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Abstract
Mechanically assisted crevice corrosion (MACC) of metallic biomaterials continues to be a significant
degradation mode. This is, in part, due to a lack of understanding of fundamental micron- and sub-micron
scale mechanisms of metal degradation in biological environments. Metal-metal (or metal-hard) load
bearing surfaces of hip arthroplasties are subjected to fretting crevice corrosion (FCC, one form of MACC).
Current work in tribocorrosion involves large contact area tests with multiple asperities, with a distribution
of load and wear that changes over time. A more systematic and controlled study of the FCC micro- and
nanomechanics is needed.
Therefore, the goal of this work was to develop and employ a tribocorrosion test using a single, inert,
micron- to nano-scale hard asperity to address fundamental questions of metallic biomaterial FCC in
biologically representative environments. Traditional biomedical alloys (CoCrMo, Ti-alloys and stainless
steel) and novel additively manufactured alloys (CoCrMoW) were subjected to conditions simulating THA
and dental implants in vivo, measuring effects of materials, load, potential and solution. Quantitative
investigation of plastic deformation, debris generation, oxide repassivation, or ion dissolution which were
measured as a percentage of the total fretting corrosion process of titanium alloys. Similar testing was done
using atomic force microscopy methods, to expand the single-asperity fretting response as the wear depth
decreased to the single atomic layer scale.
This work focused on both the response to external variables and on internal alloy characteristics
influenced by manufacturing method, chemistry, and microstructure, as it applies to the growing field of
3D printed biometals.
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1

Introduction

1.1

Metallic Biomaterials and Modularity in Total Joint Arthroplasty (TJA)
The hip, followed by the knee, is the largest load-bearing joint in the body [1]. Because these joints

undergo so much wear and tear, they are often subject to osteoarthritis, leading to loss of cartilage, muscle
weakness, inflammation, and even total joint failure [2]. Total hip arthroplasty (THA) is one of the most
common treatments of joint failure due to osteoarthritis but is also used restore function and reduce pain
relief of injury due to hip fractures, necrosis, and other forms of arthritis [3,4]. Such treatments have been
around for over a century, but it wasn’t until Sir John Charnley’s first modern THA design in the 1960s
that the artificial hip joint became what it is today [5,6].
Modular junctions have been a standard design in orthopedic arthroplasty since the 1980’s because it
allows for more precise pre-operative, allows different materials to be used for the stem (e.g., Ti-6Al-4V)
and the head (e.g., CoCrMo) and dramatically decreases the inventory required to match implant-to-patient
sizing requirements. In the next decade, the demand for primary THA is predicted to grow to 572,000
(174% from 2005), and for primary TKA (total knee arthroplasty) will predictably reach 3.48 million
procedures in the US alone (673% from 2005) [7]. Hip arthroplasty owes its growing prevalence to such
modularity, as it increases the implant’s cost effectiveness and success. Modularity allows for greater
flexibility in implant component material, style, and geometry.
The modern THA consists of a femoral stem with a tapered neck joint that connects to a modular tapered
femoral head, which sits in a UHMWPE liner inside an acetabular shell. Stems are most often made of Ti6Al-4V, due to its superior osseointegrative and biocompatibility properties, while heads are most often
ceramic or cobalt-chromium based alloys because of its exceptional wear and corrosion resistance, [8,9,10].
However, retrieval analysis has shown that both mixed and similar-metal modular designs experienced
fretting corrosion (both), pitting corrosion (both), interdendritic corrosion (coupled), and intergranular
attack (similar metals) [9].

Thus, THA’s are not a perfect solution to joint failure. They are susceptible to risks and complications
including infection [11], dislocation [12], fracture [13], metal toxicity [14], and rarely (< 1% of elective hip
replacements) death [15,16]. The crevice environment within a taper junction, along with the added high
cyclic stresses that these devices undergo, causing the fracture and weakening of the passive oxide films of
these alloys that under nonabrasive conditions, would provide resistance to such corrosion induced failure
[9].
1.2

Fretting Crevice Corrosion (FCC)
Nominally smooth taper surfaces feature microscopic ridges that are both intentionally machined into

the design (stem taper ridges) and an effect of the fact that a macroscopically machined surface will have
microscopic features [17]. Thus, the loading and wear distribution on these surfaces is never homogenous
or uniform. In reality, only a small fraction of the area accounted for within a taper junction undergoes
mechanical wear. The metal surfaces are subjected to hard-on-metal or metal-on-metal fretting crevice
corrosion (FCC), more broadly known as mechanically assisted corrosion (MAC) [9] Fretting is defined as
small-scale (less than 100 μm) reciprocating movement between two hard contacting surfaces [18]. Fretting
and fretting corrosion of a hard asperity involves contacting the metal-oxide surface on the microscopic
level, where local contact stresses rapidly approach and surpass the hardness of the alloy, i.e., the measure
of a materials resistance to plastic deformation [19]. This wear results in not only plastic deformation, but
also oxide film disruption, generation of wear debris, and corrosion products (ions and oxides) [8,20,21].
MAC within a modular head-neck, neck-stem, or acetabular taper is a combination of many events
occurring at once in synchrony, but not necessarily synergy. The true contribution of each component
(plastic deformation, oxide disruption/repassivation, and ion release), and thus the mechanism of MAC, is
not fully understood.
1.2.1

Clinical Evidence of MAC

Tribocorrosion and wear can occur in any modular device where there is metal surface being abraded
by a metal or hard ceramic counter surface, often under cyclic loading conditions [22]. Retrieval studies
2

have documented mechanically assisted corrosion in acetabular components [22,23,24,25,26,27].
Gascoyne, et al 2014 reported that the primary corrosion mechanisms in retrieved MoM hip replacements
to be grain boundary corrosion and MAC with significant pitting and dark corrosion debris visible on a
quarter of the retrieved devices [23].
MAC in THA tapers can involve fretting corrosion, corrosion fatigue, stress corrosion cracking, or any
other electrochemical and mechanical process that may weaken the structural integrity of the implant [9,28].
Morlock, et al. 2008 found that, in a hip joint resurfacing failure study, almost half failed by fracture of the
rim, followed by a fifth by femoral head fracture [27].
These tribological interactions lead to the release of metal debris and corrosion products that have been
linked to adverse reactions in the periprosthetic tissues [22,24,28]. It’s been reported that the volumetric
material loss from MoM femoral tapers wear at a rate < 3 mm 3 annually, but acetabular articulating
components can vary from 1 to 71 mm3 per year [22,23,27]. The corrosion and wear products can propagate
into surrounding tissues, causing a biological cascade of inflammatory conditions, infection, and pain,
which has even been reported to lead to bone loss [24,28,29]. Hothi, et al 2015 listed unexplained patient
pain as the most common reason for revision in an acetabular liner retrieval study, where they also observed
considerable oxide debris deposits, pitting corrosion, and majority overall Goldberg scores > 3 [24,29].
Because the relation between wear and corrosion debris in modular metal on metal or metal on hard
devices and clinical performance is such a concern, better understanding of the extent, mechanisms and
component interaction and their contribution to the tribocorrosion interaction within modular tapers is
important.
1.2.2

Single Micro-Scale Asperity In Vitro Testing

Most literature focused on studying basic tribocorrosion and fretting effects involves an “asperity” that
is macroscopic or not inert [30,31,32,33,34]. Even highly controlled geometries of these large contacts (pin
on disc, or sphere on flat) contain multi-asperity micron-scale contact areas because of the inevitably
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heterogeneous micro-surface topography. This is similar to the contact region inside of a modular taper
junction. What appears to be flat-on-flat contact is truly asperity-to-metal contact on the microscale (see
Fig. 4.1). Therefore, to better understand the true mechanics of wear and tribocorrosion within these taper
junctions, it is relevant to investigate the fretting corrosion interactions of a controlled hard (diamond)
single micro-asperity engaging a metal surface under fretting and fretting corrosion conditions.
The before mentioned “macro” asperity fretting processes with large, constantly changing multipleasperity contacts do not account for the dynamic microscale true contacts that change over time. A
microscale asperity allows the more exact study of the complex fretting corrosion interactions that are
influenced by changing surface chemistry and microstructure [30,31,35,36,37,38].
1.2.3

Single Nano-Scale Asperity In Vitro Testing

While some recent work has shifted focus from large counter surfaces to true asperity contact, recent
technology allows for an even smaller sub-micron nanoscale investigation of the tribocorrosion process
[39,40,41]. The oxide film that acts as a physical and chemical barrier against corrosion and degradation of
passive metals is no more than a few nanometers thick (depending on local conditions, ie. solution presence,
potential, oxidative species) [42,43,44,45]. These dimensions make atomic force microscopy (AFM) the
perfect tool for investigating oxide film properties.
AFM is useful for imaging microscale asperity damage, but the nanoscale hard probe tip can also be
utilized as a nano-asperity to generate damage on a sub-oxide and sub-granular level [41]. Using the probe
(of known geometry) and a probe tip with a hardness much higher than that of the alloy, the AFM can be
used as a tool for investigating nanoscale tribology and corrosion processes, real time [41]. The main hurdle
of studying tribocorrosion damage on this small of a scale is that there is always the before-mentioned
surface topography and natural roughness (even of a medical grade polished surface). This can make
quantifying material loss on this scale difficult [46,47]. Liu et al. technique of ‘Image-wear-image’ AFM
based tribology (originally performed on titanium alloy) allows us to overcome these geometric constraints
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[41]. With this technique, we can precisely quantify surface damage depth and volume at near atomic levels
for any alloy, which can be performed in air (tribology) and in solution (tribocorrosion) in real time [41].
1.3

Alternative Implant Materials and Manufacturing Methods

1.3.1

Additive Manufacturing in Medicine

Additive manufacturing (AM), or 3D printing, is an innovative manufacturing technique that has gained
popularity in the dental field and is gaining traction in orthopedic engineering as well
[48,49,50,51,52,53,54]. AM involves using computer-aided design (CAD) software to model a threedimensional replication a structure, often imaged noninvasively by magnetic resonance imaging (MRI) or
computed tomography (CT) [49,53]. The actual 3D printing process involves a bottom- up layer by layer
construction, specifically powder bed fusion (PBF), where microscopic beads of the alloy are melted along
a laser path guided by the CAD software [49,53]. Unused powder can be used for subsequent printing, and
there is virtually no wastes [49]. This reduces the required materials and allows for more intricate
geometries than subtractive manufacturing methods (like milling) where material is removed to obtain the
required shape [49].
AM has been used for decades in medicine for printing polymeric and ceramic frameworks, guides,
drug delivery and even implants [55,56,57,58]. 3D printing metals has also made its way into use for inhouse manufactured dental implants, partial frameworks, and bridge substructures, as well as novel
orthopedic applications including patient-specific implants and porous structures [48,51,52]. The benefits
of AM include less wastes and higher specificity than the more costly and time-consuming method of
casting the intricate geometrical designs required for dental implants or special case prosthetics [49,52,53].
1.3.2

Electrochemical Properties of AM Alloys

While the corrosion resistance properties of traditional cast and wrought CoCrMo alloys are widely
studied and understood, this is not the case for such alloys produced by AM [49,59,60]. There are few
reports on the mechanical tests of AM cobalt alloys compared to traditional alloys [50,61], and even fewer
on the microstructural and electrochemical effects of 3D printing as opposed to cast or wrought [62,63,
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64,65]. Such studies found that printing parameters vastly influence the mechanical properties of AM
metals, as well as microstructure, but the corrosion resistance and electrochemical properties are still far
from being fully understood [61,62,63,64,65]. These corrosion resistance tests should mimic exposure to
biological environments, in both neutral environments, as well as the added effects of locally inflamed
tissues, infection, or the array of other acid substances these metals will be exposed to [66,67,68,69].
1.3.3

Tribocorrosion Properties of AM Alloys

AM metals will also be expected to display the same caliber of outstanding wear resistance as their
traditional counterparts [59,60,70]. These are designed for use in aqueous, acidic, and abrasive
environments as AM joint arthroplasty is increasing for patient-specific implants, instrumentation, and
porous coatings [48]. Thus, it is critical to study and assess the oxide layer (that provides tribocorrosion and
corrosion resistance of passive metals) of these alloys as well.
1.4

Goals
The goal of work is to resolve the short comings in literature mentioned above to better understand the

mechanics and chemistry asperity-based wear within a modular taper junction by developing and employing
a single-asperity fretting corrosion test using an inert, micron- to nano-scale hard asperity, to address the
fundamental questions related to FCC degradation process of metallic biomaterials in biologically
representative environments. A previously custom-built diamond pin-on-disk setup was used in each of the
micron-scale fretting corrosion tests, and the tip on an AFM probe, typically used for imaging purposes,
was used for nano-scale fretting. Traditional biomedical alloys wrought LC CoCrMo, Ti-6Al-4V, and 316L
SS were tested, as well as additively manufactured CoCrMoW. The simple proposed setups are capable of
analyzing a range of variables, including load, duration, solution effects, and alloy. While test parameters
differed, the same types of data were collected throughout most of the testing. Samples were observed post
testing with microscopy. Quantitative forms of analysis included volume and depth measurements using
both DOM and AFM software, as well as impedance and phase EIS analysis, polarization curves, and
fretting currents. The results presented are expected to inform and guide future research and developments
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toward a better understanding (and possible prevention) of the damage caused by asperity-based wear and
implant damage.
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2

Aims and Hypotheses
The following set of experiments is proposed and aimed to mitigate fretting corrosion, and the resulting

adverse local tissue reactions and thus device failure, by providing a further analysis of the microscale and
nanoscale of the actual fretting interface. First, a precisely controlled inert single asperity-based wear
apparatus is used to investigate damage modes of three alloys traditionally used in modular implants with
metal – metal contact interfaces. This is done to explore the effects of contact load, solution chemistry, and
fretting duration on wear loss, debris generation, and passive oxide film performance of these alloys. This
test is also extended to additively manufactured CoCr alloys to predict the success or shortcomings of threedimensionally printed biomedical implants. Following this line of research, the micromechanics and
tribocorrosive behaviors of traditional as-manufactured alloys, as well as additively manufactured alloys is
studied on the nanoscale.
2.1 Develop and perform long term in vitro fretting corrosion test of MoM acetabular modular
taper designs.
Goal: Develop a systematic seating and long-term fretting corrosion test of metal-on-metal acetabular shellliner couples to quantify tribocorrosion in vitro of implant devices.
Specific Aim: Two commercially available acetabular designs (both with Ti-6Al-4V shells and low carbon
CoCrMo liners) were quasistatically assembled to -4 kN. Assemblies were placed in phosphate buffered
saline under constant potential and cyclically loaded for 3 million cycles (9 Hz) to -4 kN while fretting
currents were recorded. After completion and push-out disassembly, liners and shells were visually
inspected and scored to correlated visible damage to fretting currents. Initial seating displacements, fretting
currents, ion analysis, push out forces, and damage scores were compared between the two designs.
Hypothesis: Because this experiment features quantitative measures, their correlation to qualitative
analysis should provide a more systematic and objective measure of fretting corrosion within a modular
taper design, compared to post-testing visual inspection alone. If the two designs are substantially
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equivalent, then they should perform similarly in terms of seating displacement, fretting currents, ion
release, disassembly force, and damage scores.
2.2 In vitro fretting corrosion of wrought LC CoCrMo, Ti-6Al-4V, and 316L SS: investigating
damage modes using asperity-based wear and tribocorrosion in air and solution.
2.2a

Develop and utilize a controllable, repeatable micro-scale true asperity contact model test system
and analysis method capable of modeling asperity-based contact within a taper junction, to
compare effects of dry tribology to tribocorrosion.

Goal: Present an analysis of asperity contact interaction based on the size of the asperity and the material
properties for the case of a hard (diamond) asperity contacting a flat metal surface.
Specific Aim: Using a single asperity with a known dimension and calculatable geometry, volume plastic
deformation, debris generation, and volume removal were used as quantitative measures of fretting wear
and fretting corrosion tests. The fundamental differences in modes of damage between widely used medical
alloys were assessed on the micron-scale in terms of grain type, size, and orientation effect on wear rate, as
well as type of deformation (plastic and/or debris generation) by varying the load, duration and environment
(solution).
Hypothesis: The fundamental reactions of tribocorrosion, wear, and lubrication will depend on alloy
metallurgy, surface oxide structure and chemistry and the environmental conditions.
2.2b

Compare the effects of solution and electrode potentials on wear loss, debris generation, and
oxide film performance.

Goal: Analyze the alloy-dependent micrometer scale wear and fretting corrosion damage modes on
traditional biomedical alloys, and the effects of varying electrochemical environment.
Specific Aim: By using both quantitative and qualitative measures of fretting and tribology, single-asperity
fretting was performed on LC wrought CoCrMo, Ti-6Al-4V, and 316L SS. Using a custom built threeelectrode electrochemical cell with a silver-silver chloride reference and carbon counter electrode, fretting
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currents were monitored during fretting in PBS. The effects of potential, load, duration, and alloy were
analyzed. Sample surfaces and debris were analyzed afterwards using digital optical microscopy (DOM),
scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS), and atomic force
microscopy (AFM).
Hypothesis: This test will be able to provide insight into the tribocorrosion and lubrication interaction, that
lessens the physical effects of fretting and increases the passivation ability of the oxide layer.
2.2c

Quantitively investigate the tribocorrosion process of titanium alloys in terms of material
removed as plastic deformation, oxide repassivation, metal debris, and ion dissolution.

Goal: To investigate the proportions of tribocorrosion that can be attributed to plastic deformation, metal
debris, oxide repassivation, or ion dissolution by measuring these components as a percentage of the total
fretting corrosion process of titanium alloys.
Specific Aim: With a single inert diamond asperity (to remove the effects of galvanic coupling) with a
known geometry (with a diameter on the scale of a single grain), fretting and fretting corrosion was
performed on Ti-6Al-4V samples under constant load just above the hardness (30 mN), for 100 cycles at 3
Hz cyclic frequency and sliding amplitude of 80 μm. This was repeated in air (wear only), in phosphate
buffered saline (freely corroding tribocorrosion), and in saline solution under a constant potential hold (-1,
0, and +1 V vs. Ag-Cl, to measure currents as well as investigate the effects of potential on the component
ratios). Atomic force microscopy was used to measure the volume of material removed (amount of wear or
tribocorrosion) and the pile up of material around the abraded region (amount of plastic deformation).
Fretting currents were used to calculate the amount attributed to oxide repassivation. Ion analysis (ICP-MS)
quantification was also performed.
Hypothesis: Using these systematic, individualized, real measures of the quantity and type of damage
resulting from tribocorrosion of the titanium alloy will allow for the assessment of the contribution of plastic
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deformation, oxide generation, and ion dissolution to the overall tribocorrosion process, as well as the
comparison of the amount seen at different conditions (in air, solution, anodic, passive, and cathodic).
2.3 Predict the success or shortcomings of additively manufactured implants with electrochemical,
fretting, and tribocorrosion testing of additively manufactured cobalt chromium alloys.
2.3a

Compare the corrosion performance of AM implants in comparison to traditional wrought LC
CoCrMo with electrochemical testing of AM CoCrMoW.

Goal: To assess the microstructural and oxide film differences resulting from manufacturing process (3D
printed vs. traditional (wrought)) of cobalt-chromium alloys, and thus the resulting resistivity to corrosion.
Specific Aim: Anodic polarization and electrochemical impedance tests were performed to compare the
passive and corrosion response behavior of AM CoCrMoW in both neutral phosphate buffered saline and
in simulated inflammatory conditions (H2O2). The open circuit potential, resistance behavior, corrosion
potential, corrosion current, breakdown potential, passivating current, and microstructural results were
compared to those of traditional wrought low carbon CoCrMo. Digital optical microscopy, scanning
electron microscopy, and energy dispersive spectroscopy were also used to assess the extent of corrosion
and overall nature of both the intact and corroded oxide layer of each alloy.
Hypothesis: Electrochemical properties and corrosion response will depend significantly on the
microstructure, which is vastly altered by production method.
2.3b

Compare the asperity based fretting and fretting corrosion behavior of the AM alloy to the
traditional alloy.

Goal: To evaluate the mode and extent of damage that a single asperity diamond tip asperity imparts on
additively manufactured alloys in contrast with as-manufactured wrought low carbon alloys.
Specific Aim: Using the single asperity fretting wear and fretting corrosion test, sample services were
abraded for 100 and 2500 cycles under constant loads (50 mN) in both air and in solution, with fretting
currents monitored in solution, to assess the damage imparted on additively manufactured CoCr alloys.
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Tests were repeated in both solution and air for 100 cycles while varying the load from 20 to 120 mN to
determine critical load/stress for the alloys. In solution, potential was either held constant (-0.6V to +0.4V)
or the surface was allowed to freely corrode. Damaged surfaces and debris were analyzed using DOM,
SEM/EDS, and AFM, and fretting currents were used as a quantification of damage.
Hypothesis: Wear and corrosion rate, as well as extent, will depend on the physical microstructure arising
from selective laser sintering. If the manufacturing method alters the microstructure, it will also alter the
tribocorrosion response, all of which will be measurable with the micro-fretting system and analysis.
2.4 Investigate the near-atomic to nanoscale mechanics and tribocorrosive behavior of traditional
and additively manufactured CoCr alloys and their oxide layer using atomic force microscopy
methods.
Goal: Extend the above micro-scale fretting test and analysis to the nanoscale using AFM to further explore
differences in AM and wrought LC CoCr alloys and their oxides.
Specific Aim: Using the roughly 500 nm radius AFM tip as a nano-scale asperity, single scratches were
imparted into both alloy’s surface under varying loads (correlating 6 to 11 GPa) in both air and in solution
(without a constant potential). Scratch depths were then measured using contact mode topography analysis
with the AFM and resulting depths were plotted and compared between alloy type (AM/wrought LC) as
well as environment (air/solution). To assess nanowear within a grain, as opposed to a single scratch, 0.2 x
0.2 μm regions were worn under a controlled stress (6 to 11.7 GPa) and the depth and volume of the worn
region was measured, as well as the volume of the pile up around the wear region. Larger scale area
nanowear (6 to 11 GPa) was also performed across 15 x 15 μm regions to assess transgranular wear, in
comparison to the intragranular smaller scan size.
Hypothesis: By confining the abrasion to the nanoscale, fundamentally different tribocorrosion behavior
will result on the CoCr alloys, varying based on manufacturing method.
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3.1

Abstract
Retrieval studies show dual mobility acetabular shell-liner tapers with metal-on-metal contacts are

susceptible to fretting corrosion in vivo. Acetabular components (DePuy Pinnacle (A) and Stryker Trident
(B), Ti-6Al-4V shells and CoCrMo liners) with varying geometries were assembled under a -4 kN seating
load. Liner-displacement were recorded. Cyclic compression to -4 kN was applied for 3 million cycles to
evaluate fretting corrosion currents (n = 5). Fretting currents, load-displacement, ion dissolution, and
disassembly loads were used to compare device performance. Data were analyzed using ANOVA with
Tukey post-hoc comparisons (p < 0.05). Liner seating displacements were not significantly different
between groups. Fretting currents averaged over the initial 10 hours and over 3 million cycles were 0.17
μA (A) and 0.55 μA (B) and 0.05 μA (A) and 0.17 μA (B), respectively, (p = 0.19). No variation in ion
averages between A and B (0.23 ppm and 0.45 ppm for Ti (p = 21), 0.63 ppm and 0.85 ppm for Co (p =
0.47)) existed. Average pushout forces, -2.41 kN (A) and -2.42 kN (B), were not significantly different (p
= 0.97). SEM and EDS showed some titanium and metal oxide transfer from the shell to the liner in both
designs. Overall, both implant designs exhibited very minor MACC in these experiments. This study
demonstrates quantitative measures of in-vitro fretting corrosion over the course of 3 million cycles and the
minimal degree of acetabular taper damage.

