
A tribometer is used to carry out sliding wear tests in order to study lubrication,
friction and wear. It allows the determination of different tribological quantities, namely
the coefficient of friction, frictional force, and wear volume between two surfaces in con-
tact. The tribometer used in the present research work was built in the Department of Me-
chanical Engineering of the University of Coimbra, based on a lathe. For the present study,
the hertzian contact between two cylindrical surfaces was considered, the Co28Cr6Mo
sample and a zirconia ring. The model used in this research was the Einhell BT-ML300 in
which the zirconia ring surface rotated against, and perpendicularly to, the CoCrMo alloy
sample.
Figure 4.4 and Figure 4.5 show the equipment used during the tribological
tests. The respective legend follows:
¢ 1- Total rotation counting system,;
* 2- Set of weights;
* 3- Zirconia ring;
* 4- Co28Cr6Mo sample;
* 5- Load cell (connected through wire to the set of weights).

Figure 4.4. Tribological tests' equipment used.
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Figure 4.5. Tribological tests' equipment used: magnification of the contact area between the zir-
conia ring and the Co28Cr6Mo
The tribometer works by rotating a cylinder around its axis, on which, in this
case, the zirconia ring is located. Being in contact with the Co28Cr6Mo specimen, it pro-

motes its wear. This device has a system to count the number of revolutions performed.

4.2.6. Measuring microscope

Wear marks measurements were determined using a Mitutoyo Toolmaker's Mi-
croscope optical microscope (Figure 4.6), with 15x magnification and illumination with a
circular lamp. It has a Microstage, a positioning system for the measuring plate, which
holds two digital micrometers, one in each XY direction (two degrees of freedom), with an
accuracy of 0.001 mm. Thus, using this equipment, it was possible to measure two diame-
ters perpendicular to each other: the distances between the furthest ends and the closest
ends, in the wear marks' ellipse. These measures allow the subsequent determination of the

wear volume.
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Figure 4.6. Mitutoyo Toolmaker's Microscope

4.3. Methods and procedures

4.3.1. Numerical model

The numerical model created was intended to study the surface hardening of
the Co28Cr6Mo alloy (its generic aspect can be seen in Figure 4.7). The impact of model
variables variation on the stresses could be analysed. It was designed to obtain a better ini-
tial approximation of favourable conditions for the mechanical tests.

The software adopted was DD3IMP and it is used to perform numerical simu-
lation of plastic metal forming processes. Since it is dedicated to sheet metal stamping, it is
necessary that the mechanical model contemplates the elastoplastic behaviour of the mater-
ial, namely the deformations and rotations to which the metal is subjected. The elastic be-
haviour is considered isotropic while the plastic behaviour can be anisotropic, using sever-
al plasticity criteria and strain hardening laws. The DD3IMP software considers that the
effects of inertial forces are neglected. In terms of the type of elements used, DD3IMP only
allows to discretize with solid finite elements, being required to use at least two layers of
elements in thickness to allow a correct description of the stress gradients in this direction.

The main results of the model, represented graphically, are:

* The evolution of the plastic deformation value with the passage number;
* The effect of the coefficient of friction on the plastic deformation value and on the
distribution of shear stress xy;

* The effect of normal force on the plastic deformation value and on the distribution of
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shear stress xy.

In addition to all graphical representations, the distribution of plastic deforma-
tion along the radial direction at the end of each passage was analysed, comparing the pas-
sages with each other. This procedure was taken into account in order to ascertain whether
the depth of the plastic deformation increases with the number of passages.

The numerical model developed had the following characteristics:

* Positioning of two crossed cylinders: one rigid and the other deformable (this last
cylinder with the approximate mechanical properties of the Co28Cr6Mo alloy).

* Deformable cylinder with 5 mm diameter and 10 mm length and recessed at its ends
(with rotation imposed on them).

* Due to the condition of symmetry, only half model (half cylinder length) is
simulated.

* The mesh of the zone under study of the Co28Cr6Mo cylinder is much more refined
compared to the rest of the model. Only % of the cylinder perimeter is analysed
(since the behaviour is always identical along the perimeter and thus the time of the
simulations is significantly reduced). Plus, the superficial zone of this mesh is much
more refined than the subsurface and more interior zones. This means that there is a
much closer approximation of what is happening at the surface than what can be con-
cluded from what is happening inside the cylinder.

* Variables: normal force (indirectly, because the real variable is the displacement of
the cylinder that comes into contact), coefficient of friction, number of passages

(with a maximum of 5).
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Figure 4.7. Generic aspect of the numerical model, with the most refined mesh in the analysed

area.

When running the numerical model, it presents different phases of movements.

Each phase is associated with an iPH value. These phases are cyclical, that is, they occur in

a loop until the total value of passages defined at the beginning of the simulation is reached

(this being one of the variables). The sequence of phases during a simulation is:

iPH = 1 corresponds to a 45° rotation in the positive direction (counterclockwise);
initially, the model's cylinder is at -45°.

iPH = 2: The rigid surface touches the deformable cylinder at the maximum x coor-
dinate (normal direction) at an angle of 90° with the horizontal. Before starting the
sweep, a displacement is made in this direction until half the value of the desired
force is obtained, because only half the cylinder length is considered. This phase
therefore corresponds to a tightening between the two cylinders.

iPH = 3: When this half of the desired force is reached, the position is maintained and
the cylinder is rotated 90° clockwise (1 pass thus corresponds to % of the cylinder).
iPH = 4: Corresponds to a rotation backwards (counterclockwise), after total removal
of the rigid surface (which simulates an empty passage). This empty passage is made
to ensure that the slip always occurs in the same direction (clockwise). It is important
to note that it does not rotate -90° (which would be the initial position) but, for exam-
ple, in the case of the end of the first pass, -85°, that is, with a difference of 5°. The
first passage has an amplitude of 90° the second of 80° the third of 70° and the
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fourth of 60° (reduction of 5° in each of the ends, totaling 10°). This reduction in
scanning amplitude was taken into account to start the next passage in a stable area;
that is, for the new passage to start in an area where the plastic deformation caused
by the previous passage is uniform (at the beginning of each sweep there is a transi-
tion zone, not yet uniform). Thus, the scanning line is shortened as more passes are

made (there is a gradual decrease in amplitudes, as seen in Figure 4.8).

e

Figure 4.8. Simplified representation of the successive reduction in range of motion with the pas-
sage number.
The reduction of 5° on each side, in each it iteration (passage) of the process, is
more than enough, clearly delimiting the transition zone of the uniform plastic deformation
zone. It is an “excessive” value, which does not cause any limitation in the number of pas-

sages since the tests will have a maximum of 5 passages.

4.3.2. Lathe mechanical tests to induce strain hardening

In the mechanical lathe tests, a Co28Cr6Mo cylinder (d= 5.02 mm) was posi-
tioned crossed against a cylinder of a much higher Young's modulus material (a tungsten
carbide, WC) in order to simulate a rigid body (considering a rigid body was assumed in
the numerical model). This WC cylinder was attached to a load cell, as shown previously
in Figure 4.1(b) in Section 4.2.1 (pg. 22), through which voltage values would be captured,
transmitted to PicoScope 6 software as outputs and later converted into normal force and
frictional force. There was axial and rotational movement of the Co28Cr6Mo cylinder (axi-
al speed was 68 pm/turn and n=170 rev/min). The axial movement of the Co28Cr6Mo
cylinder relative to the WC crossed cylinder had to be necessarily slow enough to have

contact between the two along the entire lateral cylindrical area when sweeping; otherwise,
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there would be areas of the sample to be hardened that would not undergo this treatment.
Hence, a reduced axial velocity was selected. Ten passages were taken into account in
every test: each passage corresponds to the axial scan of a pre-defined distance (between

two black lines previously drawn on the specimen, Figure 4.9).

Figure 4.9. Top view of the contact between the Co28Cr6Mo and the WC cylinders. The
Co28Cr6Mo cylinder is connected to the lathe, which gives it rotational and forward movement. Its
sweeping area is delimited by the black marks.

The PicoScope 6 software used gathered the outputs (a two-list output: list A
corresponding to the frictional force and B corresponding to the normal force). This output

results came in voltage SI units (Volt); therefore a conversion was needed between the

voltage values and their respective force values, in Newton:

. _ Voltage Output A
Frictional Force = 0.3003 4.1)
_ Voltage Output B
Normal Force = 04162 4.2)

The constants, 0.8003 and 0.4162, were determined before starting the tests.
Weights were added to the load cell in both the normal and tangential directions, a
calibration curve was drawn and the slope was determined.

The coefficient of friction was after calculated with the following expression:
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Frictional Force (4.3)
Normal Force '

Coefficient of Friction =

3 mechanical tests were carried out with different parameters of normal force and
coefficient of friction, calculated through the Excel processing of the outputs provided by
PicoScope 3204 A hardware and saved through PicoScope 6 software. After this processing
in Excel, the values of average normal force, frictional force and, consequently, coefficient
of friction were obtained and it was possible to characterize the 3 tests as follows, in Table
4.3.

Table 4.3. Normal force and coefficient of friction values for each mechanical test.

Mechanical Test 2 3 4
Normal force [N] 19.79 10.57 593
Coefficient of friction 0.221 0.147 0.145

It is important to note that Mechanical Test 1 was rejected as it was only per-
formed for 5 passages. Thus, it was intended to eliminate this variable (number of pas-
sages), avoiding to increase the number of factors that could influence the results and re-
spective interventions; this simplification was considered in all the other mechanical tests

(2, 3 and 4) for 10 passages.

The values obtained for the normal force were not random. Initially, it was
intended to analyse the behaviour of this alloy, Co28Cr6Mo, for an approximate normal
force of 20 N. After verifying that this value was unreasonable and was associated with
unfavourable hardening conditions, explained below in Section 5.2.2 (pg. 57), the normal
force in the following mechanical tests has been reduced. Thus, this decrease from test to

test is justified.

4.3.3. Radial hardness analysis

After cutting the sample of Co28Cr6Mo in the mechanically treated section
and later polishing the area to be analysed (the cross section area), it was placed in the
Struers Duramin durometer to quantify the evolution of the hardness through the sample’s
radius (schematically represented in Figure 4.10), that is, see the influence of the mechani-

cal hardening on the hardness of the cylindrical specimen. Several indentations (with a
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force value of approximately 1 N) were made over a diameter of the cross section of the
sample, in diamond shape (Figure 4.11). Measuring the diagonal distances and, conse-
quently, the indentations area, Vickers hardness values were obtained. This procedure was
taken not only with the samples from the mechanical tests (2, 3 and 4) but also with an un-
treated (that is, untested) sample, that was not subjected to mechanical superficial hard-
ening. With these several indentations and their respective hardness values, radial hardness
evolution graphics were created in Excel, which made possible a comparison between the

different treated samples and the original unhardened sample.

-

v

Figure 4.10. Schematic representation of the hardness analysis in the radial direction of the
Co28Cr6Mo samples.

Figure 4.11. Vickers hardness measurements being performed on the Struers Duramin equipment.

It should be noted that, before this radial analysis, hardness values were obtained
from areas close to the centre in order to obtain an average hardness value of these
CoCrMo alloy samples. It was found that this samples had an average hardness of 453 kgf/
mm* (HV,,), with a standard deviation of 14.7 kgf/mm®. This value of hardness is higher
than the value stated in the Standard Specification for Co28Cr6Mo Casting Alloy for
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Surgical Implants (UNS R30075), from Table 4.2 in Section 4.1.1 (pg. 21), which might

indicate that the samples came already hardened to a certain degree, from their supplier.

4.3.4. Etching and SEM analysis of the cross section
Etching is a preferential corrosive attack on the areas of greatest energy on the

metal surface in contact with the etchant, that is, the grain boundaries; it is therefore
essential to highlight the grain boundaries of the treated samples. For this alloy, it proved
to be a complicated task, since it has a high corrosion resistance. Although some
bibliography (Chauhan, 2017) indicates that best results are obtained by electrolytic
etching for 15-30 seconds in 30% HCI solution with few drops of H,O, at 4V and graphite
electrode, it was found that this etching time was not enough. Thus, by trial and error
approach, the contact time of the solution with the alloy was extended to 1 minute.
After etching the Co28Cr6Mo specimens, they were placed in the Scanning
Electron Microscope (SEM) in order to visualize the grain size and orientation on their
cross section (as represented in orange colour in Figure 4.12), especially in the most
peripheral areas (those, which, hopefully, would be the most affected by the cold hardening
during the mechanical tests). As said earlier, a SEM equipment produces an image from the
interactions of the electron beam with atoms at various depths within the sample. The
electron beam is scanned in a raster scan pattern, and the position of the beam is combined
with the intensity of the detected signal to produce the image (Figure 4.13 is an example of
a SEM produced image). The samples were visualized in high vacuum. Using a computer
and accessing Hitachi software, it was possible to save the images collected by SEM.
This procedure allowed to reinforce and validate the results obtained in the

radial hardness analysis, revealed in Section 5 (pg. 43).

w

Figure 4.12. Co28Cr6Mo samples' cross section schematic representation, in orange colour; both
etching and SEM analysis were performed in this area.
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Figure 4.13. Example of a collected SEM picture of Co28Cr6Mo alloy after being subject to strain
hardening with an applied normal force of 19.79N (Mechanical Test 2).

4.3.5. Tribological Tests

The tribological tests quantified the final wear and the coefficient of friction
throughout each test. These tests were carried out for four different Co28Cr6Mo cylindri-
cal samples: an untreated sample (mechanically untested) and the three cold-worked sam-
ples on the lathe from mechanical tests 2, 3 and 4.

These tribological tests consisted of rotating a zirconia ring against the lateral
section of the Co28Cr6Mo specimens, keeping the cylinders with crossed axis. Note that
this side section corresponds to the area of material that was in direct contact with the WC
cylinder when submitted to cold hardening. This rotation promotes wear and consequent
removal of material from the Co28Cr6Mo cylinder; the purpose of this procedure is to later
analyse and quantify this material removal and verify its variation with the increase of the
applied normal force, that is, with the increase of the perpendicular contact force between
the specimen and the zirconia ring during the tribological tests.

It was necessary to monitor what happens during the time of each test (that had
a total duration of 6818 seconds). Thus, with a load cell coupled to the tribometer structure,
as seen above in Figure 4.4 in Section 4.2.5 (pg. 26), and connected to a computer it was
possible to read and record the instantaneous frictional force.

On that computer, an interface was programmed in Labview 8, which allowed
to control the operation of the tribometer and to consider the variables whose values can be

changed by the users (for example, the applied normal force or the test time; although, in
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this case, the test time was always the same). However, it should be noted that, in this case,
the only variable changed before each tribological test was the normal force. This normal
load is applied manually, through a set of weights (as can be seen in Figure 4.14), indirect-
ly connected to the load cell by a wire and a pulley (1 N, 2 N, 4 N, 6 N, 8 N, 10 N and
12 N were applied, in different tests, to the untreated and the treated samples as well). The
desired total number of rotations was 20000; therefore, a rotation counting system was also
implemented to verify, for each test, if 6818 seconds corresponded to approximately this

number of rotations (n=175 RPM).

Figure 4.14. Tribometer used during wear tests: the set of weights applied, according to the de-
sired normal force, is connected to the load cell by a wire, which in turn has the Co28Cr6Mo sam-
ple attached to it.

4.3.5.1. Samples' removed volume analysis
After the tests on the tribometer, the Mitutoyo toolmaker's microscope was used

to visualize the contact zone (Figure 4.15). As explained before, this contact zone was an
ellipse and, with the help of two digital micrometre rules, the lengths of the respective
major and minor axis were determined. These distances were needed to evaluate the

volume of Co28Cr6Mo removed during each test.
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Figure 4.15. Contact zone observed through Mitutoyo toolmaker's microscope, after a tribological
test.

Considering R, the external radius of the zirconia ring, R, the radius of the

Co28Cr6Mo ASTM F75 sample, a and b respectively the semi-major and semi-minor axis
of the ellipse (Figure 4.15 and Figure 4.16), h’ and h”’ the maximum depth of the contact

zone, analysed in two perpendicular plans:

h' :R1_\IR12_(1/2 (4.4)
R'=R,— /Ry -0 (4.5)

! "
h= M (4.6)
2020/2021
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Figure 4.16. Schematic representation of distances a and b, on the elliptical contact zone.

V, as stated by A. Ramalho (2004), is the volume of material removed after

each test, and x is the total sliding distance swept by the zirconia ring:

V=rXh’X /R, XR, (4.7)

r = Number of Rotations X T X 2R (4.8)

Considering N as the normal force applied and k as the wear coefficient, V is

also represented by:

V=kXNXz (4.9)

It was assumed that the equation above is linear. Therefore, V can be represent-

ed in order to x’ where k is the slope:
r=NXz (4.10)

V=kXzg' (4.11)

Using Excel it was possible to create, both for the untreated sample and for the
mechanical tests 2, 3 and 4, a graph of the volume removed from the samples as a function
of x', V(x') as seen below in Section 5.2.2 (pg. 57). The main focus for this procedure was
to associate the wear coefficient to be calculated, k, with the slope of a linear relationship

(A. Ramalho, 2010). This variable became useful to quantify wear.

4.3.5.2. SEM and optical microscope analysis of oxides
As will be seen below in Section 5 (pg. 43), the results obtained for the tribo-

logical tests suggest that, from a given normal force, the volume of material removed from
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the wear zone of certain mechanical tests' samples increases significantly. It was decided to
look for a justification for this sudden increase, since the volume of material removed has a
certain linearity but only up to a certain value of normal force applied, from which it re-
veals a much more accentuated slope. It was also decided to try to explain why not all
Co028Cr6Mo samples show this exponential volume increase in removed material.

The purpose of this procedure was to verify whether the existence of oxides at
the highest normal force values could have influenced the results of the volume of material
removed in the tribological tests, namely if it would have functioned as a protective film
for this Co28Cr6Mo alloy in the samples of the mechanical tests with a less pronounced in-
crease of the volume removed between different applied normal forces.

Thus, the wear marks of the tribological tests were analysed in SEM, since this
equipment not only allows a good visualization of possible oxides, through BSE mode, but
also provides the chemical composition, through EDS analysis, of a given area under
examination; if there are oxides in the wear marks, oxygen will be present in high percent-
age in these areas, validating this theory. It should be noted that these marks were also vi-
sualised through an optical microscope.

The Figure 4.17 represents schematically the zones of the samples under analy-
sis, in orange colour. Again, and as mentioned above, the contact zones between the
Co28Cr6Mo specimen and the zirconia ring are elliptical, as they have different radii. Fur-
thermore, this schematic representation reveals different dimensions of these elliptical con-
tact zones, since the variation of the normal force applied between tribological tests causes
a variation in the volume of material removed (which is directly linked to different wear

mark dimensions).