Keywords: acetabular taper, modular orthopedic implant, total hip arthroplasty, fretting corrosion,
acetabular implant testing
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3.2

Introduction
Modular designed total hip arthroplasties (THA) have benefits including, ease of revision and increased

size options. Conversely fretting corrosion has been observed and has been a challenge to reproduce in vitro
[22,23,24,25,26,71]. Fretting corrosion is influenced by taper angle, seating stiffness, material and human
factors. Seating stiffness describes the load-displacement behavior of modular tapers [20,72,73,74,75].
A previously developed intermittent cyclic fretting corrosion test method can be used to evaluate
seating load displacement, push out strength and fretting corrosion performance [10]. The two designs
investigated are the Pinnacle (DePuy Synthes) and the Trident (Stryker) modular acetabular implants which
are used, for example, in dual mobility implant systems. While both designs utilize Ti-6Al-4V shells and
CoCrMo liners, there are differences in design that may affect the fretting corrosion response.
CoCrMo and titanium alloys have a passive oxide layer that inhibits corrosion [42,43]. As asperities
contact metal, removing the oxide film, the metal underneath is plastically deformed and releases metal
ions [42]. This may result in loosening, loss of mechanical integrity, and patient health issues [9,42]. The
oxide film repassivates within milliseconds and is detected as fretting currents [76].
The goal of this work is to use an implant performance test that focuses on mechanically assisted crevice
corrosion (MACC) within acetabular modular tapers that is a simplified, yet representative model to test
the response of two different commercial designs fretting corrosion mechanisms including fretting current
measurements, post-test ion analysis and microscopy.
3.3

Materials & Methods

3.3.1

Samples Tested

Acetabular Ti-6Al-4V shell/CoCrMo liners were studied (supplied by DePuy Synthes, Warsaw, IN).
Design A: Pinnacle Multi-Hole II 66 mm and Design B: the Stryker Trident 66 mm varied in geometry,
Pinnacle design includes holes, increasing screw placement options. Both liners have nominal contacting
lengths of 7.6 mm and taper angles nominally 5o, measured with calipers. Liner differences include diameter
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(55 mm (A) and 52 mm (B)), taper length (10.2 mm (A) and 8.4 mm (B)), depths (32.5 mm (A) and 30.5
mm (B)) and a rounded transition on Design A, where B had a beveled transition from taper to superior
surface of the acetabular cup. Shell design differences are in taper geometry (design A features rectangular
locking tabs and design B has a circumferential channel), and inner diameter (54.1 mm (A) and 56.1 mm
B).
Five pairs each of Pinnacle Multi-Hole shells and Pinnacle DM S2 liners, and Trident shells with MDM
cementless liners were tested.
3.3.2

Pre-Test Analysis

Open circuit potential was monitored over 12 h in PBS (phosphate buffered saline powder, P381310PAK, SIGMA-ALDRICH, St. Louis, MO) using a three-electrode setup (carbon counter electrode,
Ag/AgCl reference) with a VersaSTAT4 (AMETEK, Berwyn, PA) for all 20 individual components.
3.3.3

Assembly and Seating Mechanics

Seating and cycling were performed under uniaxial loading using an MTS Bionix Servohydraulic Test
System 370.02 benchtop model (mechanical test system, MTS Systems, Eden Prairie, MN, US). The loaddisplacement of liners in relation to the shells during seating was monitored using MPE software (MTS
TestSuite Multipurpose Elite software, MTS Systems Eden Prairie, MN, US).
Shells were fixed with a titanium wire during testing using silver filled conductive adhesive (McMasterCarr, Elmhurst, IL, US) then potted in acrylic resin (Ortho-Jet powder/liquid, Lang Dental Manufacturing
Company, Inc., Wheeling, Illinois, US) at 0o horizontal and cured overnight.
The distance between the lip of the liner and shell was measured around all 4 sides of each design using
a digital optical microscope (DOM, Keyence VHX-6000, Mahwah, NJ, US) after hand seating. To seat the
taper, a quasi-static load of -400 N was held at 0o for 5 seconds with a 52 mm ultra-high molecular weight
polyethylene (UHMWPE) polymer head attachment on the actuator, followed by ramping, -10N/s, to -4000
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N load with a 5 second hold. After seating, liner displacement was remeasured using starting values as zero.
All 4 sides were measured and averaged, before and after seating for liner displacement of each device.
3.3.4

Cyclic Loading and Fretting Current Test Method

Seen in Figure 3.1a, the assembled liner-shells were placed into a 45o mount, provided by DePuy
Synthes, based on the average acetabular cup inclination angle of 41.7o + 7.4o [77].

Figure 3.1. (a) Cyclic loading test setup with shell/liner 45o to simulate. (b) Fretting initiation, (b) completion, and
current recovery with displacement and load monitored continually (at 40 Hz) using MPE and current monitored every
other second (at 80 Hz) using LabVIEW.

PBS, Ag/AgCl reference and carbon counter electrodes were placed in the cell. Fretting currents were
monitored using Bi-Potentiostat (Model AFRDE4, Pine Research Instrumentation, Inc., Durham, NC) with
LabVIEW 2019 software (National Instruments Corp., Austin, TX), and loading/displacement were
monitored with the MPE software.
Initially, the system was held at -50 mV vs. Ag/AgCl (based on average OCPs of individual
components) and a LabVIEW program recorded 1 second of current every other second for 60 seconds. An
axial load of -2 kN was held for 25 seconds to allow baseline current measurements. Cyclic loading was
initiated then from -400 N to -4000 N for 30 seconds at 9 Hz then returned to -2 kN. Axial load,
displacement and current, were all recorded (Fig. 3.1).

17

Three million cycles were split into 50,000 cycle segments at 9 Hz followed by rest. 6 data points (taken
1111 seconds apart) of current during one 50,000 cycle segment, 5 points during loading/unloading, and 10
minutes after the system returned to rest at -2 kN (Fig. 3.2) were recorded.

Figure 3.2. (a) Data collected during one 50,000 cycle (9 Hz) segment of -400 to -4000 N (b) loading and (c)
unloading, and (d) fretting current (FC, green), baseline current during rest (blue), and FC after baseline was subtracted
(orange) over 3 million cycles, in 60x 50,000 cycle segment.

Average fretting currents were subtracted from baseline and repeated 60 times. The test protocol was
as follows:
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1. Ramp to -2 kN over 10 seconds
2. Dwell 46 minutes
3. Cycle -0.4 to -4 kN at 9 Hz for 50,000 cycles
4. Ramp -2 kN over 10 seconds
5. Dwell 18 minutes
(Repeat 3-5 60x)
3.3.5

Ion Analysis

Used PBS was collected and diluted to 5% HNO3 for ICP-MS (iCAP RQ, Thermo Fischer Scientific,
Bremen, Germany). 48Ti, 27Al, and 51V and 59Co, 52Cr, and 98Mo are the most abundant of each isotope
in Ti-6Al-4V and CoCrMo, respectively. Calibration standards consisted of diluted Multi-Element
Environmental Standard (Ricca Chemical Company, Arlington, TX, USA), containing all investigated ions,
5% HNO3, diluted with ultra-high purity (UHP) water and 100 ppb yttrium internal standard (IS, Ricca
Chemical Company, Arlington, TX, USA). A dual probe system consisting of an autosampler probe (ASX560, Teledyne CETAC, Omaha, NE, USA), and an IS probe were used for evaluation. All samples were
analyzed in triplicates and averaged.
3.3.6

Push-Out Testing

Push-out testing followed fretting at a displacement rate of 0.05 mm/s starting at -20 N contact,
recording peak loads of disassembly using MPE.
3.3.7

Post-Test Analysis

3.3.7.1 Quantitative Analysis
Plots were generated for load and displacement over time, during seating and push-out as well as
fretting current versus time over the course of the test. All factors were compared between design groups.
The Goldberg corrosion scale was used for visually assessing tribocorrosion damage seen on device
retrievals [29].
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3.3.7.1 Qualitative Analysis
Scanning electron microscopy (SEM, Hitachi S-3700N, Tokyo, Japan) and energy dispersive
spectroscopy (EDS, Aztec, Oxford Instruments, Abingdon, UK) were used to analyze any debris or material
transfer on the worst-case damaged surfaces.
3.3.8

Statistical Analysis

Statistical analysis was carried out using one-way analysis of variance methods (alpha = 0.05) with
Tukey post-hoc analysis.
3.4

Results

3.4.1

Pre-Test Analysis

Average and standard deviation of OCP monitored before liners were assembled in shells are listed in
Table 3.1.

Table 3.1: Average OCP of Design A and B components in PBS (mV vs. Ag/AgCl).
Design
Design A

Design B

Component

Average OCP w/ st. dev.

Ti Acetabular Shell

-43 mV + 136 mV

Co Liner

-52 mV + 10 mV

Ti Acetabular Shell

-80 mV + 67 mV

Co Liner

+104 mV + 92 mV

Design B liners had higher OCPs, indicating some difference in surface chemistry. One-way
ANOVA (p = 0.02), and Tukey post hoc indicates that the Design B liners were significantly higher in OCP
than the Design B shells (p = 0.02), but not Design A liners (p = 0.06) or Design A shells (p = 0.08). No
other combinations were statistically different (p > 0.91).
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3.4.2

Assembly and Seating Mechanics

One data point for each design group was not recorded, making the total samples for each set 4. Average
displacement was 0.21 + 0.05 mm for Design A and 0.31 + 0.06 mm for Design B, but data sets were not
significantly different (p = 0.051).
3.4.3

Cyclic Loading and Fretting Current Test Method

Initial fretting currents in the 2 to 3 μA range can be seen decaying. Once cyclic loading stopped, the
system recovered to baseline and the resulting decay in current was used to calculate recovery time.
Fitting the fall in fretting current to the decay function
𝑡

𝐼(𝑡) = 𝐼0 exp (− 𝜏)

Eq. 3.1

I(t) is measured current at that time (µA), Io as baseline current (µA), t as time (seconds), and τ is the decay
time constant. For this assembly, τ was 0.8 s, thus recovery time was less than 1 second.
During cyclic loading, initial fretting currents were relatively high but settled over the course of the
first 10 hours. The initial 10 h average fretting current above the baseline for Design A was 0.17 + 0.06
μA and for Design B was 0.55 + 0.60 μA. These currents were not significantly different (p = 0.19). Over
the entire test, the two groups were not significantly different (p = 0.22), with average current being 0.05 +
0.01 μA (A) and 0.17 + 0.18 μA (B) over 3 million cycles.

3.4.4

Inductively Couple Plasma – Mass Spectrometry (ICP-MS)

Ion measurements are shown in Figure 3.3, comparing the average value of Design A, Design B and
control.
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Figure 3.3. ICP-MS ion count for (a) CoCrMo and (b) Ti-6Al-4V analysis under inert Argon flow of component
alloys after fretting 3 million cycles Design A and Design B combinations, as well as a no-implant control, n = 5.

The control contained 0.17 ppm Ti and 0.11 ppm Co. Average values and ANOVA for Design A and
B, are displayed in Table 3.2.
Table 3.2: ICPMS ion analysis after 3 million cycles fretting CoCrMo liner
Ti-6Al-4V shell acetabular tapers (in ppm).
n=5

59Co

52Cr

98Mo

48Ti

27Al

51V

Design A

0.63

0.05

0.15

0.23

0.39

0.20

Design B

0.85

0.23

0.39

0.45

0.58

0.34

p value

0.47

0.28

0.26

0.21

0.19

0.40

There are no significant variations between the two groups.
3.4.5

Push-Out Testing

Average pushout force was -2.41 + 0.31 kN (A) and -2.42 + 0.67 kN (B), were not significantly different
(p = 0.97).
3.4.6

Qualitative Analysis

Following disassembly, images of Design A and Design B shells and liners that experienced the most
visible damage are shown in Figure 3.4.
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Figure 3.4. Digital images representative of the worst damage areas on (a) Design A and (b) Design B CoCr liners
(below) and Ti shells (above). Only minimal damage is observed.

These worst-case samples show only small evidence of corrosion damage.
3.4.7

SEM and EDS Analysis

Most extensively damaged liner contact surfaces were imaged using SEM/BS (Fig. 3.5) at various
locations.

Figure 3.5. SEM backscatter of areas depicting the most damaged areas (highest score) on (a-d) Design A and (e-h)
Design B CoCrMo liners after 3 million cycles of loading-unloading -4 kN.

Both liners show evidence of Ti material transfer to the CoCrMo liner in sporadic locations within the
taper region. Design B liners appear to have more material transfer and wear than Design A, however both
designs had little visual evidence of damage.
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Figure 3.6 consists of two rows of data, the top of Design A and the bottom Design B where a BS image
is followed by EDS mapping of various elements.

Figure 3.6. Elemental mapping of the worst-case scenario of damage visible on the CoCrMo liner surface for (a)
Design A CoCrMo liners and (b) Design B CoCrMo liners, showing material transfer from the titanium shells (orange)
as well as oxidation on the CoCrMo (green and yellow).

The elemental mapping shows that the regions of both Designs’ liner experienced chromium oxidation
and titanium transfer.
3.5

Discussion
The fretting corrosion performance of two commercial modular acetabular designs was assessed during

a long term, 3 million cycle intermittent test. Previous studies on in vitro testing of acetabular taper junctions
have not been performed for this duration (roughly 3 years of clinical use) [10]. This method provides a
quantitative assessment based on fretting currents, resulting in a comparative analysis of the results of
damage due to fretting corrosion in the two taper designs in vitro. No significant differences were seen in
the average fretting corrosion currents or in the ICP-MS ion analyses or pushout forces after testing.
Taper geometry has been shown to drive compliance and influence biomechanics [72,73,78]. Under
quasistatic seating, the differences here in liner, diameter, taper length, transition shape, depths, or inner
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shell diameter and locking tabs did not influence seating mechanics in terms of liner displacement or other
measures of fretting corrosion damage.
ICFC testing has been used to study head-neck tapers in vitro [72,73,74,75,79,80], but few of these
types of studies have focused on acetabular taper junctions [10].
Acetabular component fretting currents are typically less than what is seen during head-neck taper
testing [10], but provide a beneficial assessment of tribocorrosion and MACC. For both devices tested,
fretting currents fell, settled and remained small (Fig. 3.3), indicating low levels of fretting corrosion
damage. Visual inspection (Fig. 3.4), revealed very little damage to taper surfaces post-testing, supporting
this conclusion. It is also important to note that all damage seen during this in vitro test was minor, within
what would be termed a 1 or 2 on the Goldberg scale, indicating that these acetabular tapers are not strongly
affected by fretting-driven corrosion processes in vitro. Importantly, retrieval analyses of acetabular
modular tapers have demonstrated significant non-mechanically driven corrosion processes within and
adjacent to acetabular modular tapers indicating that in vivo corrosion may be driven by mechanisms other
than MACC [71].
This study successfully built upon a previously developed in vitro method [10] of assessing long term
fretting corrosion behavior, seating mechanics, and pushout mechanics of multiple acetabular liner and shell
designs. All results indicate no significant difference between the two designs tested, despite geometric
component differences.
3.6

Limitations
Room temperature PBS was used as the electrolyte test media for simplicity which does not account

for the possible role of more complex solution chemistry on the corrosion processes or the effect of higher
temperatures on the performance. A future study may also look at effects of other simulated biological
conditions and higher temperatures.
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To shorten time required for test completion, 9 Hz was chosen as cyclic frequency. While this is faster
than the normal physiological loading frequencies, the resulting measurements were able to capture the
small fretting corrosion reactions taking place. In fact, higher frequencies (but still relatively slow
compared to the repassivation kinetics) will increase the fretting currents [44] as a result of the more rapid
disruption and repassivation that arises. Nine hertz was not too fast that the disruption-repassivation
reactions would be altered.
The use of intermittent measurement of the baseline currents helped to distinguish between currents
associated with the fretting process and those arising from other sources. While this allows for a better
capture of the true fretting currents at any point in time, it also raises questions as to why such variations
over time of the baseline current arise. The source of these variations is not known at this time.
Lastly, while seating loads were quasistatic and highly controlled, which is not what occurs clinically,
this approach minimized any variation that may arise from differences in seating due to impaction.
3.7

Conclusions
Intermittent baseline measurements recorded during cyclic loading is a way to negate unwanted noise

and a wandering baseline to sort out fretting currents during long term testing. Throughout the test, fretting
currents were small, and surface damage was minimal, indicating both devices exhibit good fretting
corrosion resistance under clinically relevant loads. The variations seen in the liner or shell geometries did
not have an influence on fretting corrosion response (fretting and ionic dissolution) and pushout mechanics.
There were no differences observed in performance between two commercially available acetabular
modular junction designs in this seating and fretting corrosion study. Overall, Design A and Design B
performed comparably in all tests performed.
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Micro-Asperity Tribocorrosion of CoCrMo, Ti6Al4V, and 316 Stainless Steel in Air and
Physiological Solution: Small Scale Reciprocal Sliding of a Single Diamond Tip

Mace A & Gilbert JL. Micro-Asperity Tribocorrosion of CoCrMo, Ti6Al4V, and 316 Stainless Steel in Air
and Physiological Solution: Small Scale Reciprocal Sliding of a Single Diamond Tip. Wear. [in press].
Annsley Mace 1, Jeremy L. Gilbert, Ph.D.1
[1] Clemson University – MUSC Bioengineering Program, Charleston, SC, USA
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4.1

Abstract
Fretting and corrosion of metallic medical devices are significant degradation mechanisms that impact

performance. Multi-asperity contact surfaces undergo a progressive engagement-damage-redistribution
process distributed over the nominal contact surface, implying that relatively short-lived fretting contact
engagements of individual asperities are a central element to fretting corrosion processes in modular taper
junctions of total hip replacements. In this work, the contact mechanics of single asperity hard-metal
surfaces under small scale fretting between two contacting surfaces in air and solution (i.e., tribocorrosion),
typically less than 100 µm cyclic motion are presented and discussed for Ti-6Al-4V, CoCrMo, and 316L
SS alloys. Characteristic scaling factors, based on asperity radius, hardness, and modulus, for characteristic
stress and a dimensionless asperity radius are presented based on the interaction between elastic and plastic
contact mechanics. The contact and tribological interactions of a 17 μm radius spherical diamond asperity
was used to explore damage effects on these alloys in both air and phosphate buffered saline. The volume
abraded, depth of penetration, extent of plastic deformation and oxide debris formation were captured as
functions of cycles, load, and solution presence/absence. Damage was analyzed and quantified using digital
optical microscopy, atomic force microscopy and scanning electron microscopy (SEM) with energy
dispersive spectroscopy (EDS). The results were analyzed with ANOVA statistics (α < 0.05). The extent of
damage follows CoCrMo < Ti-6Al-4V < 316L SS. The wear characteristics varied significantly between
alloys with more plastic deformation associated with CoCr and more shearing particle and ribbon formation
present for Ti-6Al-4V and 316L SS. Solution immersion did not significantly increase volume loss for any
alloy but did increase the amount of released and embedded oxide debris for 316L SS. Titanium also
exhibited oxide debris generation and embedding. Importantly, significant (< 5 μm) penetration depths
were obtained after 100 cycles, indicating that single asperities, continuously engaged with metal under
very low loads, rapidly generate extensive debris and plastic deformation.

Keywords: Tribocorrosion; fretting; single asperity; metallic biomaterials; mechanically
assisted crevice corrosion
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4.2

Introduction
Modular junctions are a standard design for total hip arthroplasty (THA) used industry wide [81]. The

interfaces joining the components are tapered to allow for assembly during surgery, ease of revision
surgeries, and flexibility in materials selection at the time of operation. The metal surfaces of these junctions
are subjected to fretting crevice corrosion, also known as mechanically assisted crevice corrosion, which
may lead to early failure [9]. Fretting [18,82,83], is defined as the small-scale oscillatory movement
between two contacting surfaces (typically less than 100 µm) that are typically not intended to move. Within
fretting several different regimes may arise including the sticking regime, the stick-slip regime and the slip
regime as defined by Vingsbo and Sodeberg [84]. Fouvry et al, [85] have discussed fretting conditions in
terms of other fretting maps that are defined by the energy dissipation characteristics (tangential load versus
displacement) of the fretting interaction and linked to gross slip, partial slip and sticking conditions and
their dynamic change during fretting conditions. More recently, efforts have been made to redefine fretting
as cyclic relative motion between two surfaces that is equal to or smaller than the nominal Hertzian contact
diameter. In this definition, when the cyclic motion exceeds the Hertzian diameter (but is still small) it is
referred to as small-scale reciprocal sliding (SSRS).
Most literature studying basic tribocorrosion/fretting corrosion effects involves large macroscopic
contact geometry which contains multi-asperity micron-scale contact areas with distributed true contact
areas that evolve over time [30,31,32]. Even highly controlled geometries (e.g., sphere on flat) result in
multi-asperity micron-scale or smaller contacts within the inevitably non-uniform micro-surface
topography and asperity-based contact conditions.
To better understand how single asperities may engage in fretting corrosion interactions within a larger
geometric contact region, it is useful to investigate how a controlled diamond single microasperity engages
with a metal surface under fretting and fretting corrosion conditions. A single inert diamond tip asperity
contact may provide a more representative model of how individual asperities within a larger nominal
Hertzian contact region, might behave during fretting and fretting corrosion. A systematic method to control
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the single asperity contact geometry (relative to the microtopography), the load, the environmental and the
mechanical conditions will allow for the study of fundamental questions about the degradation processes
of fretting and fretting corrosion of metallic biomaterials.
During fretting and fretting corrosion, a hard countersurface asperity contacts the metal-oxide surface
and establishes a local contact stress distribution that rapidly rises to the surface yield stress or hardness of
the alloy. In this context, the hardness is a measure of a materials resistance (as a compressive stress) to
surface plastic deformation as a result of indentation or surface scratching, and is given in terms of the
nominal surface stress required to induce surface plastic deformation [19]. This can also be thought of as
analogous to a surface yield stress. Thus, fretting under these conditions results in surface plastic
deformation along with oxide film disruption, repassivation and generation of wear debris. It is important
to note that disruption of oxide films on metallic biomaterials during fretting corrosion or tribocorrosion
only arises when plastic deformation of the metal substrate occurs and this can only occur when the
counterface hardness equals or exceeds the surface yield stress, or hardness, of the alloy [20].
Mechanically assisted crevice corrosion (MACC) in modular head-neck, neck stem, modular body or
acetabular taper junctions is, therefore, a combination of plastic deformation, shearing and fracturing of
debris particles, and electrochemical reactions that generate corrosion products (ions and oxides) [21].
Under single asperity contact conditions, the relative contribution of plastic deformation, oxide disruption
and repassivation, and wear particle generation remains poorly understood for the three major implant
alloys.
While the mechanism of MACC is not fully understood, many labs have worked to develop an accurate
model of the tribocorrosion effects seen during fretting corrosion in electrochemical enviroments
[30,33,37,86,87,88,89,90]. These systems typically utilize either an inert counter surface (e.g., silicon
nitride ball, alumina pin) or coupled metal pin on metal disc contact, with large, multiple asperity contact
over nominal diameters ranging from 0.5 – 12 mm [10,30,33,34,91,92,93]. However, these setups and the
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interpretation of the damage process do not take into account the dynamically changing micro-asperity
contact conditions that occur over time. The interactions seen during fretting corrosion are more complex
and heavily influenced by inhomogenous surface chemistry, surface microtopography and metallurgical
microstructure [30,94]. Fretting wear and loading are never homogeneous and uniform in these modular
junctions, but rather only a small fraction of the nominal contact area is truly in contact, and the
instantaneous contacting asperities shift over time as fretting corrosion damage proceeds. If an implant is
said to have experienced fretting corrosion after one million cycles, the damage process is actually an
accumulation of many smaller fretting areas that abrade for just a few hundred cycles as asperities wear
down and new regions engage with continued cycling. This is because at the micron scale, a nominally
smooth surface, in reality, has a rough and uneven surface with asperities of different heights and sizes
coming into contact at different rates, times and under varous stresses, Fig. 4.1.