B

Figure 4.17. Schematic representation of the wear marks, in orange colour, under analysis.
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4.3.5.3. Microscopic analysis of oxide fixation in zirconia
rings

As the tribological tests are based on continuous contact between the rotating
zirconia ring and the Co28Cr6Mo sample, the analysis of the oxide formation on the wear
marks of the specimen can be supplemented with the analysis of the trace created on the
zirconia rings. These traces can be expected to be a mixture of abrasion and some oxides
released by the specimens during the tests. The aim of this procedure was to verify the
amount of oxides in the trace created along the perimeter of the zirconia ring, comparing
the results with what can be seen in the respective wear marks of the Co28Cr6Mo spec-
imen. Hopefully, wear marks on these Co28Cr6Mo alloy specimens with high amounts of
oxides can be expected to be associated with marks on the zirconia ring with a high con-

centration of oxides as well.
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5. RESULTS AND DISCUSSION

5.1. Strain hardening

5.1.1. Numerical modelling

As previously mentioned, the numerical model was designed to obtain a better
initial approximation of favourable conditions for the mechanical tests of surface hard-
ening. Preliminarily, the numerical model allowed to reach some conclusions concerning,
for example, the influence of the number of passages on the depth of the deformed surface
layer of the Co28Cr6Mo cylinder or the influence of the coefficient of friction, strain or
flow stress (instantaneous value of stress required to continue plastically deforming a ma-
terial) also on the extent of deformed material.

Figure 5.1 represents the comparative graph between two simulations in which
the same normal force was applied, differing only in the coefficient of friction. Through its
analysis it is possible to verify that although Simulation 2 has higher strain values in a cer-
tain extension, a higher coefficient of friction does not lead to more extensive deformed
zones; its variation does not cause any significant change in the depth of the deformed sur-
face zone. Analogous conclusions can be drawn through a flow stress comparative graph,
as can be seen in Figure 5.2.

—e—Simulation 1 (F=5.5 N; CoF=0.1) Simulation 2 (F=5.5 N; CoF=0.2)
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Figure 5.1. Influence of the coefficient of friction (CoF) on strain and on the depth of the deformed
surface layer of a Co28Cr6Mo simulated cylinder.
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Figure 5.2. Influence of the coefficient of friction (CoF) on flow stress and on the depth of the de-
formed surface layer of a Co28Cr6Mo simulated cylinder.

Both Figure 5.1 and Figure 5.2 show that not only the variation of the coeffi-
cient of friction does not change the depth of the plastically deformed zone but also this
layer is relatively superficial. In fact, this zone extends only about 80 um towards the cen-
tre of the cylindrical Co28Cr6Mo sample. This extension represents about 3.2% of the dis-
tance between the periphery and the centre of the sample. Again, a surface hardening only
is intended, that is, an improvement of the mechanical properties only at the surface of the
material. Thus, these numerical model results are consistent with the desired goal.

In addition to the previous analyses, the numerical model allowed to under-
stand the influence of increasing the normal load from simulation to simulation on the de-
pth of the plastically deformed Co28Cr6Mo cylinder surface layer. As can be verified in
Figure 5.3, when maintaining the coefficient of friction constant, varying the normal load it
is observed that, although the surface deformation reveals higher values for the higher val-
ues of force, the depth of the affected zone does not change. Thus, it was verified that the
increase of the normal force, later on in the mechanical tests of strain hardening, would
have no effect on the size of the plastically deformed layer. Analogous conclusions can be

drawn through a flow stress comparative graph, as can be seen in Figure 5.4.
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—e—Simulation 2 (F=5.5 N; CoF=0.2) —s—Simulation 3 (F=11 N; CoF=0.2)
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Figure 5.3. Influence of the normal load on strain and on the depth of the deformed surface layer
of a Co28Cr6Mo simulated cylinder.
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Figure 5.4. Influence of the normal load on flow stress and on the depth of the deformed surface
layer of a Co28Cr6Mo simulated cylinder.

Although the numerical model allows drawing conclusions as mentioned
above, its validity depends on the fact that the hardening occurs precisely at the surface
during the experimental work. This is due to the fact that the numerical model mesh is re-
fined only in the most peripheral areas of the cylinder created to simulate a Co28Cr6Mo
specimen (the mesh of the innermost areas of the model presents a much lower accuracy of
what happens, at the mechanical level). Therefore, and due to the importance of the me-
chanical treatment occurring superficially, it is necessary to verify that this hardening actu-

ally occurred in the most superficial layer possible of the samples. In Section 5.1.3.2 (pg.
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50) this problem is analysed, using a simulation software to understand if, with the condi-
tions that were possible to obtain in the mechanical tests, it was possible to obtain surface

hardening only and, therefore, be in line with the numerical model programmed conditions.

5.1.2. Technologic Process

As mentioned previously in Section 4.3.2 (pg. 31), average normal force and
coefficient of friction values were obtained for each of the three mechanical tests per-
formed. It was found that, with the increase in the normal force applied, there was a conse-
quent increase in the coefficient of friction (due to the greater tangential forces involved),

as can be seen in Figure 5.5.
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0.16

Coefficient of Friction

0.13

0.1
5.93 10.57 19.79

Normal Force [N]

Figure 5.5. The increase of the normal force applied during the mechanical tests, between the
tungsten carbide (WC) cylinder and the Co28Cr6Mo cylinder, lead to a visible increase of the co-
efficient of friction associated.

The determination of the average values of both the normal force and the coef-
ficient of friction were obtained using the graphs of instantaneous values of each variable,
for each passage made (it should be remembered that, during the mechanical hardening
tests, a total of 10 scans between the WC and the Co28Cr6Mo specimens were performed).

Figure 5.6 represents the instantaneous evolution of the coefficient of friction
associated to the sixth passage of the mechanical test in which a 5.93 N load was applied.
There is a range of initial values that are discrepant from the others (i.e. relatively higher),
throughout the determination of the instantaneous coefficient of friction. This is due to the
initial running-in effect; that period was not considered in the calculation of the average

value of this variable (only values after the first 10 second period, in this case, were con-
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sidered). The same reasoning related to this running-in effect was taken for the determina-
tion of the average values of the normal force applied. Finally, for each mechanical test the
final values of the coefficient of friction and normal force were obtained by averaging the

mean values of each passage.
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Figure 5.6. Instantaneous variation of the coefficient of friction, relative to the sixth passage of the
mechanical hardening test in which 5.93N of normal force was applied.

The final results for the mechanical tests' mean values are in Table 4.3, above

in Section 4.3.2 (pg. 31).

5.1.3. Strain hardening assessment

After performing the procedure described in Section 4.3.3 (pg. 33), it was pos-
sible to create a comparative graph of the samples' hardness evolution (three treated and
one untreated samples) from the centre of the cross section of each specimen (circular sec-
tion, since the samples are cylindrical) to the periphery, that is, to the most superficial area,
where an increase in hardening was intended. The results of this hardness evolution al-
lowed to quantify the influence of the conditions of each mechanical test on the mechani-
cal properties of this Co28Cr6Mo alloy.

This graphical representation is depicted in Figure 5.7. Here, it is possible to
see the different evolutions between the three mechanical tests under consideration and
also in relation to the untreated sample. The origin of the horizontal axis corresponds to the
centre of the cross section of the samples, and r= 2500 um corresponds to the total radius.

The resolution of the hardness profile was approximately 50 um between indentations.
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Figure 5.7. Evolution of microhardness with the radial distance for four different samples, three
samples were subjected to different applied loads (5.93, 10.57 and 19.79N) and one remained as
originally (untreated).

First, it can be seen that there is a slight increasing trend in the hardness of the
untreated sample, from the centre to the periphery. This indicates that the samples already
came from the supplier with a certain surface hardening. This hypothesis is also supported
by what was previously mentioned regarding the average hardness at the centre of the sam-
ple: it was found to be higher than the tabulated hardness for Co28Cr6Mo ASTM F75. The
untreated sample had a determined average hardness of 453 kgf/mm®. The tabulated value,
on the other hand is 266-345 kgf/mm®. This means there was a 31.3-70.3% difference.

Regarding the results of the mechanical hardening tests, it is preliminarily veri-
fied that all of them present a more accentuated radial hardness evolution, comparing with
the evolution of the untreated sample.

The test in which a normal force of 10.57 N was applied (Mechanical Test 3,
yellow curve), clearly shows the highest average hardness values over the first 1500 pm,
with a less pronounced increase from there to 2500 um (which, again, represents the
periphery of the cross-section of the sample).

Analysing the 500 um closest to the periphery, there is a more accentuated
hardness increase for the test in which a normal force of 19.79 N was applied (Mechanical

Test 2, grey curve) compared to the tests where loads of 5.93 and 10.57 N were applied.

48 2020/2021



RESULTS AND DISCUSSION

However, the average hardness value for this test, in that area, seems identical when com-
pared to the test of 10.57 N normal force applied. On the contrary, the test of 5.93 N ap-
plied load (blue curve), presents not only a less accentuated increase in hardness from 2000
um onwards, but also a visibly lower average hardness value, comparing to the other me-

chanical tests.

5.1.3.1. Strain hardened zones depth

The radial analysis of the hardness of treated samples allowed to verify its in-
crease from the centre of the cross section to its periphery. However, the variation of the
hardness with the distance to the surface doesn’t agree with the results of the numerical
model. In fact, numerical study forecasted an increase of the hardness up to 80 pm below
the surface. This difference could be explained by the reduced resolution of the hardness
profile, 50 um between indentations as mentioned above. Therefore, to validate this in-
crease in radial hardness, it was decided to analyse the cross section of each treated sample
through SEM (Scanning Electron Microscope) which allowed a good visualization of the
deformation of the grains in areas that have undergone cold hardening, through previous
mechanical tests. This type of visualization allows not only to verify the areas with greater
deformation, but also to verify the distance from the periphery that they occur. Figure 5.8
reveals the existence of clearly visible deformations of the grains, for the test in which a
normal force of 19.79 N was applied (Mechanical Test 2). As can be seen, the zones of
greatest grain deformation are not exactly at the surface of these samples, i.e. in the most
peripheral zone possible. This means that these deformations are found at a certain depth;
in an ideal situation they would be mainly on the surface since the aim is to obtain surface
hardening only. This may influence the wear and removal volume results obtained in the

tribological tests, revealed below.
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Figure 5.8. Visualisation through SEM of grain deformations, for the cross-section of the Mechani-
cal Test 2 specimen, in this case: a) full micrograph and b) detail of deformed zone.

The images captured in the SEM related to the tests in which loads of 10.57 N
and 5.93 N were applied (Mechanical Tests 3 and 4, respectively) also allowed to obtain
results that showed a certain depth of the deformed zone.

5.1.3.2. HertzWin software and verification of depth of maximum

shear stresses

As it was verified, the plastic deformations related to the hardening process of
Co28Cr6Mo specimens are not exactly in the most superficial area as desired, presenting
maximum values in the subsurface. The location of these plastic deformations is directly
related to the location of the maximum shear stresses.

HertzWin software is based on an elastic linear contact model; however, it can
be used to discriminate the influence of variables. This software allows, among other
things, to evaluate the depth and location of the maximum shear stresses according to i) the
characteristics of the materials in contact (respective Young modulus and Poisson ratios)
and ii) the values of the normal force and the coefficient of friction. In this case, two
crossed cylinders were considered in order to evaluate this depth (a Co28Cr6Mo cylinder

in contact with a tungsten carbide cylinder, simulating the mechanical tests conditions). As
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the maximum plastic deformations are equally found in these locations, this software rein-
forces the conclusion that, in fact, for the hardening conditions in question, it was not pos-
sible to obtain this hardening in a strictly superficial way, as would be desired.

Figure 5.9, Figure 5.10 and Figure 5.11 represent, respectively, the locations of
the maximum shear stresses for Mechanical Test 2 (normal force of 19.79 N and coeffi-
cient of friction 0.221), Mechanical Test 3 (normal force of 10.57 N and coefficient of fric-
tion 0.147) and Mechanical Test 4 (normal force of 5.93 N and coefficient of friction

0.145). Note that the surface of the samples is at the upper end of each image.

Figure 5.9. Location of maximum shear stress for Mechanical Test 2 (normal force of 19.79N and
coefficient of friction 0.221), in dark red.

Figure 5.10. Location of maximum shear stress for Mechanical Test 3 (normal force of 10.57N and
coefficient of friction 0.147), in dark red.

Figure 5.11. Location of maximum shear stress for Mechanical Test 4 (normal force of 5.93N and
coefficient of friction 0.145), in dark red.

As can be seen, the maximum values of the shear stresses do not occur at the
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surface, for the conditions of the mechanical tests carried out. Thus, it is verified once
again that the maximum plastic deformations do not occur, in the same way, at the surface.
HertzWin software also allowed to quantify the approximate depths at which the maximum

shear stresses occurred, for each mechanical test, as shown in Table 5.1.

Table 5.1. Maximum shear stress depth obtained through HertzWin software, for each mechanical

test
Mechanical Test 2 3 4
Normal force 19.79 N | Normal force 10.57 N Normal force 5.93 N
CoF 0.221 CoF 0.147 CoF 0.145
Maximun shear stress
depth [um] 26.3 22.2 18.3

One of the preponderant factors that makes the zone of maximum shear stress
to displace is the coefficient of friction. By analysing these images, it is possible to verify
that the coefficient of friction values in question for the three mechanical tests were not
high enough to cause considerable deformations on the surface of the Co28Cr6Mo spec-
imens. Using again the HertzWin software, it was verified that a maximum of shear stress
occurs in the most superficial zone for a minimum coefficient of friction value of 0.4, as
shown in Figure 5.12. This representation is very similar for any value of normal force be-
tween 5 and 20 N, so that once again it shows the great influence of the coefficient of

friction.

Figure 5.12. Location of maximum shear stress for a coefficient of friction of 0.4. Although this pic-
ture was taken for a normal force of 10N, loads of 5N or 20N produce a very similar image.

As an important note regarding this analysis, it is important to mention that the
fact that the mechanical hardening tests performed were not associated with values of coef-
ficient of friction high enough for hardening in the most superficial layer possible of the
Co28Cr6Mo specimens does not indicate that they were performed under less accurate

conditions. In fact, the only variable that could be minimally controlled, indirectly through
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its relation with the voltage, evident in Equation 4.1 and Equation 4.2 from Section 4.3.2
(pg. 31), was the normal force applied between the WC and the Co28Cr6Mo cylinder dur-
ing hardening on the lathe. The coefficient of friction is one of the dependent variables,
i.e., it was not possible to control or estimate initially its approximate value.

Finally, the use of this software allows conclusions to be drawn regarding the
numerical model and the hardness profile initially created. As mentioned in Section 5.1.3
(pg. 47), a reduced resolution of the hardness profile, 50 um between indentations, was
taken into account. This resolution is insufficient to highlight the areas associated to the
maximun shear stress depth of the samples related to the different mechanical tests (Table
5.1). Likewise, the numerical model proves to be insufficient. The numerical model
showed an increase of the hardness up to 80 um below the surface, as seen in Section 5.1.1
(pg. 43). Although the mesh has been refined near the surface, its dimension is still not fine
enough to discriminate the shear stress variation field, i.e., the resolution is not adequate to
perform the desired analysis. The mesh from Figure 5.1 in Section 5.1.1 (pg. 43) reveals
distances of about 20 um between nodes. Thus, the created numerical model proves to

have a precision below the required value.

5.2. Wear and friction behaviour

5.2.1. Friction behaviour

As said above in Section 4.3.5 (pg. 36), the tribological tests performed al-
lowed not only to quantify the final wear but also the average frictional force and therefore
coefficient of friction from each test. The mean values were obtained from the respective

instantaneous values recorded throughout every test. These values can be seen in Table 5.2.
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Table 5.2. Average coefficient of friction values obtained during each tribological test, for the un-
treated sample and for each of the three treated samples.

Untreated Mechanical Test 2 | Mechanical Test 3 | Mechanical Test 4
Normal force 19.79N Normal force 10.57N Normal force 5.93N
CoF 0.221 CoF 0.147 CoF 0.145
1N 0.3878 0.5254 0.4951
2N 0.3343 0.3805 0.4705
4N 0.3701 0.5200 0.3173 0.3171
6N 0.4701 0.5815 0.3839
8N 0.6187 0.5004 0.3957 0.5507
10N 0.3923 0.3858 0.3990 0.3969
12N 0.4907 0.3553 0.4840 0.5359
Note: it was not possible to obtain these values for 1, 2 and 6 N forces from tribological
tests associated with the Co28Cr6Mo sample treated during Mechanical Test 4.

The analysis of the instantaneous friction evolution becomes relevant since
there are evolutions typical of an abrasive process and evolutions typical of a situation of
high formation and fixation of oxides on the surface subject to wear. By identifying the
graphical representations as clear situations of abrasion or oxide formation, it is possible to
validate that certain wear marks obtained in the tribological tests correspond mostly to one
or the other case. This analysis will be reinforced further in Section 5.2.3.2 (pg. 64).

Blau (1996) identified common shapes of friction-time curves based on a sur-
vey of the tribology literature, in the early 1980s. Although the causes for different shapes
are not uniquely connected to a single set of cooperative mechanisms (the shape of a fric-
tion-time curve is affected not only by the materials involved but also by the applied load
and other tribosystem characteristics), it is possible to distinguish abrasive situations from
major oxide formation situations. These two typical cases are shown, respectively, in Fig-

ure 5.13 and Figure 5.14.
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Time

Figure 5.13. Typical abrasive situation friction-time curve (Blau,1996).

Time
Figure 5.14. Typical friction-time curve from a situation with high formation and fixation of oxides
in the wear surface (Blau,1996).

Taking into account the typical evolution of each case mentioned, it was possi-
ble to make a comparison with the evolutions registered during the tribological tests.

It is important to identify pure abrasion situations from high oxide setting situ-
ations. Thus, this comparison between Blau (1996) friction-time curves, and friction-time
curves obtained during the experimental works of this investigation is relevant to allow this
validation and distinction between the two situations. Thus, taking the 8 N normal force
tribological test associated to the untreated Co28Cr6Mo sample, represented in Figure
5.15, high similarities with Figure 5.13, associated to an abrasive wear process, can be

verified.
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Figure 5.15. Friction-time curve for the 8N normal force tribological test with the untreated
specimen.

In addition to the validation made for abrasive wear cases, it is important to
make the analogous analysis for situations where there was a high fixation of oxides. Fig-
ure 5.16 represents the evolution of the instantaneous frictional force (i.e. the friction-time
curve) for the tribological test of 10 N performed on the specimen related to the Mechani-
cal Test 3 (normal force of 10.57 N and coefficient of friction 0.147). As can be seen, there
are strong similarities between this representation and Figure 5.14, validating that, in fact,
under these conditions, the formation and fixation of an oxide layer occurred on the wear
surface, which promoted a reduced amount of removed material, that is, a smaller volume

of Co28Cr6Mo removed from the surface of this cylindrical specimen.
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Figure 5.16. Friction-time curve for the 10N normal force tribological test with the Mechanical Test
3 (normal force of 10.57N and coefficient of friction 0.147) specimen.

5.2.2. Wear behaviour

As said before, the tribological tests quantified the final wear and the coeffi-
cient of friction throughout the tests. They allowed further analysis of the volume of mater-
ial removed from the Co28Cr6Mo cylinder (note again that these tests were carried out for
an untreated sample and the three cold-worked samples subjected to 5.93, 10.57 and
19.79 N normal force applied). They also allowed the determination of the wear coefficient
k, an important variable to make wear quantifiable.