Figure 4.1. Scanning electron micrograph of the cross-section of a CoCrMo/Ti-6Al-4V head-neck modular taper after
assembly and sectioning to reveal the asperity nature of the interface. Note, none of the interface seen in this image
is in actual contact.

Thus, it is important to study how a controlled geometry single microasperity behaves while in
continuous contact during fretting corrosion. This includes the role of the asperity size and radius, the
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sliding distance and how the local contact stresses may be affected by the properties of the material (e.g.,
hardness and modulus). In addition, how damage accumulation occurs for such single asperities and the
role of the environment are important to understand in this context. Therefore, the goal of this study is to
present an analysis of asperity contact interaction based on the size of the asperity and the material
properties for the case of a hard (diamond) asperity contacting a flat metal surface. Specific scaling factors
are presented which allow assessment of different asperity sizes and describe how an equivalent condition
can be established across spatial scales for single asperities. Then, we evaluated the degree of damage that
occurs using a highly controlled (load, displacement, frequency, environment) single diamond asperity
fretting tests of CoCrMo, Ti-6Al-4V, and 316L stainless steel both in air and in solution under fretting
conditions. The underlying hypothesis is that single asperity fretting tribocorrosion is plasticity dependent,
varies with enviroment, is material dependent, and that the majority of the damage in a single asperity test
occurs in just a few thousand cycles as a result of highly localized plastic deformation and oxidation of the
surface metal. Such plasticity is dictated by stresses that reach or exceed the hardness of the alloy surface
even when the nominal Hertzian stresses are less than the hardness. In addition, the nature of the debris
generated during tribocorrosive wear was studied in different environments (air vs saline solution) in order
to check the hypothesis that any elemental differences in the oxide debris layer that forms on the metal
surface influences wear rate and type.
4.3

Single Asperity Contact Mechanics Scaling Parameters Theoretical Development

4.3.1

Contact Stresses of Single Hard Asperities Against Metal: Hertz vs Hardness

To understand the interaction of a hard-metal surface contact, two basic approaches can be considered
to estimate the contact area between a spherical asperity and a flat surface. These approaches relate to an
entirely elastic (Hertzian) interaction and to one that is entirely plasticity-based. Typically, with hard-metal
contacts, the stresses within the contacting zone may rise rapidly to approach or exceed the surface yield
stress, or hardness, of the metal alloy. How rapidly these stresses rise is a function of the modulus, asperity
radius and the alloy hardness, which dictates when these contact stresses reach the plastic limit and begin
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to yield the metal surface. In the case of oxide-filmed covered surfaces, because the native passive film is
so thin, metal yielding under the oxide will induce breaches in the oxide and drive repassivation processes
that can be detected electrochemically. To understand these effects for such materials and geometries, one
can compare the contact radius, a, for both Hertzian elasticity and hardness-based radii (ae and aP,
respectively) [95]. For Hertzian contact, assuming the diamond tip is spherical, and for an elastic-perfectly
plastic hardness-based contact radius, the equations for these two approaches are:

1/3

 3F R 
ae =  N * 
 4E 

Eq. 4.1

for Hertzian elastic contact, where FN is the normal contact load, R is the effective radius (the indenter
radius in this case) and E* is the reduced modulus

1 1 − 12 1 − 22
=
+
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E1
E2

Eq. 4.2

where ν is the Poisson ratio and E is the Young’s Modulus for diamond (2) and metal (1). The equation for
a hardness (plastic) based contact radius is

𝐹
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Eq. 4.3

where H is the hardness (in MPa) of the metal alloy (assuming a spherical indenter) [96].
Plots of these two contact radii, for a 17 µm radius spherical diamond asperity (used in this study), as
a function of normal load for parameters for Ti-6Al-4V (E = 110 GPa, n = 0.3 and H = 2.4 GPa) are shown
in Fig. 4.2a.
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Figure 4.2. (a) Plots of contact radii for Hertzian elastic contact and hardness/plasticity based contact using parameters
for Ti-6Al-4V and a 17 µm radius spherical diamond asperity. The critical load, F *N, the load where the nominal
contact stress equals the hardness, or where the plastic and elastic radii are equal, is shown (see text). (b) Plots of
nominal Hertzian contact stress and maximum Hertzian Contact Stress as a function of normal load. Also shown is
the Hardness level for Ti-6Al-4V and the a second critical load, F*C, below which no portion of the contact region
experiences stresses exceeding the hardness (F*C = 0.3F*N) (see results).

4.3.2

Characteristic Stress and Strain Scaling Parameters

It can be seen that these two plots for elastic and plastic contact radii intersect at a critical normal load,
FN*, where these two radii are equal and the nominal contact stress equals the hardness. The critical load is
defined by equating the two contact radii and solving for F = F*.
3
 9 3 R 2  H 3
2 H
F =
 *2 = 17.44 R *2
E
 16  E

Eq. 4.4

FN*  3  H 3
=
 R 2  4  E *2

Eq. 4.5

*
N

or, reorganizing
2

In this form, one can see that there is a characteristic scaling parameter with the units of stress that is the
ratio of the critical force, F*N and the radius, R, squared. The units of this parameter are characteristic of
an asperity indenter stress (critical force where the elastic-based and plastic-based radii are equal divided
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by a circular area term defined by the asperity radius) that depends on hardness and modulus and is a
property only of the material being indented (assuming a hard, diamond, asperity). As the asperity radius
changes, so does the critical force. This scaling parameter, therefore, provides a means for assessing the
contact interaction and forces required for equivalent interactions with different size radii. This equation is
similar in form and dependency on H3/E2 as that shown by Johnson for the contact pressure between
contacting bodies [95,97].
Substituting this equation (Eq. 4.5) into the equation for the plastic radius (Eq. 4.3) at the critical force
yields the ratio of critical contact radius, a*, to the asperity radius, R.

a*  3  H
= 
R  4  E*

Eq. 4.6

This may also be thought of as a characteristic length scaling parameter for the material and hard
asperity, given by the ratio of the hardness to the modulus which describes the condition where the plastic
and elastic contact radii are equal (and the nominal Hertzian stress equals the hardness). This can also be
thought of as a characteristic strain parameter (or dimensionless length parameter) since it is the ratio of
stress (H) to modulus (E*).
4.3.3

Contact Stress Distribution and Nominal Hertzian Stress

In addition, the nominal Hertzian contact stress, given as the normal load divided by the nominal contact
area (pae2), is a function of the normal load (see Fig. 4.2b for Ti-6Al-4V). It is also only an average stress
where the actual elastic stress distribution within the contact region for such a Hertzian contact depends on
location, r, and assuming a spherical asperity, is given by
1/2

  r 2 
 = 1.5 o 1 −   
 a 



Eq. 4.7

Where s(r) is the position dependent stress, so is the nominal contact stress, r is the location and a is the
elastic contact radius.
Note, that so can be written as
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Eq. 4.8

and ae is the contact radius. The stress distribution across the contact varies with position and reaches a
maximum at the center of 1.5 times this nominal stress (assuming a spherical indenter). This maximum
stress is also plotted in Fig. 4.2b as a function of load. It is clear from this plot that even below the critical
normal force, where the nominal Hertzian contact stress is below the hardness (surface yield stress) there
is a portion of the estimated Hertzian contact radius where the local stress exceeds the hardness (i.e., plastic
yielding occurs) and the metal yields plastically. This is shown in Figure 4.2b for Ti-6Al-4V. In this
example, the maximum Hertzian contact stress at the center of the asperity reaches the hardness of Ti-6Al3

 1  *
*
4V at an FN = 2 mN (ca. 200 mg), well below the critical force F N at a force, F = 
 FN = 0.296F N.
 1.5 
*

*
C

This shows that even when the normal load is 0.3 of the load needed to reach the nominal hardness, plastic
deformation will occur within the asperity contact region.
The fraction of the contact radius, r’/ae, where the local stresses exceed the hardness of the alloy
can be obtained from Eq. 4.7, the stress distribution equation for spherical contact. Setting this equation
equal to the Hardness, H, and solving for r’/a yields the fraction of the nominally-Hertzian contact radius,
a, where the local stress exceeds the Hardness. This is given by:
1/2
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Eq. 4.9

A plot of r’/a vs FN for Ti-6Al-4V is shown in Fig. 4.3. This plot shows that for loads above 2 mN (the
load where none of the contact radius experiences a stress above the Hardness), the fraction of the contact
radius that experiences stresses greater than the hardness quickly rises to over 50 % at 3 mN and approaches
80 % for nominal Hertzian stresses exceeding the hardness. This latter effect occurs because even when the
nominal stress exceeds the hardness, there are edges where the local stresses fall below that level and are
elastic.
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Figure 4.3. The fraction of the contact radius with local stresses exceeding the hardness versus the applied normal
load for Ti-6Al-4V. Note, even well below the critical load (0.006 N), where the nominal Hertzian stress is below the
hardness, a significant fraction of the radius experiences stresses at or above the Hardness.

This analysis shows that for a spherical hard asperity interacting with a metal surface, the contact
stresses exceed the yield point of the surface even when the nominal Hertzian stress is well below, as much
as 0.3 of, the hardness of the surface and will result in significant plastic deformation during fretting.
Accounting for such plastic deformation during fretting interactions is, therefore, important to understand.
In addition, the scaling length and scaling stress (Eq’s. 4.5 and 4.6) represent important concepts, especially
during fretting where the asperity length scale, the sliding amplitude and the grain size of the metal all
become relevant to the potential wear processes. For example, if the asperity radius is small compared to
the grain size of the alloy, then the contact stresses will be limited to a single crystal, or across a single
grain boundary, whereas, a large radius asperity relative to the grain size will lead to contact stresses
distributed over multiple grains. Such distinctions will likely alter the nature of the plastic deformation
processes present during fretting for these different conditions. Similarly, the sliding distance and the
asperity length scale are also relevant to the fretting interaction and may be used to describe the kind of
fretting wear interaction taking place (e.g., gross slip, partial slip, etc.) In this work, we will investigate

37

fretting conditions where the sliding amplitude is much larger than the characteristic asperity strain
(a*=1.76 µm, Eq. 4.6, versus 80 µm sliding).
This analysis shows that asperity contacts have scaling parameters that help to understand the link
between interactions with different size asperities and can help to relate behavior at the nanometer, micron
and even millimeter or higher scale. It also shows that while one might think the contact interaction is
nominally elastic based on a Hertzian analysis, there is likely a significant fraction of the surface contact
that experiences stresses that reach or exceed the hardness and induce plastic deformation and oxide film
disruption.
With these analytical tools in hand, the following experimental plan was used to explore single asperity
fretting and fretting corrosion interaction of 316L SS, CoCrMo and Ti-6Al-4V.
4.4

Materials & Methods
CoCrMo (ASTM F-1537, low carbon), Ti-6Al-4V (ASTM F-1472), and 316L Stainless Steel (ASTM

F-138) alloys were chosen for testing. Alloy discs were polished with a 1 µm alumina in water suspension,
rinsed in water, and sonicated in 70% ethanol to obtain a metallurgically polished surface.
4.4.1

Single Scratch Hardness Determination

An initial set of single scratches (n > 20), nominally 80 μm long, were imparted into each alloy using
a single 17 µm diamond tip asperity over a range of loads (5 mN to 130 mN) and the width of each scratch
was measured using digital optical microscopy (DOM) as a function of load to assess the role of plastic
deformation on the fretting and fretting corrosion process. These plots were used to determine the hardness
of the alloys. Data were analyzed by plotting the scratch diameter, d, versus load, F, and fitting the result
with a function d=KF1/2 to describe the plasticity based diameter. K is the fitting parameter (in µm/mN1/2).
Least squares regression analysis was used to find the minimum square error for K for each material. The
hardness of each alloy was obtained from K using Eq. 4.3 where, upon rearranging,
1 𝐾 −2
𝜋 2

𝐻= ( )

Eq. 4.9
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where the units are mN for force and µm for displacement (and yield MPa for Hardness).
4.4.2

Fretting and Fretting Corrosion Testing

Fretting and fretting-corrosion tests were performed using the same single 17 µm radius diamond stylus
attached to a custom-built load cell capable of applying low loads with high lateral stiffness to impart cyclic
scratches [38]. A schematic, photograph, and SEM micrograph of the scratch test assembly is shown in Fig.
4.4. One can see that the normal load is applied through the spherical-tip diamond and slid laterally to
impart the scratches to the surface.

Figure 4.4. (a) A schematic and photograph of the micro-fretting setup with a (b) 17 µm radius diamond tip providing
abrasion on the metal under mN loads.

Fretting tests with gross sliding conditions, all with a nominal scratch distance of 80 µm were performed
in both air and phosphate buffered saline (PBS) at room temperature, over a range of loads from 5 mN up
to 130 mN at a frequency of 3 Hz and a range of applied cycles from 1 to 2500 (i.e., 1, 10, 50, 100, 300,
500, 1000, 2500). For fretting in air, metal discs were subjected to cyclic fretting contact with the diamond
stylus. A motor on the load cell controlled the vertical movement to engage the diamond tip with the metal
surface to the appropriate static load. Horizontal fretting movement was controlled by a piezoelectric
actuator (Modular Piezo Controller System ENV, piezosystem jena, Inc., Hopedale, MA) connected to a
function generator (SFG-210, Global Specialties, Yorba Linda, CA) to produce controlled, reproducible
scratches at a controlled frequency and load on the surfaces.
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For the second stage of testing, in PBS solution, the same load cell, diamond stylus and testing methods
were used to form the scratches. But for this test, the samples were placed in an electrochemical cell with
a carbon counter electrode, an AgCl coated Ag wire reference, and the metal sample as the working
electrode in Phosphate Buffered Saline (PBS, powder, P3813-10PAK, SIGMA-ALDRICH, St. Louis, MO).
Fretting corrosion in PBS was performed at 50 mN at 3 Hz for 100 cycles and 2500 cycles with no
potentiostatic hold (to allow free corrosion) and again with a potentiostatic hold at 0 V vs. Ag/AgCl
reference using a VersaSTAT4 potentiostat (AMETEK, Berwyn, PA) on CoCrMo, Ti-6Al-4V, and 316L
SS. Tests performed under freely corroding conditions (where Ecorr varies with testing due to oxide abrasion)
were performed to simulate a more realistic tribocorrosive wear, and then tests were performed with the
potential held at 0 V vs. reference to maintain consistent electrochemical conditions to assess if fixed
potentiostatic conditions were more severe [30].
4.4.3

Post-test imaging and analysis

Post-test imaging for all testing of the damage location was performed using a Digital Optical
Microscope (Keyence VHX-6000, Mahwah, NJ). The surfaces were captured in 3D mode in order to
quantify wear depth, wear volume, and nature of the damage and compiled for further analysis. The
software relies on a Depth from Defocus (DFD) method to construct a 3D image from 2D images taken
between a range of focus depths. The highest point of the sample surface is put into focus first, and as the
lens shifts down, images are captured at stepped heights. These lens height positions correspond to a point
on the sample when the image is in focus, and the resulting 2D images can be compiled into a 3D
reconstruction of the wear scratch and surrounding debris. From these images the dimensions (volume,
width and depth) of the scratches were determined for each test and plots of volume and depth of scratch
versus test conditions (load, cycles, dry/wet) were determined.
Scratches were also imaged using scanning electron microscopy (SEM, Hitachi S-3700N, Tokyo,
Japan) and chemically analyzed using energy dispersive spectroscopy (EDS, AZtec, Oxford Instruments,
Abingdon, UK). Images in both secondary and backscattered electron imaging modes were used to assess
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the local damage, debris generation, presence of oxide and plastic deformation mechanisms present in each
material.
Contact mode atomic force microscopy (Dimension ICON AFM, Bruker Waltham, MA, US) was used
to verify and further characterize the scratch damage regions and to confirm the measurement of the length,
width, and depth measurements obtained using DOM methods. The wear track dimensions (width and
depth) were within the scan size required to image using AFM.
In order to quantify the differences in the amount of oxide debris produced and embedded into the
surfaces in the two conditions (wet and dry), EDS software was used to characterize the elemental and
chemical composition and distribution over the alloy surfaces after testing, and maps were created to
determine the distribution of elements. These elemental maps were then processed using ImageJ software
[98]. Oxygen composition distribution over the scratches generated in air were compared to those made in
PBS with free corrosion and while the potential was held at 0 V vs. reference. A baseline of oxygen present
was set by lowering the threshold of the analysis software to below 2% in the area of the sample that was
not worn or corroded. The entire image was then set to that determined threshold, and the resulting
percentages of image area were plotted as the “amount” of elemental oxygen present inside and around the
scratch (as compared to outside).
Comparisons of scratch depth and volume abraded were made between materials for each testing
condition and assessed the role of solution, potential, cycles, and material. The single scratch width versus
load results were used to estimate the hardness of each alloy surface based on the fitting of the data. The
effects of environment, load and cycles were assessed based on the volume abraded (i.e., the amount of
volume associated with the residual scratch volume after testing).
All single scratch tests included a minimum of 20 samples per alloy and multi-cycle load-dependent
dry fretting tests a minimum of 14 samples per alloy. Cycle-dependent dry fretting tests were performed a
minimum of 3 times and the 2500 cycle solution/alloy dependent tests were sampled a minimum of 5 times.
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4.4.4

Statistical Analysis

Statistical analysis of the results was carried out using both regression and analysis of variance methods,
with post-hoc comparisons (Tukey) where appropriate (α = 0.05). For regression, the regression coefficient
(R2) is reported. For ANOVA statistical analyses, either 1-Way or 2-Way analyses were performed
(depending on the experimental design) and a minimum sample size of n = 3 or more was used for each
group.
4.5

Results

4.5.1

Single Scratch Results

The scratch width (diameter) for single scratches imparted to the three alloys using different normal
loads are shown in Fig. 4.5. Even under loads as low as 10 mN (1 g) in air, the alloys were plastically
deformed by the single asperity.

Figure 4.5. Measured scratch widths of a single diamond tip scratch under varying loads (5-130 mN). Note: Minimum
least square error curve fits are of the form d = KF 1/2, where K = 0.457 (R2 = 0.73), 0.734 (R2 = 0.58), and 0.783 (R2
= 0.82) for CoCrMo, Ti-6Al-4V and 316L SS, respectively (n > 20).

For the range of loads tested, scratch width increased with load in a power-law relationship where the
exponents were 0.5 for each material. On average, 316L SS experienced the largest scratch widths, followed
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by Ti-6Al-4V, and CoCrMo had the smallest scratch widths. This characterization of a single scratch under
a controlled range of loads shows that there is an observable scratch with a finite width/depth, even at loads
approaching zero and below the critical load discussed above (see discussion).
Curve fitting of these data showed values for K of 0.443, 0.728 and 0.807 for CoCrMo, Ti-6Al-4V and
316L SS, respectively. The estimated hardness from these single scratch measurements, using Eq. 4.9 were
1.96 GPa for 316L SS, 2.40 GPa for Ti-6Al-4V and 6.48 GPa for CoCrMo.
4.5.2

Cyclic Tests in Air: Load Effects

To summarize the in-air test results, the dimensions of each scratch from the DOM 3D reconstruction
method and linear regression show that the scratch volume and depth increased significantly with load
(pCoCr, pTi6, p316SS < 0.01), seen in Fig. 4.6, after only 100 cycles of fretting. Two-way ANOVA results
indicate that both the volume and the depth of the scratch were functions of material (p volume, pdepth < 0.01)
and load (pvolume = 0.04, pdepth < 0.01). In addition, the scratch volume is an apparent linear function of the
normal load (for 100 cycles) and appears to follow Archard’s law in volume.

Figure 4.6. (a) Volume loss (R2CoCr = 0.91, R2Ti6 = 0.90, R2316SS = 0.87) and (b) scratch depth (R2CoCr = 0.63, R2Ti6 =
0.59, R2316SS = 0.60) vs. load (100 cycles – 3 Hz), n > 14.

It should be noted that the AFM and SEM verification analyses showed that the DOM-based
measurements were accurate and reproducible in terms of widths, depths, and volume (See imaging results).

43

The effect on scratch depth of the number of cycles up to 300 (Fig. 4.7a) and up to 2500 (Fig. 4.7b)
show that the alloy type affects the process where CoCrMo has the least depth. There is a power-law
correlation between scratch depth and cycles for CoCrMo, Ti-6Al-4V, and 316L SS up to 2500 cycles, for
a fixed load, Fig. 4.7b.

Figure 4.7. (a) Scratch depth deformed in the initial 300 cycles and (b) deformation depth over 2500 cycles vs.
increasing cycles with power law curve fits (50 mN – 3 Hz, n > 3).

One-way ANOVA between scratch depth after 100 cycles under 50 mN loads shows that there is no
significant difference between damage (scratch depth) on Ti-6Al-4V and 316L SS (pTi6,316SS = 0.39), but
CoCrMo experiences significantly less damage than the other 2 alloys (pCoCr,Ti6,316SS = 0.01). However, after
300 cycles, Ti-6Al-4V experienced significantly more damage than 316L SS, and 316L SS experienced
significantly more damage than CoCrMo (p > 0.01). After 2500 cycles, there is no significant difference
between the average scratch depth on Ti-6Al-4V and on 316L SS (p = 0.54), but the scratches on CoCrMo
are significantly less (p < 0.01). Two-way ANOVA shows that material and cycles both have a significant
effect on depth of scratch, and therefore rate of damage.
4.5.3

Tribocorrosion in Solution

Adding solution to the process to develop a tribocorrosion condition did not significantly increase or
decrease the volume loss for CoCrMo, Ti-6Al-4V or 316LSS with 2500 fretting cycles (Volair vs. VolEcorr
vs. Vol0V: pCoCr, pTi6 and p316SS > 0.05), see Fig. 4.8. Holding the system at a constant potential (0 V) did not
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have any significant effect on extent of damage compared to dry or freely corroding conditions (Vol Ecorr vs.
Vol0V: pCoCr, pTi6 and p316SS > 0.05), Fig. 4.8.