Figure 5.17 depicts a comparative graph of the removed volume from the sam-
ples, V(x'), both for the untreated sample and for the mechanical tests. It is important to re-
call that values from both V(x') and x' were determined by using the formulas from Equa-
tion 4.4 to Equation 4.11, in Section 4.3.5.1 (pg. 37). This graph allowed to quantify the
removed volume of Co28Cr6Mo material with the product of the normal force by the slid-
ing distance, applied to each specimen, for each tribological test. It is important to empha-
size again that the normal force values used for each sample were 1 N, 2 N, 4 N, 6 N, 8 N,

10 N and 12 N.
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Figure 5.17. Evolution of the wear volume with the product between the applied load and sliding
distance for Co28Cr6Mo samples (normal force applied: 1, 2, 4, 6, 8, 10 and 12 N).

The analysis of Figure 5.17 allows us to draw some important conclusions.
Preliminarily, although the V(x') graph does not directly reveal the applied normal force
values, it is possible to visualize them. An initial analysis identifies clusters of four points
each, belonging to the mechanical tests and to the untreated sample. There are seven clus-
ters of these in total, which, along the abscissa axis, are associated, respectively, with the
IN,2N,4N,6N, 8N, 10 N and 12 N tribological tests. This initial conclusion allows the
necessary reasoning to critically analyse the removed volume evolutions for each case.

Through Figure 5.17, it is possible to observe that there are intervals between
certain normal force values in which there is a very significant increase in the removed
Co28Cr6Mo material: for the untreated sample, this increase occurs for a normal force of
10 N, while for the test in which a normal force of 19.79 N was applied (Mechanical Test
2) it occurs for a normal force of 12 N. Regarding the tests in which normal forces of 10.57
and 5.93 N were applied (Mechanical Tests 3 and 4 respectively), there is no marked tran-
sition. This sudden increase in removed material is highly undesirable, since the objective
of the cold surface hardening previously carried out would be to improve the mechanical

properties of this alloy, that is, mainly to reduce the wear it would be subjected to when in
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service (e.g., in the human body, since Co28Cr6Mo is an alloy used for biomedical
applications).

From Figure 5.17 it is possible to make another, equally relevant analysis. The
results associated with the test in which a normal force of 19.79 N was applied (Mechani-
cal Test 2) show that, for 12 N, the volume of material removed during tribological testing
is greater than the volume of material removed for the untreated cylindrical specimen. This
goes completely against the objective of the cold hardening performed earlier. Note that
this mechanical test has the highest value of normal force applied during the hardening
process compared to the other two tests, between the Co28Cr6Mo cylinder and the WC
cylinder. This fact, together with the evolution of the volume of material removed, led to
the conclusion that the normal force applied in the mechanical treatment prior to the tribo-
logical tests of the cylinder of Mechanical Test 2 was excessive, which caused an exagger-
ated deformation of the grains of this alloy; thus, instead of obtaining an improvement of
the mechanical properties, the opposite happened, with their degradation. However, this
may not be the unique justification, as will be proven below in Section 5.2.3.1 (pg. 68),
with the specific analysis of the possible formation of oxides in the wear marks of this me-
chanical test specimen in comparison with others.

In addition to this graphical analysis of Figure 5.17, it is important to quantify
the wear obtained for each tribological test of each Co28Cr6Mo sample. For this, k (i.e. the
wear coefficient) was calculated for each of the cases. As mentioned above, this variable
represents the slope of a linear relationship associated with the progression of V(x'). More
specifically, each value of k associated with a certain point, corresponds to the slope of the
line formed between this point and the origin of the referential. This calculation was possi-
ble using the expressions presented above in Section 4.3.5.1 (pg. 37). Table 5.3 represents
the wear coefficient values for each tribological test performed on each of the Co28Cr6Mo
samples (one untreated sample and 3 samples subjected to different treatment conditions

associated with mechanical tests 2, 3 and 4).
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Table 5.3. Wear coefficient (k) values for each tribological test performed on each Co28Cr6Mo

sample.
x10-6 Untreated Mechanical Test 2 | Mechanical Test 3 | Mechanical Test 4
Normal force 19.79N Normal force 10.57N Normal force 5.93N
CoF 0.221 CoF 0.147 CoF 0.145
1IN 1.3221 18.7332 2.9231 16.8888
2N 1.1909 11.5297 3.3100 13.6497
4N 2.3789 12.4807 2.2096 1.7467
6N 4.3659 5.9697 1.7001 18.1645
8N 2.3789 9.5444 2.7103 16.7151
10N 15.3279 4.3942 16.1465
Note: values of k are multiplied by 10, as stated in the first cell of the table.

Table 5.3 makes it possible not only to reconclude that, in fact, there are values
of normal force applied in the tribological tests of certain Co28Cr6Mo samples that lead to
a very sharp increase in the volume of material removed, but also it makes it possible to
quantify this increase, using the wear coefficient k. For the untreated sample, this increase
occurs for a normal force of 10 N, as analysed above. It can be seen from this new analysis
that the value of k increases by about 19.3 times compared to the 8 N tribological test of
the same sample, which is consistent with what was concluded from Figure 5.17. Not only
is this true but also this value is 3, 10.5 and 2.8 times higher than the analogous k values of
Mechanical Tests 2, 3 and 4, respectively. Furthermore, the k value of the 12 N tribological
test, associated with the Mechanical Test 2 sample (19.79 N normal force and coefficient
of friction 0.221), is visibly high, being identical to the analogous value of the untreated
sample but far superior than the values of the Mechanical Tests 3 and 4 samples (2.5 and
2.1 times, respectively). Thus, once again, a transient regime of volume removed of
Co28Cr6Mo is observed for the untreated and Mechanical Test 2 samples, while this is not

the case for the samples of Mechanical Tests 3 and 4. Finally, it is important to note that,
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for the two highest values of normal force applied during the tribological tests (10 and
12 N), the sample associated with Mechanical Test 3 (10.57 N normal force and coefficient
of friction 0.147) is the one that notably reveals the lowest values of wear coefficient, k.
This reveals a visible better wear behaviour of this alloy when subjected to these hardening
conditions.

With these analyses, it is initially possible to conclude that Mechanical Tests 3
and 4 (once again, related to normal forces of 10.57 and 5.93 N respectively) are beneficial
at this point: for the normal force studied values they do not reveal any sudden transition to
very high material removal values. Furthermore, Mechanical Test 3 (10.57 N normal force
and coefficient of friction 0.147) reveals the lowest values of coefficient of wear, especial-
ly for the highest normal forces applied during the tribological tests, also distinguishing it-
self positively from Mechanical Test 4 (5.93 N normal force and coefficient of friction

0.145).

5.2.3. Wear Mechanisms

5.2.3.1. SEM and Microscope Analysis of the Possible Formation

of Oxides in the Samples' Wear Marks

As previously mentioned, the tribological tests aimed to analyse the wear be-
haviour not only of the treated specimens (mechanical tests 2, 3 and 4) but also of an un-
treated specimen, through the removed volume of Co28Cr6Mo. Throughout each tribologi-
cal test, concave and elliptical wear marks were created, associated with this removal of
material represented schematically above, in Figure 4.17 from Section 4.3.5.2 (pg. 39). As
analysed above, there were certain values of normal force applied in the tribological tests
on the specimens associated with certain mechanical tests and the untreated specimen that
caused a very sharp transition in the volume of material removed from the alloy under
analysis: the need arose to seek a justification for this exaggerated increase.

It was decided to analyse the possible formation of oxides in the wear marks;
these oxides, being typically much more rigid than the initial material that formed them,
could constitute a protective layer against wear, justifying the mechanical tests in which an
accentuated transition in the volume of material removed was not observed. The higher the
density of these oxides on the surface of the wear marks, the lower the associated removed
volume and consequently the greater the protection conferred to this Co28Cr6Mo alloy. It

should be emphasised that, tendentially, these oxides would only form for relatively low
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values of applied normal force. This is due to the fact that, with the increase of the normal
force, there is a consequent increase of the tangential forces that hinder the formation of
oxides in the areas subject to wear. However, this fact will not affect the possible fixation
of oxides for the tribological tests in question, since the maximum normal force applied on
these (12 N) is a low value.

Thus, SEM was used to verify the existence of oxides and quantify it. As previ-
ously mentioned, a SEM builds images of a determined sample by scanning its surface
with a focused beam of electrons. These electrons interact with atoms in the sample sur-
face, producing various signals that contain information not only about the surface topog-
raphy but also about the composition of the sample. Therefore, this equipment was useful
not only to visualise possible oxides formed but also to prove that they were indeed oxides,
through an analysis of their chemical composition. Detailed reports were carried out that
made available this chemical composition, from different zones under analysis. As can be
seen in the Figure 5.18, a line was drawn over a certain dark spot, in this case, relatively to
the sample of the mechanical test in which a normal load of 19.79 N was applied, when

subjected to 12 N in the tribological test.

¥
Ch1 MAG: 7000x HV:15kV WD: 10.3 mm Px: 49 nm

Figure 5.18. Line that will serve as a marker over the zone to be analysed in terms of chemical
composition. This feature is one of the strengths of an analysis using a SEM.

If a high concentration of oxygen (O) is found in the area to be analysed, it is
confirmed that this is an area of deposited oxides on the wear mark. Table 5.4 shows the
detailed chemical constitution of this area, which is part of the SEM report. As can be seen,
there is a high atomic oxygen concentration in this area (21.75%) validating the hypothesis

that the dark marks involved correspond to oxides.
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Table 5.4. Chemical composition of the line analysed by SEM.