Figure 4.8. Volume loss after fretting of CoCrMo, Ti-6Al-4V, and 316L SS (2500 cycles – 50 mN – 3 Hz), n > 5.

4.5.4

Post-Test Imaging and Analysis

4.5.4.1. Imaging of Fretting in Air
Fretting tests in air showed, for Ti-6Al-4V (Fig. 4.9), for just 100 cycles, increasing load from 20 mN
(Fig. 4.9a), to 60 mN (Fig. 4.9b) to 100 mN (Fig. 4.9c) increased the extent and depth of damage observed.
For a constant number of cycles (100) and frequency (3 Hz), as applied load was increased, the scratches
formed were visibly deeper for all three alloys and the diamond tip, which did not track exactly in the same
region for the 20 mN loads, developed a focused single scratch trough at higher loads. In each case, there
is evidence of debris generation and penetration by a combination of plastic deformation and wear debris
generation that increased with increasing load. Also, it is interesting to note (see Fig. 4.9b and 4.9c) that at
the midpoint of the repeated scratch trough, there are two single scratch lines perpendicular (vertical) that
are the result of the engagement and withdrawing of the diamond tip and show the width of each individual
wear stroke. The widths of these single abrasion events show the relative scale of the repeated scratch
damage feature which is larger in width than the single scratches and are the result of accumulated damage
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from the smaller width scratch. One additional observation is that at the higher loads, the stroke length
diminished from the nominal 80 µm as plastic pile up occurs in these tests.

Figure 4.9. DOM images of Ti-6Al-4V dry fretting damage after 100 cycles at 3 Hz under (a) 20 mN, (b) 60 mN, and
(c) 100 mN. Note, the scratches running vertically in b and c are from engagement and disengagement of the tip. The
repeated-scratch trough is comprised of repeated accumulation of the smaller single scratch damage.

Similar results are presented for a fixed load (100 mN) and number of cycles (100) for CoCrMo (Fig.
4.10a), Ti-6Al-4V (Fig. 4.10b) and 316L SS (Fig. 4.10c) tested in air. Both digital optical micrographs and
scanning electron micrographs of the damage region are shown for each. There are significant differences
in the appearance between each material. From the DOMs, the CoCrMo scratch (Fig. 4.10a) was smaller
with less debris than the Ti-6Al-4V (Fig. 4.10b) and 316L SS (Fig. 4.10c). The SEM images show the
nature of the damage present at the left side of the scratches. These micrographs show that there are slip
lines (due to plastic deformation) developed in the CoCrMo (Fig. 4.10d) and 316L SS (Fig. 4.10f) at the
perimeter of the scratch zone while the Ti-6Al-4V (Fig. 4.10e) shows a heavily deformed alloy with
extrusions of ribbons of metal and no direct evidence of slip in the scratch perimeter. Scratch surfaces
within the scratch zone for the CoCrMo were very flat and smooth with fewer particles and evidence of
single grain, or coordinated two or more grain deformation is seen as well, whereas the Ti-6Al-4V had
highly tortuous scratch surface topography and the 316L SS was somewhere in between. The extensive
plastic deformation present results in a buildup of metal along the perimeter of the scratch. Very little
evidence of oxide debris is seen in the backscattered SEMs. Both the CoCrMo (Fig. 4.10d) and Ti-6Al-4V
(Fig. 4.10e) show the underlying alloy microstructure of each alloy.

46

Figure 4.10. DOM (top) and SEM backscattered electron images (bottom) of damage in air on (a, d) CoCrMo, (b, e)
Ti-6Al-4V, and (c, f) 316L SS after 100 cycles under 100 mN – 3Hz.

4.5.4.2 AFM Imaging
Atomic force microscopy was used to better visual microstructure as well as obtain low-cycle (< 100
cycles) depth measurements of CoCrMo, Ti-6Al-4V, and 316L SS. An AFM-based topographical image of
a scratch in a 316L SS sample is shown below in Fig. 4.11. Comparison of the volume of the wear trough
using AFM was within about 6 % of the volume obtained from DOM analysis and showed that the DOM
method was reasonably good at estimating the volume loss. In addition, the deflection image (Fig. 4.11c)
shows individual grain facets within the scratch trough (see arrows) indicating that the deformation can be
affected by single crystal processes.
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Figure 4.11. (a) Topographical height sensor generated image of scratch generated under 50 mN at 3 Hz after 2500
cycles on 316L SS, (b) a linescan of the surface showing width and depth dimensions fo the wear track, and c) peak
force error of the surface showing more damage detail.

4.5.5

Effects of Cycles

Increasing cycles increased the width and depth of the single asperity damage, and the amount of debris
(see, for example, 316L SS, Fig. 4.12). Plastic deformation occurs rapidly (Fig. 4.12a, 100 cycles) by
individual accumulated small scratches and the extent of debris generation increases with cycles (Figs.
4.12b and 4.12c). Note the significant debris field at only 2500 cycles (Fig. 4.12c).
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Figure 4.12. DOM images of 316SS dry fretting damage under 50 mN at 3 Hz under after (a) 100 cycles, (b) 500
cycles, and (c) 2500 cycles.

The amount of wear debris after 2500 cycles in air was less on CoCrMo (Fig. 4.13a) than on Ti-6Al4V (Fig.4.13b) and 316L SS (Fig. 4.13c). The SEM micrographs again show slip lines in CoCrMo (Fig.
4.13d) and 316L SS (Fig. 4.13f) while much more fragmented particle generation is seen with Ti-6Al-4V
(Fig. 4.13e). The amount of debris accumulating around the scratch is much more for Ti-6Al-4V and 316L
SS than CoCrMo.

CoCrMo

Ti-6Al-4V

316L SS

Figure 4.13. DOM before debris removal (top) and SEM backscatter images after debris removal (bottom) of dry
fretting damage on (a, d) CoCrMo, (b, e) Ti-6Al-4V, and (c, f) 316L SS after 2500 cycles under 50 mN – 3Hz.

Figure. 4.14 shows a comparison in the damage of the surfaces after fretting in air, PBS/E corr and
PBS/0V for CoCrMo, Ti-6Al-4V, and 316L SS at 50 mN and 2500 cycles. It is evident that both plastic
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deformation/slip and cutting/fracturing/removal of the metal by the diamond tip is present for all three
alloys with extruded ribbons and particles of metal along with local slip lines indicating plastic deformation
just outside (as well as inside) the scratch region. Only small amounts of oxidized metal (dark regions on
backscattered images) can be seen in the backscattered electron images in air (Figs. 4.14a, 4.14d, and 4.14g)
with larger amounts of oxidized material seen in PBS (Figs. 4.14b, 4.14e and 4.14g) and 0V/PBS (Figs.
4.14c, 4.14f and 4.14i). The amount and type of deformation on CoCrMo, seen in Figures 4.14a, 4.14b, and
4.14c, does not seem much different in the presence of solution, after only 100 cycles. The Ti-6Al-4V
samples (Figs. 4.14d, 4.14e, and 4.14f) show much more oxidized debris embedded into the scratch surface
as a tribocorrosion mixing layer. The stainless-steel samples (Figs. 4.14g, 4.14h, and 4.14i) show
deformation and debris generation, extruded ribbons of metal (Fig. 4.14h) and, in PBS/0V (Fig. 4.14i), there
is evidence of pitting within the scratch region at the perimeter of the oxide-metal debris interface within
the scratch. All of this damage occurred with only 100 cycles.
Air

PBS

CoCrMo

Ti-6Al-4V

316L SS
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PBS/0V

Figure 4.14. SEM backscatter of (a-c) CoCrMo, (d-f) Ti-6Al-4V, and (g-i) 316LSS after 100 cycles under 50 mN –
3 Hz in (a, d, g) air, (b, e, h) PBS E corr, and (c, f, i) PBS 0 V.

Deformation along slip lines, ribbon extrusion patterns and scratched surface topography in the SEM
backscatter images in Figure 4.14 are evidence that plastic deformation is a central contributing factor to
the volume of material removed during scratching. Slip lines appear more prevalent in the CoCrMo and
316L SS samples than in Ti-6Al-4V, with 316L SS showing some slip deformation and Ti-6Al-4V has no
clear slip lines evident. The difference in slip line appearance is consistent with the crystal structures of
these alloys where CoCrMo and 316L SS are both FCC alloys, while Ti-6Al-4V is primarily HCP (for the
α phase) and has restricted slip ability. However, metal abrasion (in air), plastic deformation within the
scratch region and generation and embedding of oxide debris (in PBS) all appears to contribute to the
volume loss and tribocorrosion damage of Ti-6Al-4V (Figs. 4.14d, 4.14e, and 4.14f). The SEM backscatter
images show that Ti-6Al-4V has a higher propensity to oxidize and to generate particles than does CoCrMo
or 316LSS, shown in Figures 4.14d, 4.14e, and 4.14f. There is also the appearance of surface cracking and
local fracture in the Ti-6Al-4V and 316L SS solution immersed samples in the oxide regions of the scratch
damage zone and around the perimeter of the scratch. The debris from 316L SS is more metallic after dry
fretting and after PBS was added with no potential hold (Figs. 4.14g and 4.14h). When potential was held
at 0 V, the amount of debris in 316L SS seems to be lower as plastic deformation is more apparent and
pitting is present, as discussed (Fig. 4.14i).
Backscattered electron imaging and EDS analysis performed on the scratches formed during tests in air
and PBS showed a change in type of debris around and in the wear scratch (See Fig. 4.15 for 316L SS).
Samples of 316L SS tested in solution had more oxide debris (dark SEM areas, Figs. 4.15a-c) and higher
oxygen inside the scratch than on the surface around the wear (Figs. 4.15d-f).
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Figure 4.15. EDS mapping of oxygen of fretting scratch on 316SS in (a) air, (b) PBS/E corr, and (c) PBS/0 V after 2500
cycles under 50 mN – 3Hz.

EDS analysis and oxide quantification (Fig. 4.15) showed that the majority of 316L SS debris generated
in air is significantly more metallic than the debris in PBS, which shows small amounts of metallic particles
present and mostly oxide. While compacted oxide is visible within scratches formed in all three
environments, the same samples scratched under dry conditions had much less oxide in and around the
scratch. 316L SS samples tested in PBS had a significantly higher oxygen count greater inside and around
the track (compared to the unworn surface) than those tested in air (pAZ and pIJ < 0.01). In general, debris
generation from CoCrMo was much less than the other two materials.
4.6

Discussion
This study investigated a controlled and quantitative assessment of single asperity fretting and fretting-

corrosion interaction of a 17 µm spherical tip diamond stylus interacting with CoCrMo, Ti-6Al-4V and
316L SS in air and solution (with and without potential control). Expanding on experimental models
designed by Goldberg and Gilbert for single high speed scratch testing [8,38], this experiment provides a
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single asperity test method to study the details of the fretting and fretting-corrosion response of these passive
oxide covered medical alloys under conditions that control the normal load, sliding distance and frequency,
and environmental conditions. A major finding of this work is that when single asperity low load tests are
performed, plastic deformation can still arise in small (few microns) regions of the surface. That is, as
asperity-based tribocorrosion has shown, the hard-metal asperity contact region rapidly reaches the level of
stress needed to induce plastic deformation, even at very low loads and thus results in tribocorrosion damage
[99]. Indeed, recent work using nanoindentation diamond tips and atomic force microscopy show that
similar plastic deformation based fretting corrosion damage processes can take place down to the subnanometer scale [41].
4.6.1

Single Asperity Mechanics and Characteristic Scaling Parameters

The single spherical asperity contact mechanics analysis discussed above can be applied to the three
alloys tested in this study. The scaling factors outlined for characteristic contact loads, characteristic stresses
and contact lengths were determined based on the single scratch experiments, which found K’s and hardness
for the alloys. For the three materials investigated in this study and the measured hardness for each, the
characteristic asperity stress and characteristic contact radius scaling parameters are listed in Table 4.1.

Table 4.1. Material properties (E, H, n) and the calculated characteristic indenter stress scaling parameter (Eq. 4.5)
and characteristic length scaling parameter (Eq. 4.6) for CoCrMo, Ti-6Al-4V and 316LSS when engaged with a 17
µm radius spherical diamond indenter.

These data show that for both Ti-6Al-4V and 316L SS, the applied normal loads were beyond the
critical force for this system, while the CoCrMo alloy critical force (32.5 mN) was within the range, but at
the lower end. That is, most of the fretting contact stresses were above full plastic yielding as was evident
by the rapid penetration into the alloy. Indeed, as discussed, plastic yielding will occur at normal loads that
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are about 0.3 times the load needed to reach a nominal Hertzian stress equal to the hardness or higher.
These loads are 10 mN, 2 mN and 0.3 mN for CoCrMo, Ti-6Al-4V and 316LSS, respectively for the 17
µm radius diamond stylus used in this study. It was noted that even with CoCrMo at 1 g (9.8 mN), there
was plastic deformation observed, well below the nominal Hertzian stress equal to the hardness.
4.6.2

Oxidation-plasticity damage

All three alloy systems investigated demonstrated similar oxidation-plasticity-based tribocorrosion
damage modes where solution provided additional reactions to form oxide debris where some of this debris
remains within the scratch region and can become embedded. This demonstrates that a tribocorrosion
reaction layer can arise rapidly, similar to that which has been documented in FIB/TEM analysis of modular
tapers and other metal-metal fretting corrosion test samples [100]. Importantly, these tribolayers can arise
with as little as 100 cycles of loading and demonstrate many of the observations reported in other tests,
where much higher numbers of cycles were imposed or thought to have occurred.
A major finding of this work is that significant damage and penetration of a single diamond asperity
into metal surface can arise with very small normal forces and very few cycles of fretting corrosion. This
observation implies that in larger nominal fretting contact areas only a small fraction of the contact area is
truly in contact and engaging in fretting corrosion at any time point. If single contact regions remain
engaged, even at low nominal loads, local contact stresses will reach or exceed the hardness and can quickly
(within a few hundred cycles) result in microns worth of fretting corrosion depth development. The Hertzian
contact stresses reached or exceeded the hardness of these alloys indicating that plastic deformation was
present.
Interestingly, the presence of solution resulted in no change in the volume of the scratch from the air
condition in these tests. Thus, the corrosion aspects did not appear to significantly impact on the rate of
depth of penetration of a single asperity into the alloys. Plastic deformation processes associated with the
sliding mechanics are the likely dominant process, along with wear debris generation, which, again, is
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driven by the plasticity mechanisms of the alloy surface. The corrosion processes, however, created more
oxide that could become entrained in the deformation region or extruded from the scratch the former of
which may slow the rate of volume loss.
Sliding duration (10 to 2500 cycles) and load applied (10 to 100 mN) had significant effects on the
volume abraded and the depth of penetration of CoCrMo, Ti-6Al-4V, and 316L SS While the early (100
cycles) wear volume appeared to vary linearly with normal load and depended principally on plastic
deformation, larger numbers of cycles did not continue to follow a strictly linear process. Instead, the
volume worn slowed with cycles. This is likely due to incorporation of oxide debris into the surface and/or
increase in the hardness of the deformed scratch region.
The contact radius for most of the testing, which was alloy and normal load dependent, ranged from 2
to 8 µm in width which was smaller than the overall wear track widths which were about 20 to 30 µm. This
implies that during any single pass of the diamond asperity, it was not making contact over the full width
of the wear track in any sliding process. This means that even within the single asperity wear tracks
measured only partial contact and local wear damage occurs, rather than the full wear track being damaged
with each pass. This can be seen in detailed SEM analysis of the wear tracks which show the details of
individual scratch passes (see Fig. 4.15a).
There was extensive plastic deformation developed in each alloy, but the nature of that damage varied
with alloy. CoCrMo demonstrated mostly plastic deformation with low particle generation and virtually no
entrapment of oxide debris in the scratch track. Evidence of planar slip at the perimeter and evolution of
the microstructure within the scratch region show the nature of the damage is mostly plastic deformation
where there is coordinated multicrystalline deformation taking place. The grain size of the alloys used was
in the range of 5 µm which is below the sliding length, but on the same order as the characteristic lengths
for the asperity contact radius. Thus, in these tests, the diamond asperity may only be engaged at any instant
with a single grain or across two or more (multicrystal) grains. This may affect the processes of plastic
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deformation to be coordinated across a few grains giving multicrystal deformation or within a single grain
resulting in single crystal deformation. These effects can be seen in the CoCrMo and 316LSS by the slip
lines at the perimeter of the wear scar. In several of the wear tracks individual crystal faces could be
identified indicating individual crystal deformation and its relationship to the surface normal and sliding
direction is important.
Ribbons of highly deformed metal extrude from wear track on the metal seen primarily in both Ti-6Al4V and in the 316L SS samples. Within the deformed area for Ti-6Al-4V, the evidence of the α-β
microstructure is not as prevalent as on the undamaged surface but can be seen just outside of the scratch
region. The difference in the mode of wear can be attributed to the differences in the microstructure and
slip behavior. The structure of Ti-6Al-4V is HCP α phase and body-centered cubic (BCC) β phase with
grain size 5-10 µm (Fig. 4.14) [99]. There is more evidence of whole α grains being fractured and egressed
from the alloy surface at the perimeter of the wear track.
The plastic deformation induced by the diamond tip on 316L SS is more similar to that of CoCrMo
than Ti-6Al-4V. However, 316L SS also can generate highly deformed thin ribbons of worn metal. The
grains of 316L SS, made visible by slip lines around the fretted surface, are reportedly between 20 and 200
µm, with the average being around 80 µm [101]. The austenitic stainless steel has an FCC crystal structure
which can be subjected to deformation mechanisms such as dislocation motion and twinning [102]. Because
of the high stress created in this system (in the GPa range), the plastic deformation of the 316L SS appears
as ribbons of deformed metal with some twinning closer to the wear track and slip lines further out. The
low stacking fault energy of CoCrMo and 316L SS allows the alloy to work harden rapidly during fretting,
seen in the reduction in rate of volume lost at higher cycles [102,103].
The lack of change in scratch volume in PBS compared to air is likely due to oxide film generation and
embedding into the surface, inhibiting any synergistic wear-corrosion effects. These findings contradict
current theories of the synergistic effects of the combination of corrosion and wear [92,104,105]. Instead,
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these results are more in line with that of a similar recent study [86] and suggests a possible mechanism
where the corrosion partially negates the consequences of wear or vice versa, at least on the microscopic
scale.
CoCrMo did not tribocorrode faster in solution compared to air as was seen for Ti and 316L SS. The
reasons for this are not entirely clear, however, since there was less oxide debris and more metallic particles
present in solution conditions than for the other alloys, and it may well be that the oxide film generated
provides a more lubricating effect in solution than is present in air, thereby lowering the wear process.
There was more burnishing, and less particle fragmentation seen in CoCrMo wear tracks which, again, is
likely due to the ability of the alloy to plastically deform.
The oxide in the Ti-6Al-4V wear track appears to become more compacted with every pass of the
asperity, hardening the surface and accounting for the slower wear rates the longer fretting occurs.
4.6.3

Comments on Fretting versus Small Scale Reciprocal Sliding

The recent efforts to redefine the definition of fretting to be based on the nominal Hertzian contact area,
where sliding smaller than the nominal contact diameter is defined as fretting, while motion exceeding this
diameter is now referred to as small-scale reciprocal sliding, requires some additional comments. There are
a few concerns with defining fretting in this way. First, it is universally accepted in the literature that
modular taper junctions undergo fretting corrosion/fretting crevice corrosion processes. The nominal
Hertzian contact radius (Eq. 4.1) is defined, in part by the effective radius, R. In the case of highly
conforming trunnion-bore geometries, the effective radii (longitudinally oriented or circumferentially
oriented) are effectively infinity, thus, any and all motion within the modular taper would, by this definition,
be fretting, even if millimeters in length. However, at the microscopic scale, the asperities are only a few
microns in diameter, thus, any sliding within the modular taper in excess of this distance would not be
considered fretting. It is the same motion, in the same region, but if the nominal Hertzian contact is defined
by the trunnion-taper geometry it is fretting, while based on the asperity geometry it is small-scale reciprocal
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sliding. Such vagueness and inconsistency is why, in part, the research community [83] chosen to define
fretting as small scale cyclic relative motion (typically less than 100 µm in amplitude). Fretting that falls
below the local asperity diameter leads to buildup of debris and fretting distances larger than the asperity
diameter result in debris being pushed out of the contact region. If the overall sliding distance is less than
100 µm, it is still fretting even if one is small scale reciprocal sliding, while the other might be considered
geometrically constrained cyclic sliding. They are, however, both fretting.
Recent nano-scale and near atomic scale AFM based single asperity testing [41] where sliding distances
down to 50 nm and asperity radii of 0.5 mm or smaller are challenging the concept of what fretting is.
These tribocorrosion tests may represent nano-asperity interactions associated with micro-scale or larger
Hertzian contact regions where at the micron scale it might be considered fretting, while at the nano scale
it would not. These experiments are showing many new insights into fretting and/or small scale reciprocal
sliding effects. These new measurements, down to near atomic layer wear and within single crystal regions,
are raising new insights and questions into the tribology and tribocorrosion at such spatial scales that will
continue to challenge the Hertzian contact geometry-based definition of what constitutes fretting. The
scaling parameters outlined here will help in navigating these smaller scales in tribocorrosion.
4.7

Limitations
There are several limitations of this work. First, no direct measurements of currents or fretting load-

displacement plots were obtained and thus, the specifics of the interactions between fretting motion and the
electrochemical processes were not obtained. Second, in some low load circumstances the wear track did
not stay within a single location due to the compliance of the load cell. This was especially the case for the
CoCrMo alloy. However, this compliance also allowed development of single crystal deformation patterns
to be identified and documented due to the path of the asperity being affected, in part, by how the individual
grains of the surface deformed.
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Third, in-depth metallurgical analysis of surface sections was not investigated. Such transverse section
analysis would better reveal the near-surface deformation and oxide incorporation mechanisms. However,
SEM analysis of the surfaces did show important modes of deformation, damage and degradation that are
not easily discerned in such transverse analyses including the nature of the single crystal slip processes
present. The sliding distance chosen in this work, 80 µm, falls within the definition of fretting motion [18],
where fretting is defined as cyclic motion between two contacting surface of an amplitude less than 100
μm, however, this amplitude is larger than the true contact diameter of the asperity (a few microns), and
thus is considered small scale reciprocal sliding. Thus, for this single asperity testing the sliding motion is
more of a gross slip regime or small scale reciprocating sliding condition as opposed to sliding that is on
the order of the contact radius dimensions. However, this sliding distance is similar, for example, to the
ridged surfaces of modular trunnions in total hip implant tapers where 5 to 8 μm ridges make only a few
microns of contact but engage in fretting motion of multiple tens of microns and thus are similarly engaging
in small scale reciprocating sliding while still under what is universally considered fretting conditions.
Clearly there will be effects of the chosen sliding amplitude on the nature of the debris accumulation and
damage processes, and these were not studied in this work. Finally, much of the analysis presented depends
on the diamond asperity geometry and properties. Future work will explore diamond tips with radii in the
sub-micron range to investigate the nanometer and subnanometer tribocorrosion behavior of these systems.
The scaling parameters described will provide a means of comparing different scales of diamond asperities
in relation to sliding distance and grain size.
4.8

Conclusions
A controlled single micron-scale asperity experiment was developed and used to compare the effects

of alloy, load, and number of cycles, on wear volume loss, along with studying solution affects an oxide
film and wear resistance. With this experiment, it was shown that these alloys suffer significant damage
and degradation with only a few cycles and low nominal loads with 316L SS and Ti-6Al-4V > CoCrMo in
terms of volume worn or depth of penetration. The volume loss decreased with higher hardness (as
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expected). The extent of wear and modes of damage were not more or less extensive when solution
(corrosion) was present. Debris generated in air was primarily metallic, while oxide debris was more
prevalent around scratches formed in solution (both 0 V and Ecorr). The wear mechanism of CoCrMo was
composed of more plastic deformation (slip), rather than mechanical abrasion and removal, in both air and
solution. Wear of Ti-6Al-4V during dry fretting was mostly due to high deformation, fragmentation,
fracture and abrasion of the metal. Single asperity fretting of 316L SS resulted in more plastic deformation,
including ribbon formation as well as oxide/metal removal. Analysis of the contact mechanics of single
hard asperities shows that plastic deformation can occur at nominal Hertzian stress well below (0.3 of) the
hardness of the alloy and reinforce the concept that plastic deformation is a requirement for tribocorrosion
of the passive oxide film covered alloy systems. Overall, this micron-scale systematic assessment of wear
and tribocorrosion provides more insight to the surface mechanics and wear process of these popular
biomedical alloys and provides a platform and asperity scaling parameters for more quantitative analysis
of the relative contributions to tribocorrosion damage or plasticity, oxidation and wear.
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5

Single Asperity Fretting Corrosion of CoCrMo, Ti-6Al-4V, and 316L SS: Assessment of
an Electrochemical and Micro-Mechanical Model

5.1

Abstract
The effects of electrochemical environment and local potential on the fretting corrosion damage of the

alloys CoCrMo, Ti-6Al-4V, and 316L stainless steel in phosphate buffered saline (PBS) were investigated.
The volume abraded, and fretting currents were measured as a function of applied potential (within -1 V to
+1 V vs. Cl coated AgCl wire reference), normal load (20 – 100 mN) and cyclic duration (100 to 2500
cycles). Digital optical microscopy (DOM), scanning electron microscopy (SEM), and energy dispersive
spectroscopy (EDS) were used to analyze the abraded regions after fretting corrosion. Measured fretting
currents were then compared to values predicted using the Gilbert, et al. 2020 model, which incorporates
effects of applied potential, load, and alloy to model oxide behavior during fretting corrosion. Alloy type
had significant effects on the volume removed during fretting, as well as charge released during oxide
abrasion and repassivation. The amount of charge released over time was not linearly related with cycles
(not consistent over time), with load held constant. Total charge released over 2500 cycles was linearly
related to volume removed during fretting for all three alloys tested. Similarly, with load varying from 20
to 100 mN, while other factors such as duration remained constant, current significantly increased with load
during fretting corrosion on CoCrMo, Ti-6Al-4V, and 316L SS. Fretting currents were also voltage
dependent and increased linearly, beginning at a lower critical potential (-500 mV vs. Ag-Cl for CoCrMo
and 316L SS and -1 V for Ti6Al4V) with higher currents seen at more anodic conditions (up to an upper
critical potential for CoCrMo and 316L SS). Current amplitude varies over time and between alloys with
the highest currents initially, and after a few cycles, immediately falling to a steady amplitude of less than
half of the initial current.
Keywords: Tribocorrosion, fretting currents, single asperity, biomedical alloys, fretting corrosion, cyclic
wear
61

5.2

Introduction
Tribocorrosion, fretting corrosion, and other types of mechanically assisted corrosion (MAC) are

mechanisms that weaken and alter the surfaces of metallic materials, causing concern in orthopedic, dental,
and spinal implant materials [37]. Certain biomedical alloys, such as CoCrMo, Ti-6Al-4V, and 316L
stainless steel, are commonly used for total hip arthroplasties (THA) that undergo cyclic loading/wear and
for dental implants exposed to the mouth’s corrosive environment [37,50,106]. The success and
biocompatibility of such materials is attributed to their passivation by a self-assembled oxide layer [107].
The passive oxide film is disrupted during MAC within fretting modular taper junctions, leading to an
increased release of metallic and corrosion debris, which are associated with adverse local tissue reactions
[9,108]. This passive oxide layer (and thus the corrosion resistance of the alloy) is highly influenced by
solution presence, local electrochemical potential, alloy type, local stress applied by the abrading body, and
fatigue [37,109,110].
While multiple efforts have been made at studying the tribocorrosion process by way of modeling
fretting current and oxide growth, there were some limitations to these studies, including not using a
controlled geometry single asperity countersurface, no variation in applied load [111], no link between
fretting current response and changes in potential [37], or assuming only a synergistic model of
tribocorrosion [112]. That is, most prior work assumes a synergy of wear and corrosion during
tribocorrosion processes. However, the possibility of entrainment of oxide debris into the wear track may
actually reduce the overall tribocorrosion response, resulting in an antagonistic effect. That is, corrosion
(generation of oxide) may actually impede the wear of alloy surfaces. Such antagonism in tribocorrosion
has not been carefully described or analyzed in the prior literature.
In addition, single asperity tribocorrosion studies [41,113] provide for the ability to quantitatively relate
wear and corrosion factors to specific electrochemical conditions. Such controlled tribocorrosion conditions
provide an ability to utilize the tribocorrosion model developed previously [76] as a tool to assess the
resulting behavior. Thus, because of similarities in experimental setup (asperity geometry and fretting
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mechanics), as well as an inclusion of the variables applied in this work (load, potential, alloy), fretting
currents generated in these single diamond asperity tests were assessed using the tribocorrosion oxide
repassivation model proposed by Gilbert, et al. 2020 [76].
The goal of this work was to directly measure the tribocurrents and volume abraded for these three
alloys varying the potential, normal load and number of cycles applied. The current response and volume
worn are used to compare each alloys performance and the tribocorrosion model by Gilbert, et al. 2020, is
used to interpret the load, potential and cycles effects on the response of these alloys.
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5.3

Materials & Methods
The alloys used in testing were wrought low carbon (LC) CoCrMo (ASTM F-1537), Ti-6Al-4V (ASTM

F-1472), and 316L Stainless Steel (ASTM F-138). To obtain a metallurgically polished surface, all discs
were polished using a 1 µm alumina aqueous suspension, rinsed with DI water, and then sonicated using
70% ethanol.
5.3.1

Single Asperity Tribocorrosive Wear

Fretting corrosion tests were performed using a custom-built load cell with a single 17 µm radius
diamond stylus, modified to test in aqueous environments, schematic shown in Figure 5.1.

Figure 5.1. Schematic of the micro-fretting load cell connected to a three-electrode potentiostat to measure and record
oxide abrasion current response.

This setup is capable of applying a range of loads (<10 mN to 120 mN) corresponding to clinically
relevant stresses that exceed the hardness of the metals, resulting in abrasion of the oxide layer and plastic
deformation of the underlying alloy. A piezoelectric actuator (Modular Piezo Controller System ENV, piezo
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jena, Inc., Hopedale, MA) in conjunction with a function generator (SFG-210, Global Specialties, Yorba
Linda, Ca) was used to control horizontal movement to produce controlled scratches (80 µm + 10 µm).
5.3.2

Imaging and Analysis

5.3.2.1 Digital Optical Microscopy
Fretting damage was imaged using digital optical microscopy (DOM) (Keyence VHX-6000, Mahwah,
NJ). 3D models of the scratches were constructed using the DOM Depth from Defocus (DFD) software.
3D images of the wear scratch and debris can be composed from 2D images taken as the lens moves from
the highest point of focus to the lowest. The 3D models were used to quantify wear depth and volume.
Measurements were verified using scanning electron microscopy (SEM, Hitachi S-3700N, Tokyo, Japan).
5.3.2.2 Scanning Electron Microscopy/Energy Dispersive Spectroscopy
The extent of damage and nature of debris were qualified with SEM and energy dispersive X-ray
spectroscopy (EDS, Aztec, Oxford Instruments, Abingdon, UK) analysis. Elemental mapping of the oxide
was performed with Aztec EDS software on the damaged region of the alloy.
5.3.3

Fretting Corrosion Measurements

Oxide disruption was used as a measure of corrosion and wear. In order to quantify the oxide abrasion
and corrosion, an EG&G 263 potentiostat (AMETEK, Berwyn, PA) was used to record resulting currents
during fretting of the alloys by the diamond tip. Fretting was in an electrochemical cell with the alloy discs
as the working electrode in PBS (Phosphate buffered saline powder, P3813-10PAK, SIGMA-ALDRICH,
St. Louis, MO). The counter electrode was carbon and an AgCl coated Ag wire was used as the reference.
Analog output of the fretting currents was captured at a rate of 100 Hz with a data acquisition system (USB
X Series, Multifunctional DAQ, National Instruments, Austin, TX) and graphical programming software
(NI LabVIEW 2017, National Instruments, Austin, TX) for subsequent analysis.
5.3.3.1 Duration Dependent Fretting
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Fretting corrosion testing in PBS was performed under 50 mN at 3 Hz for a set duration (100 and 2500
cycles). The system was held at a constant voltage 0 V versus a chloride silver wire reference (Ag-Cl, 197
mV vs NHE) for the duration of fretting.
5.3.3.2 Load Dependent Fretting
Using the same setup, testing was repeated for 100 cycle durations under constant potential hold of 0
V vs. Ag-Cl at 80 m and 3 Hz. Load was varied from 20 to 100 mN with fretting currents recorded.
5.3.3.3 Potential Dependent Fretting
Before fretting corrosion testing, CoCrMo, Ti-6Al-4V, and 316L SS samples were tested using an
anodic polarization test scanning from -200 mV vs. OCP to +1.0 V vs. Ag-Cl at 0.167 mV/s in PBS to
capture this standard corrosion information and to estimate breakdown potential (E break) and corrosion
potential (Ecorr).
For potential-dependent fretting corrosion tests, load was held constant at 50 mN, frequency at 3 Hz,
in PBS. Nominal fretting amplitude input was about 80 µm, but actual fretting displacements were closer
to 60 µm (due to instrument compliance) and this lower fretting length was used in the model comparison.
Fretting currents under these conditions were recorded for CoCrMo, Ti-6Al-4V, and 316L SS across 100
cycles under constant potential (< -1.0 V to > +0.8 V vs. Ag-Cl) by subtracting the baseline currents prior
to fretting from the measured currents during fretting. One hundred cycles of fretting were repeated at each
potential for a minimum of 3 times, then current was averaged and plotted vs. applied potential.
5.3.3.4 Theoretical Model Prediction
Fretting currents (above the baseline current) recorded for each alloy under both varying load and
varying potential conditions during 100 seconds of fretting were compared to values predicted following
the model described by Gilbert/Zhu, 2020 [76]. With a known load and potential applied, and assuming a
spherical asperity with a known radius (17 µm) and Hertzian contact geometry, Cabrera-Mott and
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Gunterschultze-Betz high field growth model, the Duhamel hereditary integral, and Faraday’s equation, the
current (I) at time (t) generated during abrasion (schematically shown in Figure 5.2) can be calculated as
𝑡

𝑑𝜙

𝐼(𝑡) = 𝐴(𝑡)∅(𝑡 = 0) + ∫0 𝐴(𝑡 − 𝜆) 𝑑𝜆 𝑑𝜆

Eq. 5.1

Where A(t) is the tribocorrosion transfer function [76] which comes from the scratch response to a step
function removal and repassivation of a volume of oxide:
𝜃
𝜏

𝑡−𝜆
𝜏

𝐴(𝑡 − 𝜆) = 𝑒 −

Eq. 5.2

where θ is the charge per volume of oxide (C/cm3) [76], τ is the oxide repassivation time constant [8,87,114]
and Φ is volume of oxide repassivated (nm3). The rate of volume of oxide generated, d/d is comprised
of the voltage dependent oxide film thickness, xL=m(V-Vo), with m = anodization rate, V is the voltage
and Vo is the oxide onset potential. The normal-force dependent scratch width is w=2(F/H)1/2, with H as
the hardness, and the sliding speed, d/d. Substituting these factors into the above equation results in a
measure of the current as a function of the normal load, the voltage, the hardness, and other parameters
associated with the tribocorrosion process:
𝜃

𝑡

𝑡 2𝜃

𝐼(𝑡) = 𝜏 𝑒 −𝜏 𝛷(𝑡 = 0) + ∫0

𝜏

𝐹𝑁
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√(

𝑡−𝜆
𝜏

− 𝑉0 )𝑒 −

𝑑𝛿
𝑑𝜆
𝑑𝜆

Eq. 5.3
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Figure 5.2. The heredity integral schematic that represents the infinitesimal oxide disruption/repassivation process
summed when an asperity abrades an oxide of thickness x L at a rate of dδ/dt, resulting in a current transient response.
(Reproduced from Gilbert, et al. 2020 [76] with permission).
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In Figure 5.2, dδ/dt is the instantaneous sliding speed of the asperity (nm/s), xL is oxide thickness (nm)
[76]. The values in Equation 5.3 are reported in below.
Table 5.1. Parameters used for oxide repassivation current calculations [76].
Parameter (units)

CoCrMo

Ti-6Al-4V

316L SS

τ (s)

0.01

0.01

0.01

0.05 (for potential dependent test)

FN (N)

0.01 – 0.1 (for load dependent test)

H (GPa)

6.48

2.40

1.96

m (nm/V)

2.2

2.2

2.2

0 (for load dependent test)

V (V vs. Ag-Cl)

V0 to 0.6 (for potential dependent test)

V0 (V)

-0.5

-1.0

-0.5

The calculated physical properties of the oxide of each of the three alloys tested (CoCrMo, Ti-6Al-4V, and
316L SS) are listed below, Table 5.2.
Table 5.2. Alloy oxide properties calculated based on the individual property and mole fraction of each element
in the alloy, reported from Gilbert, et al. 2020 [76].
Parameter (units)

CoCrMo oxide

TiO2

316L SS oxide

ρ (g/cm )

6.10

4.45

5.81

n

2.4

4.0

2.9

Mw (g/mol)

76.9

79.9

130.1

Calculated θ (C/cm3)

18,369

21,498

12,498

3

The model described above was applied to predict the fretting currents measurable for a single inert
diamond asperity on CoCrMo, Ti-6Al-4V, and 316L SS generated over 100 cycles at 3 Hz for a sinusoidal
displacement-time behavior of 60 µm (the approximate measure scratch length) and 3 Hz for most cases,
and as a consequence of applied load (20 – 100 mN) and applied potential (-1 V to +0.8 V).
Fretting currents are also a function of applied potential and can be predicted with the same model described
in Section 2.3.4, keeping load (50 mN) sinusoidal peak-to-peak sliding amplitude (60 µm) and frequency
(3 Hz) constant.
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5.3.4

Statistical Analysis

Where appropriate, statistical analysis was performed using Analysis of variance (ANOVA) and
intergroup post-hoc comparisons (Tukey) were performed to assess differences between specific groups (α
= 0.05).

5.4

Results

5.4.1

Duration Dependent Fretting

5.4.1.1 DOM analysis
DOM imaging was performed on the three alloy fretted surfaces to compare the extent of corrosion and
nature the deformation after fretting 2500 cycles under constant load (50 mN) in PBS held at 0 V vs. AgCl (Fig. 5.3).

Figure 5.3. DOM image of fretting scratch formed in PBS after 2500 cycles under 50 mN, 60 µm at 3 Hz at 0 V vs.
Ag-Cl and on (a) CoCrMo, (b) Ti-6Al-4V, and (c) 316L SS. Note the scratch tough, surrounding material pileup debris
field nearby and, for 316L SS the coloration due to corrosion product deposition around the scratch trough.

CoCrMo (Fig. 5.3a) was observed to experience the least extensive damage after 2500 cycles under
controlled tribocorrosion conditions (PBS/0 V), followed by Ti-6Al-4V (Fig. 5.3b) and then 316L SS (Fig.
5.3c). A halo of deposited corrosion products forms on the surface around the perimeter of the abraded area
on 316L SS that is not seen on CoCrMo or Ti-6Al-4V. The width of the scratch, as well as amount of debris
is dependent on alloy.
5.4.1.2 SEM and EDS Analysis
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SEM backscattered (BS) and EDS analysis of the damaged areas, highlighting regions of oxidized
debris, as well as other present elements found in CoCrMo, Ti-6Al-4V, and 316L SS (Fig. 5.4a, 4b, and 4c,
respectively).
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Figure 5.4. SEM backscattered images and EDS analysis highlighting regions of oxide debris and embedded oxide,
as well as (a) Co, Cr, and Mo on CoCrMo, (b) Ti, Al, and V on Ti-6Al-4V, and (c) Fe, Cr, and Ni on 316L SS.

The backscattered images show the nature of the damage present. Both metallic (bright) and oxide
(darker gray) particulate debris is generated for each alloy. Oxides appear embedded in the wear trough for
each alloy based on the SEM images with more evident in the Ti-6Al-4V and 316L SS wear trough than
CoCrMo. EDS analysis confirms that most debris from fretting corrosion at 0 V vs. Ag-Cl around the
perimeter of the scratch is oxidized, corresponding to the dark regions in SEM images. Oxide is also visibly
entrained into the wear track of Ti-6Al-4V (Fig. 5.4b) and 316L SS (Fig. 5.4c). Figure 5.4a and 5.4c shows
that the debris generated by fretting in solution on CoCrMo and 316L SS is oxidized chromium. There is
a depletion of Co in the CoCrMo scratch trough and a depletion of Fe in the 316L SS trough. There is a
correlation between chromium concentration and oxygen concentration for both CoCrMo and 316L SS. In
Figure 5.4b, we can see the oxide is titanium oxide.
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5.4.1.3 Volume Analysis
DOM volume measurements (in µm3) of volume removed by fretting a single diamond asperity in
solution during a constant 0 V vs. Ag-Cl on CoCrMo, Ti-6Al-4V, and 316L SS under a constant load (50
mN) at 3 Hz after 100, 500, 1000, and 2500 cycles are plotted in Figure 5.5.

Figure 5.5. DOM volume measurements vs. duration (number of cycles) after fretting in PBS (0 V vs. Ag-Cl hold)
for 1000, 500, 1000, and 2500 cycles, along with the relationship V = kN 0.5 for CoCrMo (R2 = 0.59), Ti-6Al-4V (R2
= 0.93), and 316L SS (R2 = 0.94).

Scratch volume measurement analysis reveals a relation between duration and volume of material
removed which increases by
𝑉 = 𝑘𝑁 0.5

Eq. 5.4

Where V is volume of material removed (µm3), k is a constant relating to the time dependent variation of
hardness of the alloy, and N is number of cycles. Fitting the data to this function yields k CoCr = 12.6
μm3/cycle1/2, kTi6 = 33.8 μm3/cycle1/2 and k316SS = 41.6 μm3/cycle1/2.
Two-way ANOVA (alloy/number of cycles) on the volume removed shows that there is a significant
increase in volume removed after 2500 cycles compared to 100 cycles (p < 0.01) and shows that damage
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(volume removed) is alloy dependent (p < 0.01). Tukey’s post-hoc comparison, in terms of volume
removed during fretting in solution under a 0 V vs. Ag-Cl hold, shows the following significant differences.
The volume of CoCrMo abraded during fretting in PBS/0V does not vary between 100 and 2500 cycles
of fretting (p = 0.88), but the volume of Ti-6Al-4V (p = 0.01) and 316L SS (p < 0.01) does increase
significantly. After 100 cycles, the volume of CoCrMo, Ti-6Al-4V, and 316L SS are not significantly
different (p < 0.75). However, after fretting 2500 cycles, significantly more Ti-6Al-4V and 316L SS was
removed than CoCrMo (p < 0.01), but there was no difference in the volume of Ti-6Al-4V and 316L SS
removed (p = 0.41).
5.4.1.4 Fretting Current Analysis
Backscattered electron micrographs, fretting currents for selected individual tests to 2500 cycles and
cumulative charge versus cycles data for 100, 500, 1000 and 2500 cycles are shown for CoCrMo, Ti-6Al4V and 316L SS in Figs. 5.6 to 5.8, respectively.

Figure 5.6. SEM backscatter of CoCrMo after fretting in PBS/0V under 50 mN – 3 Hz for (a) 100 cycles, (b) 500
cycles, (c) 1000 cycles, and (d) 2500 cycles, along with the corresponding I currents (μA) plotted over the duration of
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fretting for 2 different samples (highest and lowest cumulative charge), and (f) calculated charge released from fretting
(µC) of all 5 samples.

BS micrographs (Figs. 4a-d) of CoCrMo shows metallic and oxide debris damage generated and
removed around the perimeter with some oxide debris embedded into the worn surface. Fretting currents
(Fig. 5.6e) were not constant over the 2500 cycle duration, even though load, frequency, and other
conditions were constant. Even when fretting is initiated on CoCrMo (shown at 0 cycles in Fig. 5.6e),
current does not reach the maximum amplitude until after a few hundred cycles of fretting. Figure 5.6a and
5.6b show that significant damage is not imparted until around 500 cycles, and after this point, visible
damage and fretting currents reach a plateau. Cumulative charge released during this fretting, for the 5
samples tested, follows this same trend. On average, charge increases rapidly in the first 500 cycles and
then accumulates more gradually, or the currents remain relatively constant over cycles.
The results for Ti-6Al-4V are shown in Figure 5.7. Backscattered electron imaging after 100, 500, 1000,
and 2500 cycles (Figs. 5a-d) and recorded fretting currents (Fig. 5.7e) and the respective charge (Fig. 5.7f)
over the entire duration of fretting under 50 mN in PBS and constant potential of 0 V vs. Ag-Cl show the
progression of damage and the corresponding changes in fretting currents associated the fretting corrosion
process.
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Figure 5.7. SEM backscatter of Ti-6Al-4V after fretting in PBS/0V under 50 mN – 3 Hz for (a) 100 cycles, (b) 500
cycles, (c) 1000 cycles, and (d) 2500 cycles, along with the corresponding (e) fretting currents (μA) plotted over the
duration of fretting for 2 different samples (highest and lowest cumulative charge), and (f) calculated charge released
from fretting (µC) of all 5 samples.

The observed damage on Ti-6Al-4V is much more extensive than CoCrMo. Figure 5.7a shows that
even after 100 cycles, significant damage occurs on the surface, with high amounts of oxide debris
embedded into the wear trough. The remaining cyclic intervals demonstrate the progressive debris and
plastic deformation processes seen with this alloy. In Fig. 5.7e, Ti-6Al-4V fretting currents spike much
sooner and higher in magnitude than those of CoCrMo but then decay rapidly with cycles. Again, Figure
5.7f shows that charge follows a trend where an increase is obvious over the first few hundred cycles, with
a slower accumulation throughout the rest of the fretting as the surface oxides limit additional damage and
currents diminish.
The results for 316L SS over cycles in Figure 5.8 shows surface damage of stainless steel after 100
cycles (Fig. 5.8a), 500 cycles (Fig. 5.8b), 1000 cycles (Fig. 5.8c), and 2500 cycles (Fig. 5.8d), along with
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the highest and lowest fretting currents from a set of 5 fretting corrosion tests (Fig. 5.8e), and the cumulative
charge released during 2500 cycles of each sample (Fig. 5.8e).