Mass Mass Norm. Atom abs. error [%] rel. error [%
Element At. No. Netto [%] %]

[%] [%] [%] (1 sigma) (1 sigma)
Co 27 36063 50.79 55.66 43.54 1.57 3.09
Cr 24 36931 26.93 29.51 26.16 0.81 3.02
(0] 8 10299 6.89 7.55 21.75 0.99 14.30
Mo 42 10598 5.27 5.77 2.77 0.22 4.19
C 6 754 1.37 1.50 5.76 0.36 26.40

Sum 91.24 100.00 100.00

Making a comparative analysis of a zone with a low concentration of oxides,
such as the one in Figure 5.19, it can be seen that the amount of oxygen is lower when
compared to the previous analysis. Table 5.5 shows the chemical composition for this case,
revealing a substantially lower atomic concentration of this element (1.78%). This is a
form of comparison to verify once again that, in fact, the dark areas correspond to clusters
of oxides. This result is consistent with the initial hypothesis formulated since the line
drawn for this case overlaps with light areas, without many dark marks that would corre-

spond to potential oxide formations.

6
Ch1 MAG: 100x HV:15kV WD:10.2mm Px: 3.41 um

Figure 5.19. Line that will serve as a marker over the zone to be analysed in terms of chemical
composition. This time it covers a relatively large area with a low percentage of black marks.
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Table 5.5. Chemical composition of the line analysed by SEM.

Mass Mass Norm. Atom abs. error [%] rel. error [%]
Element At. No. Netto

[%] [%] [%] (1 sigma) (1 sigma)
Co 27 22741 59.55 63.30 56.79 1.86 3.12
Cr 24 19599 26.57 28.24 28.72 0.82 3.08
Mo 42 6230 541 5.75 3.17 0.23 4.32
C 6 579 204 2.17 9.54 0.57 27.86
(0] 8 387 0.51 0.54 1.78 0.18 35.26

Sum 94.07 100.00 100.00

5.2.3.2. Oxide fixation on wear marks

It is important to have an overview of the wear marks created during the tribo-
logical tests on the various Co28Cr6Mo specimens, for all values of normal force applied.
Thus, Table 5.6 represents the photographs of all these marks taken with the optical micro-
scope, where the area of the ellipse was cropped. It is important to recall the relative posi-
tion of the wear marks with respect to the Co28Cr6Mo samples, shown above in Section
4.3.5.2 (pg. 39), Figure 4.17. Through this general analysis it is possible to observe the dif-
ferences in oxide concentration fixed between samples from different mechanical tests (in
other words, between samples with different initial hardening conditions) for different val-
ues of normal force applied during tribological tests (table rows). Additionally, and since
the images are all at the same scale, it is possible to observe the variation of their size with

the increase of the normal force applied during the tribological tests.
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Table 5.6. Wear marks' ellipses for each tribological test performed.

Untreated Mechanical Test 2 | Mechanical Test 3 | Mechanical Test 4
Normal force 19.79N Normal force 10.57N Normal force 5.93N

CoF 0.221 CoF 0.147 CoF 0.145

I - e

N e

4N & ﬁ é

oN -

SN

10N

12N

Note: The images are all at the same scale.

Preliminarily, it is possible to draw some conclusions from the analysis of the

Gongalo Manuel Abrunhosa Coutinho
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Table 5.6, regarding the size of the ellipses. There is a generic increasing trend of their
sizes with the increase of the normal force applied in the tribological tests, which is coher-
ent since the volume of Co28Cr6Mo removed has an increasing tendency with the increase
of the applied force. Furthermore, and comparing the different samples, it can be seen,
once again, the best behaviour to wear of the specimen relative to Mechanical Test 3
(10.57 N normal force and coefficient of friction 0.147). In fact, there is a smoother pro-
gression in the growth of the ellipse size with the increase of the normal force when com-
pared against the other samples. Moreover, the sample of this mechanical test is the one
which reveals the smallest ellipse dimensions for the highest values of force in the tribo-
logical tests, reinforcing the fact that it shows an optimised behaviour to wear.

In addition to that, it is also interesting to analyse the volume removed as a
function of the normal force applied during the tribological tests. A V(F) bar graph allows
a better visualisation of the wear behaviour of the specimens from each mechanical test
(and the untreated specimen). It also allows to efficiently cross the results obtained from
the volume removed with the respective photographs of the wear marks from Table 5.6,
understanding the influence of the oxide fixation on the wear that occurred. These two
pieces of information, V(F) graph and oxide density photographs, will allow to draw more
precise conclusions on the wear behaviour of this Co28Cr6Mo alloy.

By analysing Table 5.6 it is possible to label each tribological test as mostly
abrasive or influenced by high oxide attachment and to insert this binary information into a
V(F) graph, as shown in Figure 5.20. Each bar with "a" above it represents a tribological
test with mainly abrasive wear, and each bar with "o" a test with a high concentration of
oxides in the wear mark. At this point we must explicitly differentiate between oxide marks
and abrasive marks. There are abrasive marks along the photographs in Table 5.6 that ap-
pear to be oxides because of their dark colour. However, this is due to a shadow effect,
caused naturally by the lighting conditions when the photographs were taken. It is still pos-
sible to distinguish these marks from the oxide marks. The abrasive marks (whether dark
or light) have a purely linear shape along the ellipse. On the contrary, the marks associated
to the fixation of oxides present variable shapes: black round spots or other irregular
shapes but never perfectly linear shapes (typical of abrasion). Thus, it is possible to make
this distinction.

Furthermore, it is important to cross-check this information with what has been

previously validated, in Section 5.2.1 (pg. 53). The exemplifying tribological tests in that
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section whose friction-time curves correspond to typical progressions of abrasive situations
and oxide fixation situations correspond to photographs in Table 5.6, in which purely abra-
sive wear marks and marks with high oxide concentration are also evident, respectively.
This combination of reasoning reinforces the validity of these two mechanisms associated

to the wear marks on Co28Cr6Mo samples.

B Untreated ® Mechanical Test 2 (F=19,79N; CoF=0,22)
Mechanical Test 3 (F=10,57N; CoF=0,147) m Mechanical Test 4 (F=5,93N; CoF=0,145)
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Note: "a" indicates a wear mechanism mostly abrasive;
"0" indicates the significant concentration of oxides on the surface of the wear mark.

Figure 5.20. Evolution of the volume of Co28Cr6Mo removed during the tribological tests, for each
normal force applied. Comparative analysis between the specimens previously hardened in differ-
ent conditions and between these and the untreated specimen.

Through the analysis of Figure 5.20 it is possible to draw some conclusions re-
lated to the comparative evolution of the volume of Co28Cr6Mo removed with the in-
crease of normal force applied in the tribological tests, better explained below in Section 6
(pg. 77):

* Oxidation is prevailing for the highest applied normal forces, mainly for Mechanical
Test 3 (associated to a normal force applied during its hardening of 10.57 N and a co-
efficient of friction of 0.147) and Mechanical Test 4 (associated to a normal force ap-
plied during its hardening of 5.93 N and a coefficient of friction of 0.145).

* For higher normal force values, tribological tests whose marks show significant abra-
sive wear are associated with a much higher removed material volume than tests

whose marks have high fixation of oxides.
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* The specimen of Mechanical Test 3 (associated to a normal force applied during its
hardening of 10.57 N and a coefficient of friction of 0.147) reveals much more ade-
quate wear values for higher forces applied in the tribological tests, when compared
to the other test specimens. This reveals that, for the largest domain of forces in-
volved in the mechanical wear of a component of this alloy in the human body, a me-
chanical treatment performed under the conditions of this mechanical test proves to

be the closest to an optimal situation.

5.2.3.2.1. Oxide formation on wear marks specific comparisons

Adopting the previous reasoning in Section 5.2.3.1 (pg. 61) regarding the for-
mation of oxides, it is understandable that, for example, the wear marks on the
Co028Cr6Mo specimen from the test in which a load of 10.57 N was applied (Mechanical
Test 3) have a higher density of oxides on their surface than the wear marks associated
with the test in which a load of 19.79 N was applied (Mechanical Test 2), mainly for higher
normal force values in tribological tests. This is due to the fact that the specimen from Me-
chanical Test 3 shows much lower volumes of removed material than the specimen from
Mechanical Test 2 as seen above, in Figure 5.20 from Section 5.2.3.2 (pg. 64); further-
more, Mechanical Test 2 shows a very sharp transition in volume of removed Co28Cr6Mo
for a normal force of 12 N, which is not the case at all for Mechanical Test 3. Figure 5.21
and Figure 5.22 represent SEM analysis of the wear marks created on the samples associat-
ed to Mechanical Test 2 and Mechanical Test 3 respectively (both for a normal force of
12 N, applied during the tribological test). This visualisation through SEM allows a more
accurate comparative analysis of particular cases than that obtained above through micros-

copy, in Figure 5.20.
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SU3800 15.0kV 4.6mm L-x120 BSE-COMP

Figure 5.21. Visualisation in SEM of the wear mark from the test in which a load of 19.79N was ap-
plied (Mechanical Test 2) associated to a normal force of 12N in the tribological tests.

SU3800 15.0kV 4.8mm L-x120 BSE-COMP

Figure 5.22. Visualisation in SEM of the wear mark from the test in which a load of 10.57N was ap-
plied (Mechanical Test 3) associated to a normal force of 12N in the tribological tests.

As referred to before, the oxides visualised in the SEM analysis are the dark
spots. This was already proven by checking the chemical composition of these spots: Fig-
ure 5.4 and Figure 5.5 from Section 5.2.3.1 (pg. 61). It is possible to verify that Figure 5.21
and Figure 5.22 are coherent with what would be expected at first: the wear mark associat-
ed to Figure 5.21 presents a much lower density of oxides when compared to the analogous
wear mark of Figure 5.22. Thus, the marked transition in removed volume between the
10 N and 12 N tribological tests of the test in which a normal force of 19.79 N was applied
(Mechanical Test 2) is again justified (note that it has already been partially justified by the
excessive grain deformation associated with this test; the normal force applied during cold-
hardening was too great). On the other hand, the higher density of oxides at the surface of
the wear mark associated to the test in which a normal force of 10.57 N was applied (Me-

chanical Test 3) explains the inexistence of a removed volume transition of Co28Cr6Mo
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for the normal force values used: the fixation of a considerable amount of oxides allowed
the constitution of a protective layer against wear.