Figure 5.8. SEM backscatter of 316L SS after fretting in PBS/0V under 50 mN – 3 Hz for (a) 100 cycles, (b) 500
cycles, (c) 1000 cycles, and (d) 2500 cycles, along with the corresponding (e) currents (μA) plotted over the duration
of fretting for 2 different samples (highest and lowest cumulative charge), and (f) calculated charge released from
fretting (µC) of all 5 samples.

316L SS experienced the most extensive damage beginning at lower cycles (Fig. 5.8a and 5.8b)
compared to CoCrMo (Fig. 5.6a and 5.6b) and Ti-6Al-4V (Fig. 5.7a and 5.7b). Where CoCrMo fretting
currents did not reach a maximum until after the first few hundred cycles, and Ti-6Al-4V currents initially
spiked and rapidly decayed to a constant amplitude, 316L SS fretting currents initially peaked and steadily
declined over the 2500 cycles (Fig. 5.8e). The five 316L SS samples’ accumulated charge increased faster
and for longer than that of CoCrMo and Ti-6Al-4V.
Average charge accumulated after fretting for 2500 cycles under 0 V vs. Ag-Cl was 11.9 + 8.3 μC
(CoCrMo, Fig. 5.6f), 20.1 + 12 μC (Ti-6Al-4V, Fig. 5.7f), and 35.0 + 14.1 μC (316L SS, Fig. 5.8f). Twoway ANOVA (cycles/alloy) indicates that the amount of charge released during oxide
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removal/repassivation varies over time (p < 0.01) and is alloy dependent (p < 0.01). Tukey Post Hoc
analysis shows the only significant alloy variation is between is the charge released of CoCrMo and 316L
SS after fretting 2000 cycles (p = 0.03) and 2500 cycles (p < 0.01). As for cycle dependent variations,
charge released from fretting CoCrMo does not increase significantly after 100 cycles (p(100 vs. 2500) = 0.44),
nor does the charge released from fretting Ti-6Al-4V (p(100 vs. 2500) = 0.053). The charge released from fretting
316L SS does significantly increase after 100 cycles until about 1500 cycles (p(100 vs. 1500) < 0.01). This
nonlinear relationship between cycles and charge indicates that the hardness of the wear trough changes
over time during cyclic wear as oxide debris becomes embedded.
To correlate charge from fretting currents with volume of alloy removed, the average charge released
after fretting at N cycles was plotted against the average volume of a scratch after the same N cycles (Fig.
5.9a). Figure 5.9b shows the individual charge measurements after 100 cycles vs. the volume of each
respective wear track after the 100 cycles.

Figure 5.9. (a) Average charge (μC) released during fretting versus the volume of material removed (μm3) by a single
asperity during fretting up to 2500 cycles, n = 5. Each point is an average of 5 measurements of charge against an
average of 5 volume measurements after N cycles, where N is 100, 500, 1000, and 2500 cycles. (b) Individual
measurements of the charge (μC) released during fretting for 100 cycles against the scratch volume (μm3) of the same
sample after 100 cycles.
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From Figure 5.9a, there is a general trend that as the volume abraded increases, the charge released
also increases, for all three alloys. Figure 5.9b shows a more direct correlation between charge per volume
after 100 cycles. Equation 5.3 shows that after fretting for time t, the volume of the oxide is directly
correlated to the current (and thus the charge) from repassivation. After 100 cycles, the correlation in Figure
5.9b between volume (x10-12cm3) and charge (x10-6C) is linear (pCoCr < 0.01, pTi6 = 0.02, pss < 0.01).
Therefore, we can get an estimate of the charge per volume (C/cm3) over the 100 cycles, that was previously
only calculated for a single scratch using the parameters in Table 5.2. From the slopes reported in Figure
5.9b, the charge per volume after 100 cycles is only 1600 C/cm3 for CoCrMo, 5600 C/cm3 for Ti-6Al-4V,
and 6300 C/cm3 for 316 L SS.
5.4.2

Load Dependent Fretting

5.4.2.1 DOM Analysis
CoCrMo, Ti-6Al-4V, and 316L SS were each fretted for 100 cycles by a single diamond asperity at
various loads (from 20 to 100 mN, all above the critical stress of each alloy) in PBS under 0 V vs. Ag-Cl.
At the maximum load applied, CoCrMo appears to be the most resistant to plastic deformation, in
terms of a smaller wear scratch than titanium and 316L SS.
5.4.2.2 Fretting Current vs. Load
To quantify fretting corrosion damage, fretting currents were averaged over 100 cycles of fretting,
with the baseline current subtracted, and plotted versus load (Fig. 5.10).

78

Figure 5.10. Fretting current (nA) in PBS/0V, 3Hz. 60 µm, measured and averaged over 100 cycles of fretting under
applied loads from 20 – 100 mN on CoCrMo, Ti-6Al-4V, 316L SS, along with fit to plasticity-based contact i = k (F
– Fo)0.5.

Within conditions tested (20 – 100 mN applied load in PBS at 0V vs. Ag-Cl, 80 m displacement, 3
Hz), fretting currents were significantly dependent on the load applied (p = 0.02), as well as alloy (CoCrMo
vs. Ti-6Al-4V vs. 316L SS) (p < 0.01).
5.4.3

Potential Dependent Fretting

5.4.3.1 Fretting Currents vs. Potential
Average fretting current density was also plotted against applied potential for fretting under the same
conditions (Fig. 5.11).
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Figure 5.11. Fretting current vs. applied potential (V vs. Ag-Cl) of wrought LC CoCrMo, Ti-6Al-4V, and 316L SS.

All three alloy current density plots followed similar trends, increasing as applied potential increased.
The positive relationship was linear up to 0 V for CoCrMo, Ti-6Al-4V, and 316SS. At anodic potentials,
the currents still rise, but at various rates. CoCrMo experiences a spike in average fretting current of 60 nA
around +0.6 V. Above this potential, currents begin to fall. The isolated rise in currents is seen at +0.5 V to
190 nA for 316L SS, while titanium currents continue to rise throughout the potential range investigated.
Two-way ANOVA on the effects of potential and alloy show that both have significant effects on fretting
currents (p < 0.01).
Fitting the fretting currents for CoCrMo (< 500 mV), for Ti-6Al-4V (from -1 V to +1 V), and for 316L
SS (< 500 mV), shows while CoCrMo and 316L SS have equivalent lower critical potentials around -500
mV (above which fretting currents rise above the baseline), 316L SS fretting currents rise at a much faster
rate (slope) with increasing potential, leading to a much higher peak fretting current at the upper critical
potential. Ti-6Al-4V fretting currents do not rise as quickly as those of 316L SS, but these currents begin
at a much lower potential than those of CoCrMo or 316L SS.
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5.4.4

Theoretical Model Prediction

Using the model described in Section 2.3.4, adjusted for critical loads calculated from Equation 5.6
(explained in more detail in Section 4.0), theoretical predictions of load-dependent currents (Fig. 5.12a)
and potential-dependent currents (Fig. 5.12b) along with actual values, reproduced from Figure 5.10 and
5.11.

Figure 5.12. Measured fretting currents (nA) and predicted (a) load dependent currents under 0 V vs. Ag-Cl and (b)
potential dependent currents under 50 mN for CoCrMo and Ti-6Al-4V.

To calculate correlation, the actual measured currents generated at each load were compared to the
values predicted from the model (load/real vs. theoretical). In passive conditions (0V vs. Ag-Cl), the model
most accurately predicts load-dependent currents of CoCrMo (R2 = 0.97, p < 0.01), then Ti-6Al-4V (R2 =
0.91, p < 0.01), using the parameters listed in Table 5.1. The model for 316L SS, however, does not as
accurately predict load dependent fretting currents with the parameters used (R2 = 0.72), below in Fig.
5.13a.
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Figure 5.13. Measured fretting currents (nA) and predicted (a) load dependent currents under 0 V vs. Ag-Cl and (b)
potential dependent currents under 50 mN for 316L SS.

The model used to predict load dependent currents was also applied to potential dependent fretting
currents [76]. The before mentioned fretting corrosion currents recorded over 100 cycles under 50 mN loads
on CoCrMo andTi-6Al-4V and 316L SS were compared to those predicted by the model (Fig. 5.12a).
Multiple linear regression analysis on the overall fit shows that the model (with parameters listed in Table
5.1) accurately predicts CoCrMo currents within -0.5 to +0.6 V vs. Ag-Cl (R2 = 0.79, p < 0.01) and Ti-6Al4V currents within -1.0 to +0.8 V vs. Ag-Cl (R2 = 0.77, p < 0.01), see Fig. 5.12b. As with load vs. current,
measured stainless steel fretting currents were higher than the values predicted by the model (R 2 = 0.52
from currents at -0.5 to +0.6 V vs. Ag-Cl), see supplemental Figure 5.13b.
There is some deviation from the model with all 3 alloys. For one, each of the allows exhibits a
measurable fretting current below what is labeled as the onset potential by the model. While actual CoCrMo
and Ti-6Al-4V currents are more accurately in the range of those predicted, 316L SS currents are almost
twice as high as those predicted, similar to the load dependent results in Figure 5.12.
5.5

Discussion
This study investigated the fretting corrosion response of CoCrMo alloy, Ti-6Al-4V and 316L stainless

steel under controlled load, solution, motion and potential conditions for relatively short number of cycles
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of fretting to study the nature of the damage developed and to assess the current response in comparison to
a recently published fretting corrosion model [76].
The fretting corrosion varied with alloy, potential, load and cycles where, generally, CoCrMo alloys
exhibited the least wear and least average fretting corrosion currents compared to Ti-6Al-4V and 316L SS.
The fretting current model, when utilizing the specific alloy parameters (e.g., hardness, onset potential,
charge per volume of oxide generated) captured well the load and potential dependent response of these
alloys with Ti-6Al-4V and CoCrMo alloys closely following the predicted model behavior for load and
cycles (Fig. 5.12) [76]. 316L SS was not as well predicted by the model where the measured currents were
higher than predicted but trends with load and potential were consistent with the model. This deviation
may be the result of higher ionic currents, or fretting initiated crevice corrosion reactions [115,116],
generated for 316L SS (not accounted for in the model) compared to the other two alloys given more
currents for the same tribocorrosion processes. This is supported by the halo seen for 316L SS not seen on
Ti-6Al-4V or CoCrMo (Fig. 5.3).
Other differences in wear can be attributed to deformation mechanics. Mace, et al. reports that CoCrMo
deformation is primarily visible as slip lines, the titanium alloy damage features higher levels of removed
and embedded oxide debris, along with more material displaced and built up around the wear track (Fig.
5.3b), and 316L SS damage is more of a combination of slip lines, ribboning, and oxide embedding [113].
While all increased amounts of oxide debris are visible in the wear track for all 3 alloys, 316L SS appears
to have more removed oxide debris around the scratch (Fig. 5.4c), while Ti-6Al-4V features more
embedded oxide debris (Fig. 5.4b), and CoCrMo has the least oxidized debris (Fig. 5.4a). This embedding
of oxide explains the fall in fretting currents over time, and why more damage is seen on the harder cobalt
chromium heads than the titanium stems after cyclic loading [80]. The titanium grows a thicker oxide
compared to cobalt chromium alloys, based on the larger charge density (Table 5.2) as well as the SEM/EDS
results (Figs. 5.6, 5.7, and 5.8), which becomes impacted during fretting corrosion. This makes the titanium
surface more wear resistant than CoCrMo as number of cycles increases.
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Note that the total volume measured in the trough (Fig. 5.5) was significantly more than what the current
– to – volume calculation estimates, based on much lower charge densities over multiple cycles (Fig. 5.9b)
than predicted by the model [76]. Plastic deformation analysis in fretting corrosion experiments have been
fairly neglected in prior work. Because fretting currents (due to oxide removal/repassivation) cannot occur
without plastic deformation, this is an important analysis. In this work, fretting currents account for between
25% and 50% of the total wear volume, based on measured charge densities (Fig. 5.9b) compared to those
predicted in Table 5.2 [76]. These results imply that not all of the volume of the trough goes to making
corrosion reactions and that additional degradation mechanisms (e.g., plastic deformation, metal particle
generation) are at play as well.
5.5.1

Duration Dependent Fretting

One important finding of this work is that the fretting currents over the course of cycling showed
changes in the magnitude where the current typically increased initially to a maximum and then decayed to
lower currents. These variations over cycles were alloy dependent with Ti-6Al-4V having the largest
transient changes and dropping significantly over cycles and CoCrMo showing the smallest variations. This
observation demonstrates that the damage to the surface in the wear trough progressively increases rapidly
within the first 100 cycles or so and then subsequently reduces the currents with continued cycling (Figs.
5.6e, 5.7e, 5.8e, 5.10). This implies that there is an antagonistic effect on the tribocorrosion, as opposed to
a synergistic effect, that is the result of the oxide embedding into the wear scar which subsequently reduces
the oxide abrasion and repassivation process. While tribochemical layer formation has been documented
previously [117] in these alloys, the direct observation based on imaging and current monitoring in this
work clearly shows the rapid progression of this process.
This decay does vary between alloys, with 316L SS fretting currents decaying the fastest, followed by
Ti-6Al-4V, and the CoCrMo currents falling at a more gradual rate. The final steady value the currents
decay too is also alloy dependent, which again, correlates directly to the oxide charge per volume of each
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alloy [76]. Higher fretting currents (which directly relates to charge) can also correlate to higher levels of
oxide repassivation, as Equation 5.3 shows that I(t) can be calculated using oxide volume (Φ).
Fitting a curve by least squares fit to the current vs. time graph (Fig. 5.6e cumulative charge 19.1 μC)
give the following decay function:
𝑡

𝐼(𝑡) = (𝐼0 − 𝐼𝑓 ) exp − 𝐷 + 𝐼𝑓

Eq. 5.5

Where I(t) is the current (μA) at time t (seconds), I0 is the initial average fretting current (μA), D is a decay
constant (s-), and If is the final average charge (μA, once the system settles and currents become consistent).
For this example (Fig. 5.6e), with I0 = 0.06 μA and If = 0.02 μA, the decay constant (D) for CoCrMo fretting
by a single asperity under these conditions is 35.2 s-. Again, using Equation 5.5, but this time with I0 = 0.10
μA and If = 0.02 μA, the decay constant (D) for Ti-6Al-4V (Fig. 5.7e) under these conditions is 68.4 s-.
Compared to CoCrMo, the larger decay constant means faster decay of Ti-6Al-4V fretting currents than
CoCrMo. It is important to note that by the end of 2500 cycles, titanium alloy fretting currents (If) have
fallen to as low as those seen on CoCrMo, despite being almost twice as high initially (I 0) and titanium
generating almost twice as much cumulative damage as CoCrMo (Fig. 5.5). Fitting the larger 316L SS
fretting current vs. time plot (48.1 μQ) in Figure 5.8e with I0 = 0.17 μA and If = 0.04 μA gives a decay
constant (D) of 94.5 s. This is an even shorter decay than Ti-6Al-4V or CoCrMo.
The diminishing fretting currents can be related to a damage function (FD(N)), that while unknown, can
be estimated by the current analysis proposed. Taking the peak current average as FD = 1 and dividing the
instantaneous average current by this average max fretting current gives 𝐹𝐷 (𝑁) =

𝐼𝑓𝑟𝑒𝑡.𝑎𝑣𝑔.
𝐼𝑓𝑟𝑒𝑡.𝑎𝑣𝑔.𝑚𝑎𝑥

. This decay

function is related to the area fraction of bare metal available at any cycle number during oxide
abrasion/repassivation, where FD = 1 is when the full area is available, and as FD approaches 0, the fraction
of area available for corrosion diminishes toward zero. The fall in fretting currents of a single asperity
seemingly contradicts to results shown previously [31]. While the CoCrMo currents (generated at a similar
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frequency of 4 Hz) shown in the Ghanbarzadeh, et al. 2019 experiment also spike initially and fall for what
appears to be the initial 1000 cycles, as damage accumulates, they then begin to rise with continued fretting
[31]. Ghanbarzadeh predicts that the rise is due to flattening of the surface asperities (as they use a macroasperity ball), increasing surface area, and thus creating more contact points and increasing fretting currents.
However, based on the fact that as surface area increases, under constant load, the stress applied will
actually decrease, as more asperities come in contact, meaning less plastic deformation over time. The
results shown here indicate that while it is true the surface area is increasing due to asperity conformity, the
rise in currents is due more to the superposition of all the fretting currents (from the multiple asperities),
due to cumulative fretting and abrasion occurring faster than the repassivation, similar to the cumulative
strain being a sum of the individual strains resulting from applied stresses, as explained by the Boltzmann
superposition principle [76].
This diminishing and changing rate of damage (visible in diminishing fretting currents during million
cycle device cyclic loading [118]) over such a short amount of time is indicative of what goes on during
FCC in tapers. These tapers are made up of many individual asperities, each of which only interacts for a
short duration (likely a few hundred cycles or less based on these results). As the damage spreads over the
entire taper region in contact, the damage seen in retrievals is an accumulation of many individual asperity
contacts wearing at various rates under various stresses (often higher than accounted for), and the model
described here is just a representation of an individual fraction of the entire process. This inconsistent
distribution of taper contact is shown by Witt, et al. 2015, who found that even under high assembly force
(8 kN), overall taper contact area only reached around 16.1% of the entire surface, with this percentage
decreasing to less than 1% at lower seating loads [17]. Thus, modeling fretting corrosion within a modular
taper as anything other than truly micro-asperity contact, as previously attempted, will lead to reliance of
inaccurate assumptions and oversimplified models [30,31,32,33,86, 92, 93,119,120]. Ghanbarzadeh, et al.
2019 even shows with pressure mapping that during “single asperity” contact performed with a 6 mm ball,
the real area in contact is heterogeneous and much less and evolves during sliding [31]. Instead of assuming
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nominal contact, or having to calculate true contact area, as some of these studies did, a truly asperity size
contact with a known geometry removes the need for this kind of analysis.
5.5.2

Load Dependent Fretting

The load dependent fretting currents in Figure 5.10 fit a square root function that tapers off into a critical
load. Fretting currents plotted for all three alloys follow the trend
𝑖 = 𝑘(𝐹 − 𝐹0 )0.5

Eq. 5.6

where i is measured current in nA, k is a constant relating to hardness of each alloy, F is applied load in
mN, and F0 is critical load (below which no currents should be measurable) which arises from the plasticitybased determination of the width of the asperity scratch. Fitting these data reveals a critical load of 19.2
mN for CoCrMo (R2 = 0.96), 12.2 mN for Ti-6Al-4V (R2 = 0.91), and 14.4 mN for 316L SS (R2 = 0.70)
(with kCoCr = 3.31 nA/mN0.5, kTi6 = 18.1 nA/mN0.5, and kSS = 21.7 nA/mN0.5). This is important to note,
because this critical load is essential to be able to apply the theoretical load-dependent model. Shifting the
model laid out by Gilbert, et al. 2020 [76] along the x axis to begin at the critical load (instead of at load =
0), gives rise to an almost perfect prediction of cobalt chromium alloy and titanium alloy fretting current
behavior, further validating the accuracy of the model explained in Section 5.3.3.4.
5.5.3

Potential Dependent Fretting

From Equation 5.3, we can see that while load/stress influences fretting current, so does potential.
Applied potential vs. onset potential are linearly related to fretting currents, i.e., increasing the local
potential of a system will directly increase the amount of fretting current seen during fretting corrosion
[8,76]. The zone where this linear relationship applies is only in the passive region of each alloy: -0.5 V to
+0.6 V vs. Ag-Cl for CoCrMo, < -1.0 V to > +1.0 V vs. Ag-Cl for Ti-6Al-4V, and V to +0.5 V for 316L
SS (Fig. 5.11). Using the slope of potential vs. currents in Figure 5.11 correlates to why 316L SS has much
higher fretting currents than CoCrMo, even though both alloys have similar onset potentials. 316L SS
exhibits an increase of 127 nA/V applied above the onset potential, where CoCrMo only rises 39.4 nA/V
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(almost a third of the rate). Note that A/V = S = Ω- (i.e., the slope is electrical conductivity, which is the
reciprocal of the oxides resistance). So, at 0 V vs. Ag-Cl, the potential that load dependent and cycle
dependent fretting experiments were performed, 316L SS oxide’s much higher electrical conductivity (than
is accounted for by the parameters in Table 5.1), and therefore lower resistance, is what causes the much
higher fretting currents and cumulative charge released from fretting stainless steel compared to CoCrMo.
As discussed, this increase in stainless steel fretting currents above what is mathematically predicted [76]
is possibly due to the potential dependent changes in coefficient of friction, oxide, and fretting current
densities of 316L SS linked to fretting initiated crevice corrosion not observed on Ti-6Al-4V and CoCrMo
alloys [115]. FCC is a major concern for stainless steel orthopedic medical devices where this alloy is
coupled with itself, or passive cobalt chromium and titanium alloys [115].
TiO2 has a fretting conductivity somewhere between that of CoCrMo and 316L SS. It is notable that,
within this experiment, based on linear extrapolation from cyclic fretting currents in Figure 5.11, Ti-6Al4V actually has a calculated onset potential well below the reported -1.0 V vs. Ag-Cl previously reported
[8,76], almost 500 mV. This could be an effect of fatigue wear, not measurable in single pass or 1 cycle
scratch tests.
5.6

Limitations
This experiment consisted of monitoring fretting of multiple biomedical alloys in PBS at various

potentials, under a range of loads, and over time. However, effects of solution presence, solution type, and
asperity size were not assessed. Future works may look at fretting currents in simulated inflammatory
conditions and their effect on oxide film and oxide film modeling. A single micron scale diamond was
chosen as the asperity because it is inert, controllable, measurable, and easily modeled geometrically. The
results and model may be applied to large scale, multi asperity fretting corrosion testing.
While the shape of the stainless-steel current vs. potential and current vs. load curves were accurate,
stainless cyclic fretting currents were under predicted by the Gilbert, et al. 2020. This is likely due to a
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change in parameters used to calculate the oxide film charge density, or some environmental effects
different from theoretical conditions unaccounted.
5.7

Conclusions
Fretting corrosion damage on the micro scale (in terms of depth penetrated and volume removed) is

highly dependent on alloy properties (grain size and hardness), with smaller harder grains in CoCrMo being
more resistant to fretting corrosion than the larger grains of titanium or the less hard stainless-steel alloy.
Regardless of alloy, fretting corrosion damage (volume abraded) and oxide removal (fretting currents) do
not linearly increase with stress/load or duration (cycles). Both trends better fit a square root function,
dictated by k, a coefficient relating to alloy hardness. Over time, the rate of damage decreases for all 3
alloys, due to a change in the surface hardness that can be modeled based on changes in fretting currents
over time with a decay function. Titanium and cobalt chromium alloy’s fretting behavior is very accurately
modeled by the Gilbert/Zhu current model, able to accurately predict changes in currents due to variations
in potential and stress (load).
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6

A mass balance analysis of the tribocorrosion process of titanium alloys using a single
micro-asperity: Voltage and solution effects on plastic deformation, oxide repassivation,
and ion dissolution.

6.1

Abstract

Within modular taper junctions of total hip implants (THA), nominally “smooth” metallic surfaces
contain multiple micro-asperities that slide, are plastically deformed, have their oxide film surfaces
disrupted and corrode during the fretting corrosion processes. In this work, a mass/volume balance
approach is developed and used to assess the contribution of individual components of wear and corrosion
to the entirety of the single-asperity tribocorrosion process for the popular THA alloy, Ti-6Al-4V. This
analysis measures the total volume change (trough) in the surface due to low cycle single asperity fretting
corrosion and compares it to the measured pileup volume which is comprised of plastic deformation,
metal particles and oxide particles, plus the fretting current and the concentration of solution-bound
species. A simple 17

m spherical geometry diamond asperity was used and the trough volume, pileup

volume, fretting currents and ion concentrations were measured to assess their contribution to the fretting
corrosion process. The effects fretting in or out of solution (phosphate buffered saline), and the role of
electrode potential, e.g., freely corroding or forced potential (-1.0 V, 0 V, and +1.0 V vs Ag/AgCl) were
investigated. Under constant 30 mN loading, 100 cycles duration, 3 Hz cyclic frequency and 80 µm
sliding amplitude, the volume abraded, fretting currents, ion release, and pileup volume were all recorded.
Damage was analyzed and quantified using digital optical microscopy (DOM), atomic force microscopy
(AFM), scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS), and inductive
coupled plasma mass spectrometry (ICP-MS). The results were analyzed with ANOVA statistics (α =
0.05). The extent of wear damage (asperity trough volume) is as follows: air = Ecorr, air > -1.0 V = 0 V =
+1.0 V. As the amount of pileup volume decreased between conditions, visible oxide generation
increased, with V > 0 V having more oxide debris generation and air fretting resulting in the least oxide
(and most plastic deformation). Ions in solution were not significant, accounting for less than 1% of the
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damage. Volume analysis showed trough volumes and pileup volumes were very close to one another and
were dominated by plastic deformation. Synergy between wear and corrosion were not observed in this
work.

Keywords: Tribocorrosion; fretting; single asperity; metallic biomaterials; mechanically
assisted crevice corrosion, titanium alloy, antagonism
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6.2

Introduction
Titanium alloys are used significantly in both orthopedics and dentistry within the biomedical field

[121,122]. This is due to their excellent mechanical properties, corrosion resistance, and overall
biocompatibility [119,122]. Because of its wide use as an orthopedic implant material (hip femoral stems,
total shoulder arthroplasty stems, intramedullary rods, and plates and screws), this alloy is placed in
locations often susceptible to not only mechanical abrasion, but also biologically active modes of
electrochemical degradation [122]. Fretting corrosion is often listed as one of the main modes of failure of
such implants [123]. Dental implants are also at risk of damage by tribocorrosion, in devices such as dental
implant-abutment connections, prosthetic bridges, and mandibular fixations [123]. Titanium and its alloys
naturally generate a passive oxide film that assists in preventing corrosion, resisting mechanical abrasion,
and general long-term stability even in harsh conditions [122,124]. However, titanium alloys and the
titanium oxide passive film are both susceptible to abrasion because of its relatively low wear resistance,
when compared to cobalt alloys [123]. Failure by fretting mechanisms is usually a fatigue process, in which
initial cyclic micromotion within a metal – hard body contact leads to abrasion, and often mechanically
assisted corrosion (MAC) [123]. Actual levels of damage and mechanisms of degradation are dependent on
the location of the implant, and factors such as micromotion, amount of load, and surrounding environment
nature (passive, inflamed) and type (tissue, synovial fluid, etc.) [125].
Metal ion release is generally believed to be a significant effect of corrosive and tribocorrosive
degradation of metal implants [125]. Metal degradation products in total hip replacements have been
associated with adverse tissue reaction and the extent to which Ti degradation products affect the local
tissue reactions is not well understood. While levels of ions released from in vivo devices can be measured
with techniques such as inductively coupled plasma mass spectrometry (ICPMS), attempting to attribute
these values to a mass balance of the tribocorrosive process is much more complicated as the system is
open to the rest of the body and not a closed trackable system [126,127]. Elevated titanium levels, even in
healthy patients with well-functioning total hip arthroplasties compared to patients with no implant, have
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been reported after just 10 years, but there is also currently no well-defined threshold below which levels
of metals in blood serum are known to be safe in terms of toxicity [128,129]. It is also reported that fretting
corrosion within modular femoral head-neck junctions is a source of increased titanium levels in patients
with titanium alloy femoral stems and/or acetabular sockets [128], both locations where MAC occurs and
is not well understood either in terms of the type or distribution of tribocorrosion products.
While some studies have attempted to undertake a controlled mass balance analysis of tribocorrosion
in vitro [125,130,131], a mass balance and/or lack of a contained system (i.e. either loose metallic debris
[125], plastic deformation [86,119], or oxide debris were not accounted for). Some tests even report
limitations in total volume loss not being able to be accurately measured by techniques such as optical
profilometry [125] but it remains to be a popular method [30,31,33,86,119], and/or component volumes
were estimated from other component volumes or calculations based on mathematical models [30,31,125].
Current studies, attempting to model the tribocorrosive process, often break up the mass balance of
total volume lost during fretting corrosion into chemical volume loss (corrosion) and physical (wear)
volume loss [125]. There are many assumptions made with this system and reliance on ideal models.
Titanium alloys have a passive oxide film, only a few nanometers thick, that acts as a barrier to inhibit
corrosion [42,43]. This oxide layer can easily be abraded during fretting by hard asperities. As the oxide
film is disrupted, the passive layer rapidly regrows, and the electrons liberated during oxide film
repassivation are measurable as fretting currents that may reflect both ion release and film repassivation
currents [76]. With titanium, for most potentials, the fretting currents are overwhelmingly associated with
the oxide film repassivation process as the solubility of Ti ions in aqueous solutions is very small (on the
order of parts per billion). Indeed, currents measured in such experiments involve charge resulting from
both ion release into solution and oxide formation by the repassivation reaction. The appropriate
partitioning of this current between ions and oxides has not been well defined in many of these studies and
is often considered to be related to ions in solution only and not related to the oxide debris formed and
present on the surface.
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These in vitro studies were also focused on cobalt alloys [125] and stainless steel alloys [92,104,111]
while excluding titanium as a tribocorrosive alloy. Titanium alloys are actually a better candidate to apply
such analyses. Ion analyses can be easily modeled due to the alloy’s composition being 90% of a single
element and their ion being comprised of a majority (sometimes 100%) abundance of each element in a
single stable isotope of each [132,133,134]. Ion calculations can also be simplified due to titanium alloys’
low ionic levels during fretting corrosion [129]. This alloy also has an oxide that remains intact and passive
over a large range of voltages, allowing the fretting corrosion behavior to be studied in very anodic and
very cathodic conditions, beyond the limits of chromium oxides [44,119, 124].
Therefore, the goal of this study is to quantitatively measure the type and amount of damage that occurs
during the tribocorrosion process of fretting corrosion on Ti-6Al-4V using a single small scale asperity
fretting corrosion test method. While the progression of wear and corrosion is governed by the sliding
contact mechanics and oxidation processes of the alloy being abraded, it also depends on those of the
abrasive counter body [37,123]. The single asperity trough volume, pileup volume, fretting corrosion
currents and ion concentrations in solution were all measured during short duration tribocorrosion
experiments. Variations of air/solution and voltage in solution were explored. Our hypothesis is that the
different damage processes will depend on environment and potential and the distribution of damage modes
will similarly vary. Further, we expect that the trough volume will be closely related to the volumes of
debris (metal and oxide), plastic deformation of the surface and ions released into the solution.
6.2.1

Volume Analyses

In this experiment we used an inert diamond asperity with a known geometry (R = 17 µm) as the
abrasive counter body to remove any effects of galvanic coupling and wear of the asperity during the
entirety of the test. Several different experimental methods were used to quantitatively measure the different
volumes involved in a tribocorrosion process. These included the trough volume (VT), the pileup volume
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(VP, which is comprised of plastic deformation, metal particle generation and oxide particle generation),
fretting current-based volume (VI) and the volume of ions released into the solution (VICPMS).
Figure 6.1 shows a schematic of overall process of tribocorrosion.

Figure 6.1. Schematic of the proposed process of tribocorrosion (measured by volume of material removed) by a
single asperity, comprised of a combination of wear and corrosion mechanisms (plastic deformation, oxide
repassivation, and ion dissolution).

To quantify the individual components of corrosion and wear’s contribution to the overall
tribocorrosion process, each contributing factor was measured (VT, VP, VI and VICPMS) using various
techniques. Here, the single diamond asperity cyclic sliding induces a trough in the metal that constitutes
the total volume “removed”. In reality, this trough is comprised of several processes consisting of
plastically deformed metal beneath and at the surface and the generation of wear particle debris (both metal
and oxide) and can be considered the tribological volume removed (VTR). This volume was measured using
Atomic Force Microscopy (AFM) methods. Second, there is a pileup of material around the trough which
consists of the plastically deformed surface plus any adhered metallic and oxide wear debris. Ideally, since
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plastic deformation is a constant volume process, the amount of the trough volume resulting from plastic
deformation should be equal to the volume of plastically deformed material piled up. A third measurement
took the solution after testing and subjected it to ICP-MS for measurement of metals in the solution as ions,
and fine suspended particles (VICPMS). From this concentration measurement, the volume of solution-based
metal can be calculated. Finally, instantaneous measurement of the fretting corrosion currents during
fretting provides a means to determine the charge associated with the repassivation reactions (i.e., oxide
formation) and any anodic ionic dissolution reactions and is associated with a current-based volume (VI).
If the volume of oxide formed is assumed equal to the volume of oxide disrupted, then the currents reflect
oxide debris volume formed as well. Some of these measurements are not independent. For example, the
fretting currents reflect ions and oxide particles while the ICP-MS measurement measure ions or other small
metal oxidation-based nanoparticles suspended in the solution. The pileup volume includes oxide debris
that is also detected by the currents. In addition, the trough volume may be reduced by entrainment of
oxide debris back into the trough surface which will partially refill in the trough, and alter the properties of
the wearing region, altering the tribocorrosion interaction. However, this multiple measurement approach
provides an opportunity to carefully and fully measure most of the relevant quantities present.
The volume balance analysis, therefore, is one where the volume of the trough is compared with the
other volumes define and ideally these two volumes will be equal according to:
1

𝑉𝑇𝑅 = 𝑉𝑝𝑙 + 𝑉𝑚 + 𝑃𝐵 𝑉𝑜𝑥 + 𝑉𝑖𝑜𝑛

Eq. 6.1

Here, VTR is the trough volume, Vpl is the plastic deformation-based volume in the pileup, Vm is the metal
particle volume associated with the pileup volume, Vox is the volume of oxide debris generated and Vion is
the volume of metal released as an ion into the solution. The constant PB is the Pilling Bedworth ratio for
Ti (1.75) which is the ratio of the volume of oxide per cation to volume of metal. This term is introduced
because the trough was made from metal, while the oxide volume is made of metal oxide, and is 1.75 times
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larger than the metal from whence it came. Thus, to compare the trough volume to the oxide volume PB is
required.
Ultimately, this expression needs to be put into the context of the quantities that we can measure in the
experiment (VTR, Vp, VI, VICPMS). First, the pileup volume (Vp) is comprised of the plastic deformation
volume (Vpl), the metal particle volume (Vm) and the volume of oxide formed (Vox). This assumes neither
metal or oxide particles wander away from the scratch region and are captured in the AFM measurements.
That is:

V p = V pl + Vm + Vox

Eq. 6.2

The current-based volume, VI, is related to the volume of oxide (or the volume of metal from which oxide
is formed), and the volume of metal in solution as ions. That is:

VI =

Vox
V
+ Vion = ox + VICPMS
PB
PB

Eq. 6.3

Where Vox is the volume of oxide, PB is the Pilling Bedworth ratio and VICPMS is the volume of ions
measured with ICP-MS.
Solving for Vox in Eq. 6.3 and substituting into Eq. 6.2 yields

V p = V pl + Vm + (VI − VICPMS ) PB

Eq. 6.4

(where VI is found from Faraday’s law for the reacting metal, see below).
Here, the plastic deformation volume and the metal particle volume can be thought of as the tribological
volume (Vwear) expressed as
𝑉𝑤𝑒𝑎𝑟 = 𝑉𝑝𝑙 = 𝑉𝑝 − (𝑉𝐼 − 𝑉𝐼𝐶𝑃𝑀𝑆 )𝑃𝐵
And the volume due to corrosion, VC, is
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Eq. 6.5

𝑉𝐶 =

𝑉𝑜𝑥
𝑃𝐵

+ 𝑉𝐼𝐶𝑃𝑀𝑆

Eq. 6.7

Therefore, the total tribocorrosion volume (VTC) is the sum of the tribological volume and the corrosion
volume as:

𝑉𝑇𝐶 = 𝑉𝐶 + 𝑉𝑤𝑒𝑎𝑟 =

𝑉𝑜𝑥
𝑃𝐵

+ 𝑉𝐼𝐶𝑃𝑀𝑆 + 𝑉𝑝 − (𝑉𝐼 − 𝑉𝐼𝐶𝑃𝑀𝑆 )𝑃𝐵

Eq. 6.8

Or
𝑉𝑇𝐶 = 𝑉𝐶 + 𝑉𝑤𝑒𝑎𝑟 = 𝑉𝑝 + 𝑉𝐼 (1 − 𝑃𝐵) + 𝑉𝐼𝐶𝑃𝑀𝑆 𝑃𝐵

Eq. 6.9

This result shows that the total tribocorrosion volume loss (i.e., the trough volume) is comprised of a
corrosion and a wear volume which can be expressed in terms of the measured parameters of the pileup
volume, the fretting current based volume and the volume of ions measured in the solution. This term will
be compared to the volume of the trough generated to see how these two relate to one another.
Both the trough volume and the pileup volume can be directly measured using Atomic Force
Microscopy methods. The VI can be measured potentiostatically and estimated from Faraday’s law
assuming the charge measured goes directly to generating metal oxide (principally TiO2). Finally, VICPMS
is the volume of metal obtained from the total ions measured in ICPMS converted into an equivalent metal
volume. This metal is both ions and small suspended cation-based particles/molecules.
It should be mentioned that this analysis assumes that the trough does not include impaction and
embedding of oxide into the trough volume. As will be shown, this is not strictly true for these experiments,
and this may be one source of error in the analysis. A second weakness is if some of the debris migrates
away and is not captured in the pileup volume.
Extent of damage (by wear during fretting in air or fretting corrosion in solution) will be measured
within the single asperity trough generated from reciprocal sliding of the diamond. We hypothesize that the
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relative mass balance described will be environment dependent and affected by electrode potential in
solution.
6.3

Materials & Methods
Ti-6Al-4V (ASTM F-1472) was chosen for testing. Alloy discs were polished with a 0.3 µm alumina

in water suspension, rinsed in water, and sonicated in 70% ethanol to obtain a metallurgically polished
surface.
6.3.1

Scratch Formation and Damage Generation

Fretting was performed first in air (wear only with no electrochemical corrosion just air oxidation), in
phosphate buffered saline (PBS) but allowed to freely corrode with no potential control (Ecorr), and in PBS
while at a held potential (either -1.0 V, 0 V, or +1.0 V vs. Ag-Cl.) to investigate the effect of potential on
damage type/extent.
6.3.1.1 Dry Fretting in Air: Wear Only
A single 17 µm radius diamond tip asperity attached to a custom-built load cell was used to generate
scratches (n = 3 for each condition investigated), nominally 80 µm long, on the metal surface. All scratches
were produced under 30 mN loads for 100 cycles at 3 Hz. While this low number of cycles may not be
representative of long-term fretting corrosion processes in vivo, the local, intermittent asperity contact in
such interfaces often move and switch over time such that any one local asperity may engage for far shorter
periods than the entire implantation time. In addition, significant damage, even at low nominal contact
stresses, was imparted to these surfaces that were sufficient to measure the damage induced. Horizontal
movement was controlled by a piezoelectric actuator (Modular Piezo Controller System ENV, piezosystem
jena, Inc., Hopedale, MA) connected to a function generator (SFG-210, Global Specialties, Yorba Linda,
CA). Fretting was performed in air in order to separate the components of wear and aqueous corrosion in
the tribocorrosion process, and to study the plastic : metal debris : oxide debris : ion ratios and their
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dependence or lack thereof on presence of corrosion and applied potential vs. wear only. Because no ionic
solution was present during testing in air, only total material removal and plastic deformation were
measured. The remaining unaccounted for material loss was attributed to metal debris. Though titanium
metal with alloying elements Al and V is known to instantaneously oxidize when exposed to air or aqueous
solution, during fretting and fretting corrosion, total volume also contains a small portion that is metallic
debris that is not plastic deformation but also not oxidized. An example of the debris field before rinsing is
shown below in Figure 6.2.

Figure 6.2. (a) Debris field adjacent to the 100-cycle wear track (generated by a single 17 µm radius asperity under
50 mN loads in air) and (b) the same wear track after loose debris was rinsed with DI water.

The debris field around the perimeter of the track (Fig. 6.2a) was not measured because it was assumed
that fretting current measurements (explained later in Section 6.3.1.3) would account for most, if not all, of
the dislocated material that almost completely oxidizes.
6.3.1.2 Fretting in Solution: Freely Corroding
For testing in PBS solution, the samples were placed in an electrochemical cell in Phosphate Buffered
Saline (PBS, powder, P3813-10PAK, SIGMA-ALDRICH, St. Louis, MO). The same diamond asperity,
load cell, and signal generator were used to produce the scratches (n = 3). The sample was allowed to freely
corrode to simulate the natural, unbiased tribocorrosion process. Currents were not monitored during this
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test, since there was no potential hold performed. Therefore, as with fretting in air, any remaining material
removed and unaccounted for was credited to metal debris and oxide debris, while ion release was assumed
negligible with no solution present.
6.3.1.3 Fretting in Solution: Constant Potential
Lastly, using the same setup described for the in-solution tests, with a 3-electrode potentionstat (EG&G
263A, Princeton Applied Research/Ametek, Inc., Berwyn, PA) added to control potential, fretting corrosion
was repeated for 100 cycles at 3 Hz under 30 mN loads. A Cl-coated Ag wire was used as the reference (197 mV to SHE), with a carbon counter electrode, and the Ti-6Al-4V disc as the working electrode. During
fretting under a controlled potential, fretting currents were also recorded as a measure of oxide film
repassivation/quantification.
Potential was held constant during at 0 V vs. Ag-Cl in order to provide a more repeatable test with less
variability. Baseline current was allowed to settle for before fretting was initiated for 100 cycles. After
fretting was stopped, the baseline current was again allowed to recover, with the entire duration of one test
being around 50 seconds. An example of fretting currents is shown in Figure 6.7. This was repeated for 3
runs at 0 V, and again on a new sample surface at -1.0 V (n = 3) and +1.0 V (n = 3) to study local potential
effects on oxide film behavior.
6.3.2

Post-test analysis and imaging

After completion of the experiment, several different qualitative and quantitative analyses were applied.
These were done to describe the nature of the damage and to provide a quantitative analysis of the worn
region, the adjacent pile-up region, the areal distribution of oxide products, the measurement of fretting
currents (for potentiostatic tests) and the associated charge, and the ions released into the solution (again,
for tribocorrosion tests).
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Qualitative analysis of the fretting scars were captured using a digital optical microscope (Keyence
VHX-6000, Mahwah, NJ) for initial post-test imaging of the damage location. The scratch length as well
as width was measured and recorded using the DOM software in order to maintain consistent wear
amplitude.
6.3.2.1 SEM/EDS measurements: Oxide Generation
Abraded areas were also imaged in both secondary and backscattered (BS) electron imaging using
scanning electron microscopy (SEM, Hitachi S-3700N, Tokyo, Japan), with energy dispersive spectroscopy
(EDS, Aztec, Oxford Instruments, Abingdon, UK) for chemical analysis of elements present. Local damage,
debris generation, plastic wear, and presence of oxide were all assessed using SEM/EDS. Aztec software
was used to quantify titanium, aluminum, vanadium, oxygen, and phosphorous in terms of weight percent
and to generate elemental maps of the damaged areas in order to study effect solution presence and potential
on oxide film formation and debris generation. Oxide generation was based on oxygen maps obtained for
the scratched regions and the associated particles generated.
6.3.2.2 Current-Based Oxide Generation: Charge-Volume Calculation
The oxide repassivation reactions that generates repassivation currents is shown in Equation 6.10
below.
𝑇𝑖 + 2𝐻2 𝑂 → 4𝑒 − + 4𝐻 + + 𝑇𝑖𝑂2

Eq. 6.10

During constant potential holds (-1.0 V, 0 V, and +1.0 V vs. Ag-Cl ref.), the titanium surface was abraded
for 100 cycles under 30 mN at 3 Hz with the diamond asperity with each potential likely inducing different
thickness of repassivated oxide film. The generated currents were recorded using the 3-electrode
potentiostatic test condition and the fretting currents were determined by subtracting the baseline current
from the total current. The fretting current data was numerically integrated to obtain the charge associated
with this current over the time of the experiment. That is,
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𝑡

𝑄 = ∫0 𝐼𝑑𝑡 ≃ ∑𝑛𝑖=1

(𝐼𝑖 +𝐼𝑖+1 )
2

∗ (𝑡𝑖+1 − 𝑡𝑖 )

Eq. 6.11

From total charge, the volume of oxide generated can be obtained if the charge per oxide volume is known
𝑄
𝑉

=

𝜌𝑇𝑖𝑂2 𝑛𝐹
𝑀𝑤𝑇𝑖𝑂2

𝑀𝑤𝑇𝑖𝑂2

or 𝑉 = 𝜌

𝑇𝑖𝑂2 𝑛𝐹

𝑄

Eq. 6.12

For TiO2, the charge per volume is 20.4 kC/cm3, or 20.4 C/mm3. Thus, dividing the measured charge by
this factor yields the volume of oxide generated, assuming all charge goes to making oxide. Thus, by
measuring the total charge one can estimate the volume of reaction product generated and the time course
of this process during fretting. In this study it is shown that nearly 100% of this charge forms oxide.
The analysis of volumes will also need to have the concept of the Pilling-Bedworth ratio (PB) to
calculate volume of metal to form a known volume of oxide, Equation 6.13.
𝑀𝑤𝑇𝑖𝑂2 𝜌𝑇𝑖

𝑃𝐵 = 𝑛∗𝑀𝑤

𝑇𝑖 𝜌𝑇𝑖𝑂2

= 1.75

Eq. 6.13

Where MwTiO2 is the molecular weight of titanium oxide (g/mol), ρTi is the density of titanium metal (g/cm3),
n is the number of cations from the metal that form each molecule of oxide (n = 1 for Ti), MwTi is the atomic
weight of titanium metal (g/mol), and ρTiO2 is the density of the oxide (g/cm3).
6.3.2.3 Ion Measurement
After 100 cycles of fretting, 1 mL of PBS from the test (virtually the entire test solution volume) was
collected for ICP-MS ion analysis (iCAP RQ, Thermo Fischer Scientific, Bremen, Germany). A control
sample (alloy present, but no fretting interaction) for each potential was also collected after a 50 second
hold (time required for one fretting test) at a fixed potential with no fretting. These ICPMS samples were
labeled as “corrosion only.” Isotopes of titanium (46Ti, 47Ti, 48Ti, 49Ti, and 50Ti), aluminum (27Al), and
vanadium (50V and 51V) were all counted against a calibration solution of a blank solution and standard
(Multi Element Environmental, Ricca Chemical Company, Arlington, TX). The most abundant isotope of
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each element is 48Ti (73.7%), 27Al (100%), and 51V (99.8%) were reported for simplicity. The acid matrix
for all test samples contains 5% HNO3. A 100 ppm Yttrium Internal standard was included (Ricca Chemical
Company, Arlington, TX) as diluted with ultra-high purity (UHP) water. All samples were measured in
triplicate and averaged.
The equivalent volume of Ti released, based on the ppm measurement of Ti in solution can be found
from

VTi = CTi

s
Vs 106 (um3 )
Ti

Eq. 6.14

where VTi is volume of Ti released (in µm3), CTi is the concentration of Ti in the test solution (in ppm), rs
and rTi are the densities of the solution (approximately 1 g/cm3) and Ti (4.5 g/cm3) and the volume of
solution (in cm3 or mL).
Because Ti-6Al-4V is 90% by weight titanium, Ti ion concentrations were used to calculate mass of
alloy removed as ion dissolution.