In addition to this comparative analysis it is possible to make others in order to
reinforce this influence of the existence of oxides on the surface of the wear marks on the
volume of material removed. Through Figure 5.20 from Section 5.2.3.2 (pg. 64) it is possi-
ble to verify that, for a normal force of 10 N, the untreated sample and the sample from
Mechanical Test 3 (associated to 10.57 N of normal force and coefficient of friction 0.147)
present very different values of removed volume, revealing a very different behaviour to
wear. In fact, this last sample presents much lower values than the untreated one (approxi-
mately 10 times lower). Figure 5.23 and Figure 5.24 represent the wear marks correspond-

ing to these samples, visualized in the optical microscope.

Figure 5.23. Visualisation in the optical microscope of the wear mark from the untreated sample
associated to a normal force of 10N in the tribological tests.

Figure 5.24. Visualisation in the optical microscope of the wear mark from the test in which a load
of 10.57N was applied (Mechanical Test 3) associated to a normal force of 10N in the tribological
tests.

The difference in oxide density between these two samples for 10 N can be ob-
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served. In Figure 5.23, the oxides are practically non-existent, manifesting themselves in
punctual and very small agglomerations. On the contrary, in Figure 5.24, associated to Me-
chanical Test 3 (10.57 N of normal force applied and coefficient of friction 0.147), there is
a much higher density of oxides: more than half of the wear mark surface is covered by
them. Again, this indicates the influence of oxide attachment on the wear behaviour of this
cobalt alloy; its increased concentration is associated with a lower volume of Co28Cr6Mo

removed.

5.2.3.3. Oxide fixation on zirconia rings

As mentioned above in Section 4.3.5.3 (pg. 41) the analysis of the oxide forma-
tion on the wear marks of the specimens can be supported with the analysis of the oxide
concentration on the zirconia rings' traces, during the tribological tests. Wear marks with
high concentration of oxides can be expected to be associated with traces on the zirconia
ring with abundant oxides as well. Figure 5.25 shows the magnified view of a wear track
of the zirconia ring associated to the 10 N tribological test performed on the Mechanical

Test 3 (normal force of 10.57 N and coefficient of friction 0.147) specimen.

SU3800:10.0kV 9.3mm:S-x500:BSE-COMP

Figure 5.25. Black marks on the zirconia ring associated to the 10N normal force tribological test
for the specimen hardened in Mechanical Test 3 (normal force of 10.57N and coefficient of friction
0.147).

As can be seen, there is a high density of black spots. It would be consistent
that these spots were oxides: the wear surface on the Co28Cr6Mo sample associated with

this particular tribological test has demonstrably high oxide fixation. This can be analysed

through the image corresponding to this case in Table 5.6 and the volume removed of ma-

Gongalo Manuel Abrunhosa Coutinho 71



Tribological Behaviour of CoCrMo Alloys - Influence of Strain Hardening

terial shown in Figure 5.20 (as this volume presents a very low value in relation to the oth-
er samples, it reinforces the fact that these black spots are oxides), both from Section
5.2.3.2 (pg. 64). Recall that it has been proven that the analysed black spots of the wear
marks in the samples are effectively oxides, through SEM analysis in Section 5.2.3.1 (pg.
61).

With regard to Figure 5.25, in order to prove that these zirconia ring tracks
have a high amount of oxides, a SEM analysis analogous to that carried out for the wear
marks of the samples was performed for this ring. After magnifying one of the black spots
from Figure 5.25, the area of material whose chemical composition was going to be quanti-

fied was delimited by a green square, as shown in the Figure 5.26.

Ch1 MAG: 5000x HV:10kV WD:10.6 mm Px: 68 nm

Figure 5.26. Magnification of one of the black spots from the zirconia ring associated to a 10N
normal force tribological test on the Mechanical Test 3 sample, ready to be chemically analysed.
Table 5.7 represents the results obtained in the respective report. As can be
seen, in atomic composition, 56.08% of the area analysed has oxygen in its constitution, an
essential constituent in oxides. This high concentration of this element proves that, once

again, the black spots are oxides, this time in the wear track of the zirconia ring.
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Table 5.7. Chemical composition of the area of the zirconia ring associated to a 10N normal force
tribological test on the Mechanical Test 3 sample.

Mass Mass Norm. Atom abs. error [%] rel. error [%]
Element At. No. Netto

[%] [%] [%] (1 sigma) (1 sigma)
Co 27 6472 13.35 31.99 1941 2.02 15.16
Cr 24 2025 11.26 26.99 18.57 0.55 4.92
(0] 8 6655 10.47 25.09 56.08 1.58 15.14
Mo 42 4267 6.64 1593 594 0.29 4.43

Sum 41.72 100.00 100.00

After validating the existence of oxides on the surface of the zirconia ring, it is
possible to associate a wear track to each tribological test performed, analogously to what
was done above in Table 5.6, from Section 5.2.3.2 (pg. 64). Thus, microscopies of the vari-
ous rings used for the various tests associated with the different specimens were gathered,

as shown in Table 5.8.
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Table 5.8. Wear tracks on zirconia ring for each tribological test performed.

IN

2N

4N

6N

8N

10N

12N

Note: The images are all at the same scale.

As can be seen, there is a visible difference in the concentration of oxides in
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the zirconia rings between certain tribological tests. The tests which were previously asso-
ciated with high oxide concentrations on the surface of the wear marks of the Co28Cr6Mo
specimens show an equally high oxide fixation in the corresponding zirconia ring track.
More specifically, the specimen associated to Mechanical Test 3 (normal force applied of
10.57 N and a coefficient of friction of 0.147) reveals to be the one with the highest density
of these oxides for higher values of normal force applied during the tribological tests. This
verification is consistent with what is observed above, not only in Table 5.6 but also in Fig-
ure 5.20, Section 5.2.3.2 (pg. 64), where it can be seen that this specimen was the one
which presented the best behaviour to wear, due to the high fixation of oxides.
5.2.3.4. Relationship between wear mark depths and the depth of

the deformed zones of the Co28Cr6Mo cylindrical
samples

In addition to the analysis above, one must consider an additional factor that
may have influenced the wear results. As previously mentioned, the hardening obtained in
the mechanical tests did not take place in the outermost possible layer of the Co28Cr6Mo
cylindrical specimens. It was found that, for the hardening conditions obtained, this hard-
ening occurred in a sub-layer, slightly below the lateral surface of the specimens, as no-
ticed previously in Figure 5.8 from Section 5.1.3.1 (pg. 49) and validated through
HertzWin software results in Figure 5.9, Figure 5.10 and Figure 5.11, Section 5.1.3.2 (pg.
50). This may have an influence on the volume of material removed as the material in the
topmost layer was not mechanically hardened: it is important to check whether the wear
has reached the mechanically hardened zone in all the mechanical tests carried out. There-
fore, again using Equation 4.6 from Section 4.3.5.1 (pg. 37), h (the maximum depth of the
concavity resulting from wear) was determined for all tribological tests. By comparing the
values of h from each tribological test with the depth of the deformed layer obtained previ-
ously by the HertzWin software through simulations, it is possible to verify if this wear
reached the mechanically hardened zone for every tribological test of all three Co28Cr6Mo
samples associated to the mechanical tests performed.

Table 5.9 presents the values of the maximum depth of concavity formed by
wear (through material removal), in the Co28Cr6Mo specimens associated to each me-
chanical test (i.e. to each cold hardening condition to which they were subjected) for each

tribological test.
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Table 5.9. Maximum depth of concavity caused by material removal during tribological tests, in
um, for the three specimens hardened under distinct conditions during mechanical tests.

Mechanical Test 2 Mechanical Test 3 Mechanical Test 4
Normal force 19.79N Normal force 10.57N Normal force 5.93N
CoF 0.221 CoF 0.147 CoF 0.145
1IN 38.4 15.3 36.6
2N 42.4 23.0 45.2
4N 63.0 26.5 23.6
6N 53.2 28.1 93.2
SN 77.8 411 102.2
10N 111.6 59.3 113.6
12N 194.6 121.0 135.8
refoertzWin 26.3 22.2 18.3

Note: This depth is at the centre of each ellipse created. HertzZWin reference values are
also in pm.

As can be seen, for practically all the normal force values of the tribological
tests, the verified wear entered through the mechanically deformed zone of each specimen
(i.e., the wear reached in almost all cases the previously hardened zone). Thus, this allows
concluding that there were favourable conditions to evaluate the influence of the 3 hard-
ening conditions evident in this research work. Since the maximum depth of the wear
marks obtained after the tribological tests were mostly greater than the depth of the hard-
ened zones of the respective specimens (i.e., they went beyond the hardened subsurface of
the Co28Cr6Mo specimens), all the results obtained were not negatively impacted by the
fact that the mechanical treatment of the specimens did not take place in the most superfi-
cial zone possible (as proven above).

The analysis of Table 5.9 allows for an additional note. It is once again verified
that Mechanical Test 3 (normal force of 10.57 N and coefficient of friction 0.147) was the
one that allowed a better wear behaviour: the values of maximum depth of wear marks ob-
tained for this case are visibly lower than those obtained for the other mechanical tests.
This is extremely noticeable for the whole range of normal forces applied during the tribo-

logical tests.
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6. CONCLUSIONS

As previously mentioned, the aim of this research work was to identify opti-
mised conditions for the mechanical surface treatment of Co28Cr6Mo alloy in order to im-
prove its mechanical characteristics, namely its wear behaviour. This improvement is es-
sential considering the great applicability of this alloy in the biomedical sector, namely in
joint prosthesis (knees, shoulders and hips mainly) which are subject to high and constant
mechanical stress. In order to minimize surgical maintenance interventions and increase
the patient's quality of life, it is important to seek the improvement of this type of alloys.
Therefore, three mechanical hardening tests were performed under different conditions and
their behaviour under prolonged wear was evaluated. The results obtained allowed, un-
doubtedly, to draw some important conclusions.

Through all the procedures carried out and their results it was possible to ob-

serve the following conclusions:

* Through a strain hardening assessment, Section 5.1.3 (pg. 47), it was clear that, with
the conditions obtained in the mechanical tests, Table 4.3 from Section 4.3.2 (pg. 31),
it was possible to induce the hardening of the Co28Cr6Mo specimens. All three sam-
ples, subjected to this hardening by Hertz stress field with friction show, an average
evolution of their radial hardness higher than that of the untreated sample. Thus, the
conditions of the mechanical tests allowed, in the various cases, a hardening. From
here on, it was necessary to better quantify this hardening and compare the mechani-

cal tests with each other.

* Through the analysis of Figure 5.8 from Section 5.1.3.1 (pg. 49) it was possible to
observe that the hardening did not occur, as intended, in the most superficial zone of
the Co28Cr6Mo specimens. The use of the HertzWin software reinforced this conclu-
sion. Furthermore, the software allowed to conclude from which value of the coeffi-
cient of friction it is possible to cause the maximum shear stresses at the surface, that
is, to cause plastic deformation and consequently hardening in the most peripheral
zone of the cylindrical specimens. It was found that this occurs only from coefficients
of friction in the order of 0.4: Figure 5.12, Section 5.1.3.2 (pg. 50). As the mechani-

cal hardening tests performed did not lead to coefficient of friction values of that or-

Gongalo Manuel Abrunhosa Coutinho 77



Tribological Behaviour of CoCrMo Alloys - Influence of Strain Hardening

der, but lower as shown in Table 4.3, Section 4.3.2 (pg. 31), it was not possible to
cause surface hardening, but at the subsurface.

Section 5.2.2 (pg. 57) allowed not only the graphical analysis of the evolution of the
volume of Co28Cr6Mo removed by wear from the various samples (one untreated
and three associated with mechanical tests 2, 3 and 4), Figure 5.17, but also the
quantification of wear through calculated values of the wear coefficient k, Table 5.3.
It was possible to observe through this joint analysis that Mechanical Tests 3 and 4
(associated to normal forces of 10.57 and 5.93 N respectively) show the best wear be-
haviour: for the normal force studied values they do not reveal any sudden transition
to very high material removal values. This analysis also allowed to note that Mechan-
ical Test 3 (10.57 N normal force and coefficient of friction 0.147) reveals the lowest
values of coefficient of wear (as seen in Table 5.3), especially for the two highest
normal forces applied during the tribological tests. This accurate quantification al-
lows it to be positively distinguished from Mechanical Test 4 (5.93 N normal force
and coefficient of friction 0.145). Thus, this section allows preliminary verification
that the sample showing better wear behaviour is the sample treated under the condi-

tions of Mechanical Test 3 (10.57 N normal force and coefficient of friction 0.147).

The analysis in Section 5.2.3.1 (pg. 61) allowed the conclusion that the black spots
present in the wear marks created after tribological tests of certain conditions and for
specimens associated with certain mechanical hardening tests, are in fact agglomera-
tions of oxides. To validate the initial hypothesis, a SEM analysis was essential in the

atomic quantification of the chemical composition of these black spots.

Section 5.2.3.2 (pg. 64) allowed to draw the most significant conclusions of this re-
search work:

* As can be seen in Figure 5.20, oxidation is predominant for the highest applied
normal forces. As said before, once these oxides tendentially form for relatively
low values of applied normal force, the range of loads used in the tribological
tests were not enough to hinder the formation and fixation of the oxides in the
areas subject to wear (due to a consequent increase of the tangential forces).

* For higher normal force values, tribological tests whose marks exhibit mostly
abrasive wear were associated with much higher removed material volume val-
ues than tests whose marks have high concentrations of oxides. This helped to

validate the initial hypothesis that the existence of oxides promotes a protective
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layer against wear in this Co28Cr6Mo alloy.

* The mechanical hardening proved to be mostly favourable to the wear behav-
iour of this material, except for Mechanical Test 2 (associated to a normal force
of 19.79 N and coefficient of friction of 0.22). This mechanical test of cold har-
dening revealed to have conditions already far from the optimum ones to obtain
a significant improvement of the mechanical properties of this Co28Cr6Mo
alloy. This indicated that the normal force applied was too high, which could be
proved by the excessive plastic deformation visualised in Figure 5.8 from Sec-
tion 5.1.3.1 (pg. 49).

* The specimen of Mechanical Test 3 (associated to a normal force applied during
its hardening of 10.57 N and a coefficient of friction of 0.147) showed much
more satisfactory wear values for high forces applied in the tribological tests,
when compared to the other test specimens. In fact, this was noticeable for nor-
mal forces above 6 N, from which there was significant oxide fixation and a
large discrepancy between the volume of Co28Cr6Mo removed in this spec-
imen when compared to the untreated, Mechanical Test 2 and Mechanical Test
4 specimens. This information is consistent with the reasoning already present-
ed on the protective influence of oxide attachment on wear surfaces. This
showed once again that these oxides promote the abrupt reduction of removed
volume. They proved to be directly related to the improved wear behaviour of
this alloy.

 The optimised behaviour of the test piece from Mechanical Test 3 could also be
analysed by comparing the maximum depth of the wear marks made during the
tribological tests, for the samples from different mechanical tests: Table 5.9
from Section 5.2.3.4 (pg. 75). This was an analogous analysis to that carried out

using the V(F) graph in Figure 5.20.

Taking into account all the conclusions drawn and cross-referencing the results
obtained, it was possible to create a domain of conditions in which the formation and fixa-
tion of an oxide layer was significant, delimiting its boundary with the domain of mostly
abrasive wear. Figure 6.1 reveals the most favourable set of conditions for the attachment
of oxides to the wear marks, in green. As can be seen among the samples of the different

mechanical tests, the sample related to Mechanical Test 3 is the one along a greater exten-
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sion within the green zone, that is, the zone of oxide formation. This is consistent with
what has already been discussed: in fact, the sample associated with this mechanical test
was the one with the cold hardening conditions closest to the optimal conditions for a sig-

nificant improvement of the mechanical properties of this Co28Cr6Mo alloy.

—Expon. (Untreated) Expon. (Mechanical Test 4 (F=5,93N; CoF=0,145))
Expon. (Mechanical Test 2 (F=19,79N; CoF=0,22)) Expon. (Mechanical Test 3 (F=10,57N; CoF=0,147))
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Figure 6.1. Domain of the optimal conditions for the formation and fixation of oxides in the wear
marks and consequent improvement of the mechanical properties of the alloy Co28Cr6Mo in
green, namely the significant reduction of the volume removed by wear.

Figure 6.1 allows additional conclusions to be drawn and reinforces some con-
clusions already made, through a different representation of the distinct behaviour of the
different specimens:

* The untreated specimen (i.e. not mechanically treated) shows poor wear behaviour
compared to the other samples for higher values of normal force applied during tribo-
logical testing, for which the volume of material removed increases sharply.

* The specimens from Mechanical Test 2 (associated to a normal force of 19.79 N and
coefficient of friction of 0.22) and Mechanical Test 4 (associated to a normal force of
5.93 N and coefficient of friction of 0.145) show slightly divergent evolutions, with

better results for the latter. In fact, Mechanical Test 4 presented a greater fixation of a

80 2020/2021



CONCLUSIONS

protective layer of oxides when compared to Mechanical Test 2, so this divergence is
justified, coherent with the reasoning of this research work.

* The Mechanical Test 3 sample is visibly the one that reveals the lowest values of vol-
ume removed of Co28Cr6Mo by wear, and this difference is increasingly noticeable
with increasing normal force applied in the tribological tests. This conclusion had al-
ready been drawn, being refocused through this representation. Its greater extension
within the domain of oxide formation and attachment on wear surfaces is justified.

Thus, it was possible to determine the conditions closest to those required to
minimize the wear of this alloy in its applications, namely in biomedical applications in
which there is constant and significant wear. All this research work allowed, ultimately, to
determine and validate conditions to increase the longevity of this alloy, Co28Cr6Mo,
within the human body, thus reducing the need for surgical maintenance interventions

(which reduce the quality of life of patients and subject them to increased risks).

6.1. Suggestions for future work

Scientific research usually leaves open doors to further progress. Experimental
research may start with incomplete knowledge of the most appropriate settings which are
improved as knowledge is acquired during the process. Thus, either trajectory corrections
or adjustments in parameters may arise as necessary for fine tuning the procedure. This
may even demand restarting parts of the work or even all the experiments. In our case the
optimal conditions to obtain results were unknown; thus, it was assumed a very high prob-
ability of adjustments necessity, as results during the progress were obtained and analysed.
As such, and through a continuous analysis of the results obtained throughout this research,
possible improvements were identified that could be carried out in future work. Thus, fu-
ture work that can be pursued may include:

* The stress-strain curve associated with the alloy in question, Co28Cr6Mo, was ob-
tained from the literature reviewed and is unlikely to correspond to a good approxi-
mation. It is proposed that tensile tests be carried out for the material that was tested.

* As mentioned, the numerical simulation as well as the hardness profile do not have
enough resolution to highlight the area of the tested Co28Cr6Mo specimens that was
affected by the hardening. A modeling with a more refined mesh should be used. Al-
ternative techniques to verify the hardening region, namely the evaluation of residual

stresses, should also be considered.
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