6.3.2.4 Material Removed and Plastic Deformation
After imaging the scratch and surrounding debris, loose debris was removed using carbon tape and
rinsing with DI water. Peak force tapping mode atomic force microscopy (Dimension ICON AFM, Bruker
Waltham, MA, US) was then used to image and characterize the fretting damage regions. The wear track
dimensions were within the scan size required to image using AFM (< 90 µm x 90 µm). A 3D rendering of
the surface was processed with Nanoscope Analysis software v1.8, with a first order plane fit applied to all
images. Where necessary, flattening of specific regions (outside the perimeter of the scratch, example in
Figure 6.10b) was done to remove any topography that would unintentionally influence the bearing analysis
volume measurements. Scratch volume (Fig. 6.3b), as well as pileup volume (Fig. 6.3c) was obtained from
the 3D model produced from AFM (Fig. 6.3a) and compared between test variables. Volume of the scratch
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below the surface, shown in Figure 6.3b, was used as the measurement for material removed. The volume
of the scratch and the pile up regions were measured by the bearing analysis software of the AFM and are
shown at the bottom of Figure 6.1.

Figure 6.3. (a) 3D reconstruction of the AFM height sensor map along with volume analysis of (b) volume of scratch
trough and (c) (majority plastic deformation) pileup around the scratch, bearing analysis was used to measure the
material removed below the surface and pileup.

Figure 6.3c shows the measurement of pileup, attributed to plastic deformation, after loose metal and
oxide debris was attempted to be removed with carbon tape.
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6.3.3

Statistical Analysis

Statistical analysis of the results was carried out on volume of material removed, volume of oxide
generated, volume of plastic deformation, ratio of material removed to plastic deformation, and elemental
distribution of debris generated using analysis of variance methods (One-Way ANOVA) with T-tests as a
post-hoc analysis, and ion levels released using Two-Way ANOVA (element/potential) to determine effect
of solution presence and potential, with α = 0.05 statistically significant. Tukey post-hoc was used, where
appropriate, to determine significance within analysis.
6.4

Results

6.4.1

Oxide Generation

SEM and BSE images of damage after 100 cycles in air, PBS no potential (Ecorr), and at constant
potential holds (-1.0 V, 0 V, and +1.0V vs. Ag-Cl) are shown below in Figure 6.4.
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Figure 6.4. SEM (left) and BS (right) of damage by single diamond asperity on Ti-6Al-4V in (a) air and (b-e) solution
showing differences in extent and type of damage.
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When comparing fretting in air (wear only) to in solution (wear and corrosion), there was less oxide
embedded into the abraded surface and less adherent debris around the wear track after fretting in air (Fig.
6.4a) than in solution with no potential hold (Fig. 6.4b). Figure 6.4b shows more adherent debris and
damage when the surface was allowed to freely corrode than when potential was held constant at 0V (Fig.
6.4d). As potential was increased, the amount of damage appears to have decreased, when all other
parameters remain constant (Fig. 6.4c-e).
Atomic percent was calculated from measured Aztec EDS weight percent analysis of sample surfaces;
O mapping shown in Figure 6.4. Figure 6.5 shows atomic percent (with Ti, Al, V, O, and P totaling to
100%) of Ti and O dependence on solution.

Figure 6.5. Elemental atomic percent of (a) titanium and (b) oxygen from Aztec measurement after fretting 100 cycles
in each solution, n = 3, * represents statistical difference between groups in 6.5b.

One-way ANOVA shows that during fretting the distribution of Ti and oxygen in debris is significantly
dependent on solution presence (pTi and pO < 0.01). Tukey HSD post-hoc shows that the amount of oxide
debris (O wt%) increases from fretting in air to fretting under contestant potential (p -1V = 0.049996, p0V <
0.01, p+1V < 0.01). O wt% is significantly lower at Ecorr than a during neutral potential hold (p0V < 0.01) or
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during anodic polarization (p+1V = 0.01). O wt% at -1V was significantly lower than at 0V (p = 0.01). No
other combinations were statistically significant (p > 0.09).
6.4.2

Oxide Generation: Volume Calculation

Before applying the potential for each trial, average open circuit potential (OCP) recorded for each of
the 9 samples was -0.30 V vs. Ag-Cl + 0.17 V. One-Way ANOVA shows baseline current varies
significantly between potentials (p < 0.01), and Tukey HSD post-hoc indicates variation between all three
groups (p > 0.01).
Figure 6.6 below shows the baseline and fretting currents recorded at each potential (V vs. Ag/AgCl).

Figure 6.6. Individual fretting and baseline currents in µA (before normalizing data by subtracting baseline) at -1.0
V, 0V, and +1.0 V vs. Ag-Cl with fretting initiated around 7 seconds until 40 seconds, generated under 30 mN loads
in PBS by a single diamond asperity.

Several important observations can be made from these plots. First, the baseline currents varied with
potential as expected and these baseline currents were subtracted from the total currents to obtain the fretting
currents only. It is important to note that the baseline currents were not perfectly constant but varied over
time. To subtract the baseline, first baseline currents immediately before and after were measured to obtain
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an average baseline which were subtracted from the total currents measured during fretting to obtain the
fretting currents. Some important observations from the fretting currents are, first, that fretting currents
rapidly decayed to near zero for the +1 V samples, while fretting currents lasted longer for the 0 V case and
longer still for the -1 V case. Second, the average fretting current amplitude, measured while fretting
currents were ongoing varied with potential as well. These were small at -1V and increased for 0 V and +1
V conditions. Third, because the fretting currents stopped early in the 100 cycle test, the total amount of
charge generated also decreased as a result. The fact that the currents fell to zero rapidly is notable, as well
as that the drop to zero was faster at +1V less quick at 0 V and slowest at -1V. An additional experiment
was performed with DVRT motion tracking to prove this fall in currents was not due to the asperity sticking
in the surface. But it was proven that the asperity remains in motion the full amplitude during the entirety
of the 100 cycles.
As explained in Section 6.3.2.2, fretting corrosion performed in solution under a constant potential
results in a measurable fretting current above the baseline current (Fig. 6.7a) that can then be used to
calculate volume of oxide, and therefore volume of Ti-6Al-4V alloy converted to oxide (Fig. 6.7b).

Figure 6.7. (a) Fretting current above the baseline measured during 100 cycles at 3 Hz under a constant 30 mN load
and 0V vs. Ag-Cl, fretting begins at 8 seconds and stopped at 41 seconds. (b) Volume of titanium metal converted to
TiO2 generated from single asperity diamond fretting titanium for 100 cycles under 30 mN during a 0V hold, n = 3.
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Following Equation 6.11, integrating with respect to time from 8 seconds to 41seconds yields charge
Q (Coulombs), which is then used to calculate oxide volume as well as metal volume with Equation 6.12.
The measured current (µA) directly related to the volume of removed Ti-6Al-4V (µm3) to form that much
oxide is shown in Figure 6.7b. These currents in Figure 6.7a correspond to 18.5 + 3.9 µm3 (-1.0 V), 24.2 +
11.1 µm3 (0 V), and 20.9 + 3.3 µm3 (+1.0 V) of Ti-6Al-4V removed during fretting accounted for as oxide
repassivation (Fig. 6.7b). One-Way ANOVA indicates no correlation between potential and volume of
titanium metal converted to Ti oxide during the entire course of fretting (p = 0.63). This is likely due to the
shortened time where fretting currents were observed in the more positive potentials compared to the -1 V
condition.
Figure 6.6a and Figure 6.7a show examples of fretting current (above the baseline) that varies
throughout the 100 cycles and is also dependent on applied potential. Figure 6.8 are cumulative charge plots
versus cycles which indicate in the early period that the charge increased roughly linearly but eventually as
the fretting currents fell to zero, the cumulative charge became constant. Figure 6.8b shows only the
approximately linear portions of each voltage’s cumulative charge. The rate of charge accumulation in this
linear region depends on potential and is highest for +1V, then 0 V and lowest was -1 V.

Figure 6.8. (a) Average cumulative charge released (n = 3, with standard deviations) from fretting corrosion by a 17
µm radius diamond single asperity under 30 mN loads over 100 cycles of fretting in PBS under constant potential (-1
V, 0 V, +1 V vs. Ag-Cl). Significant p values reported are for -1 vs. 0 V and -1 vs. 1 V at 30 cycles, and only for -1
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vs. 0 V at 40 and 50 cycles. (b) Initial rate of average charge release, stopping where rate becomes nonlinear (R2 >
0.995, i.e., rounding to 1.0).

Tukey post-hoc shows the only significant potential dependent variations were between -1.0 V and 0
V and between -1.0 V and +1.0 V after 30 cycles (both p = 0.03), and between -1.0 V and 0 V after 40
cycles (p = 0.02) and 50 cycles (p = 0.03), shown in Figure 6.8a. There were no significant differences in
the amount of charge released after any duration between 0 V and +1.0 V.
6.4.3

Ion Measurement

After fretting, PBS was collected and analyzed with ICP-MS to determine ion levels of the most
abundant isotope of each element 48Ti (73.7 %), 27Al (100 %), and 51V (99.8 %). Because ICP-MS uses
Type 1 water as a calibration standard, all ion measurements in Type 1 are negligible. The phosphate and
oxygen in PBS solutions (made either with DI or Type 1 water) cause a considerable interference with 46Ti
and 47Ti measurements, making them much higher than all other ions in PBS as well as higher than the
respective values in Type 1 or DI water only. Smaller levels of 48Ti, 49Ti, 50Ti, 27Al, 50V, and 51V were
also measurable in PBS/Type 1 and PBS/DI solutions but were all < 10 ppb (negligible). For this reason,
as well as the fact that 48Ti is the most abundant isotope, 48Ti was chosen for analysis, along with 27Al
(100% abundance) and 51V (99.8% abundance).
The value of each respective ion measured in control solution (PBS/Type 1 with no potential hold or
fretting) was subtracted from the value of ions measured in the solution after fretting. This was done
because, as previously mentioned, there were small amounts of each ion measured in the control solutions,
even when no corrosion/fretting was introduced. Average fretting ion release measurements (minus baseline
Type 1 PBS values) are plotted in Figure 6.9, n = 3.
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Figure 6.9. Average “Fretting + Corrosion” ion count (n = 3) of (a) 48Ti, (b) 27Al, and (c) 51V after fretting of Ti6Al-4V 100 cycles under nominal load of 30 mN during a potential hold of -1.0 V, 0 V, or +1.0 V vs. Ag/AgCl in
PBS. Ion counts (n = 1) measured during “Corrosion Only” before fretting was also introduced at each potential are
indicated with a X. [note the larger y-axis scale bar for 27Al]

Figure 6.9 shows that the ion levels measured at any potential were not higher when fretting was
introduced to corrosion. Ions released from fretting are negligible, and tribocorrosion (fretting + corrosion)
ion release is non-distinguishable from corrosion only. Therefore, this analysis will focus on ions released
during the fretting corrosion process as a result of local potential, and the volume measurement of Ti-6Al4V converted to ions is assumed negligible compared to the total mass balance.
Figure 6.9a, above, shows titanium ion levels (ppb) during corrosion only (n = 1) and during fretting
corrosion (n = 3). Values reported are after factoring out ion measurements in the control baseline Type
1/PBS. Seen in Figure 6.9, measured levels of 48Ti, 27Al, or 51V were not discernably increased by the
introduction of fretting to corrosion.
The ion levels were not dependent on potential (p > 0.05) for all ions.
6.4.4

Material Removed and Plastic Deformation

The depth and volume measurements for the different test conditions are shown in Figure 6.10.
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Figure 6.10. (a) Volume below surface area measured from 3D model generated during peak force tapping AFM
mode of scratch generated with 17 µm asperity in air, PBS/Ecorr, and PBS at constant potential, n = 3, and (b) bearing
analysis measurement of material removed from Ti6 during fretting during 0V hold, *represents statistical variation
between groups.

Single factor ANOVA on this measurement indicates that the amount of material lost during fretting
for 100 cycles under 30 mN loads varies significantly depending on solution presence (p < 0.01). Tukey
HSD post-hoc shows that volume of material removed during fretting in air (wear only) is significantly
more than the volume removed during fretting corrosion in solution with constant potential (p -1V = 0.01,
p0V = 0.01, and p+1V < 0.01), and during fretting corrosion under freely corroding conditions (pEcorr = 0.03).
Volume of material removed does not significantly vary with potential or lack-thereof (p > 0.21).
Figure 6.11 shows measured values of material plastically deformed, after loose oxide and debris were
removed from the surface.
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Figure 6.11. (a) Volume above surface area measured from 3D model generated during peak force tapping AFM
mode of scratch generated with 17 µm asperity in air, PBS/E corr, and PBS at constant potential, n = 3, and (b) bearing
analysis measurement of Ti-6Al-4V material pileup by fretting during 0 V hold, * represents statistical variation
between groups.

One-Way ANOVA showed that volume of pileup changed significantly once solution was added (as
the process changed from fretting only to fretting corrosion) (p < 0.01). Tukey HSD post-hoc analysis
indicates that volume of pileup after fretting in air (wear only) is significantly more than volume that is
generated when fretting in solution (tribocorrosion) (pEcorr < 0.01, p-1V < 0.01, p0V < 0.01, and p+1V < 0.01).
The volume of pileup generated at Ecorr is significantly more than at +1.0 V (p = 0.03). All other
combinations were not significantly different (p > 0.08).
The above-mentioned values of material removed, and plastic deformation were used to calculate the
ratio of plastic deformation to material removed
Statistical analysis (One-Way ANOVA) shows that there is no significant effect of solution
environment on the ratio of measured plastic deformation to material removed during fretting (p = 0.36).
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6.4.5

Mass Balance Assessment; Plastic Deformation : Oxide Generation : Ion Dissolution : Metal

Debris
Individual components of damage were averaged with standard deviations shown below in Figure
6.12a. Figure 6.12b shows the total volume and Figure 6.12c shows the individual volumes of the
components of tribocorrosion (plastic, oxide, and ions) in relation to the volume of material removed (VTC)
during fretting (air) and fretting corrosion (Ecorr, -1.0 V, 0 V, and +1.0 V). Metal debris could not be directly
measured so were not included.

*Vox not measurable for air and Ecorr, but assumed VoxEcorr similar to Vox0 V.

Figure 6.12. (a) Averages and standard deviations of the volume measurements and calculations of V TR, VI, VICPMS,
and Vp, in air, and in solution (PBS) at cathodic, freely corroding, passive, and anodic conditions. (b) The total
combined volume of individual components Vpl + Vox/PB + Vion in relation to volume of tribocorrosion (V TC), with
maximum total values (if all oxide debris was successfully removed and was not captured in the pileup volume) and
minimum total values (assuming that the pileup was both plastic and oxide) (n = 3). (c) Stacked volumes of individual
components Vpl, Vox/PB, and Vions, as well as component percentage of VTC (assuming oxide was successfully removed
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from pileup, and thus primarily plastic deformation). Notice no values shown for metal debris (V m) because it can’t
be directly measured.

Figure 6.12a shows that at all conditions, significant volumes of removed material was captured in the
pileup volume (Vp), with less measured in fretting currents (VI), and even less in metal in the solution
(VICPMS), in comparison to VTR. Figure 6.12b depicts the volume removed (VTC) compared to the total of all
component volumes of plastic deformation (Vpl), metal to oxide (Vox/PB), and ion dissolution (Vion). If we
look at the difference between VTC - (Vpl + Vox/PB + Vions)max in Fig. 6.12b, which assumes the volume of
pileup did not contain any oxide debris or losse metal debris, we get between 4 - 57% unaccounted for
material, varying by condition. Likely the remaining volume of unaccounted for material (which is larger
at dry and cathodic conditions) is due to metal debris (Vm) that did not remain within the perimeter of the
wear track, and thus was not captured in the AFM pileup measurement (Vp). Average volumes with Vpl =
Vp, Vox/PB = VI, Vions = negligible, and Vm = Vunacc. are as follows: (air) Vplair = 344 + 27 µm3, Vionsair = 0
µm3, Vmair = 132 µm3, (-1V) Vpl-1V = 64.7 + 19 µm3, Vox/PB-1V = 18.5 + 4 µm3, Vions-1V = 0 µm3, Vm-1V = 111
µm3, (Ecorr) VplEcorr = 147 + 74 µm3, Vox/PBEcorr = est. ~VoxPB0V µm3, VionsEcorr = 0 µm3, VmEcorr = 54.3 µm3,
(0V) Vpl0V = 127 + 14 µm3, Vox/PB0V = 24.2 + 11 µm3, Vions0V = 0 µm3, Vm0V = 6.49 µm3, and (+1V) Vpl+1V =
33.3 + 25 µm3, Vox/PB+1V = 20.9 + 3 µm3, Vions+1V = 0, Vm+1V = 9.73 µm3. Stacked averages shown as
combined volume in Fig. 6.12b are shown as individual component volumes in Fig. 6.12c (standard
deviations not shown).
6.5

Discussion

6.5.1

Oxide Generation

Forcing each potential (some further away from the natural OCP than others) results in baseline currents
deviating further from net 0 µA, Figure 6.6a. Figure 6.6b shows that the relationship between increased
applied potential is linearly related to increased current (i.e. net flow of electric charge on the alloy surface).
Figure 6.6a and 4a show that the amplitude and nature of fretting currents generated on the same alloy,
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under the same load, by the same asperity can vary solely on local potential. This is because applied
potential results in differences in the oxide and surface conditions.
Significantly less oxide debris is generated during dry fretting (air) and freely corroding fretting (Ecorr)
than during fretting under constant potential (Fig. 6.5b). The presence of the oxide film that forms
spontaneously on the alloy surface, as well as its thickness and chemistry are directly dependent on potential
[44,45]. At cathodic potentials (below OCP) the titanium oxide layer is thinner and has a mixed composition
consisting of Ti, TiO2, TiO, and Ti2O3. At more anodic potentials (above +0.5 V) the thicker oxide is almost
completely TiO2 [44]. Because +4 is the most stable oxidation state of Ti, this oxide produced at more
anodic potentials (TiO2) is not only a bigger physical barrier against wear and corrosion, but also more
stable during repassivation [135]. These differences correspond to the significant variations in baseline
current (i.e. the net reaction on the metal-solution interface) shown in Figure 6.6b.
This potential dependent oxide film thickness is evident in the fretting current behavior in Figure 6.6a.
At higher potentials, oxide film is thicker and provides more physical resistance to the mechanical
mechanisms of tribocorrosion, evident in the large initial currents that fall to negligible after only a few
cycles (Fig. 6.6a). At more positive potentials (where the oxide is thicker), we can see this causes the fretting
to result in measurable currents until about only 30 cycles, also depicted by the lack of increase in
cumulative charge released at anodic potentials after this point. When the oxide is thicker, more of it embeds
into the scratch surface (visible in Figure 6.4e), forming a more wear resistant surface, since titanium oxide
is harder than titanium metal [120]. Whereas, at neutral potentials it occurs at 40 cycles, and at negative
potentials (where the oxide is thinnest), currents fall, and cumulative charge released stops significantly
rising after 50 cycles. If we then compare charge released from start up to 30 cycles (where constant
measurable fretting motion occurs at all three conditions), significantly higher currents (and thus more
cumulative charge) occur during fretting corrosion at +1.0 V and 0 V compared to negative potentials.
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6.5.2

Wear Resistance: Material Removal

Differences the oxide led to obvious variations in fretting currents, but also have a significant effect on
the material removal process. The mode of damage and ability to resist wear differs significantly because
in aqueous and cathodic environments, there are greater volumes of oxide on the titanium surface. This
provides a lubrication effect by lowering the coefficient of friction, decreasing the amount of damage seen
compared to dry and anodic conditions (where titanium oxide films are thinner) [120,123]. Lower titanium
wear volume in solution than dry fretting agrees with [109]. Also shown by Niu, 2011, visible in Figure
6.4, the main wear mechanisms of this alloy are ploughing and fine wear debris, regardless of condition
(dry fretting abrasion and fretting corrosion).
Synergism of wear and corrosion is a common assumption of the model of tribocorrosion [30,112,119].
However, this is often a generalization applied to all biomaterials made from findings based on stainless
steels [92,104,111], which is known to exhibit fretting initiated crevice corrosion and does not behave as
other passive alloys [116]. Even when previous results have pointed to a possible antagonistic effect of
corrosion and tribology, it has been depreciated as an aberration or not discussed [33,86,119]. Mace, et al.
2022 reports that for cobalt chromium, titanium, and even stainless-steel alloys, in passive conditions (no
potential hold as well as under 0V vs. Ag-Cl in PBS), the volume removed during fretting corrosion is not
more than the volume removed during dry fretting in air [113]. When only looking at the volume of material
removed (Fig. 6.10) during wear (dry fretting only) and the volume removed during tribocorrosion (in
solution), the volume removed due to wear was significantly more than that removed due to wear +
corrosion (fretting under a constant potential). Therefore, the same conditions that accelerate the corrosion
process (adding ionic solution and anodically biasing the surface) also lessen the mechanical effects of wear
(lower coefficient of friction, less volume removed in wet conditions) [109,123]. While there may be
additional types of damage seen as corrosion is introduced to wear, the mechanical abrasion process itself
is not accelerated between wear and fretting corrosion. Thus, we propose that the tribocorrosion process is
actually an antagonistic or hindering interaction between corrosion and wear.
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6.5.3

Wear Resistance: Material Displacement

The volume of material removed is one measure of tribocorrosive wear, but where and how that material
is displaced is also dependent on environmental factors. The volume of material displaced as plastic
deformation (as opposed to oxidizing or ionic) is significantly higher in fretting only than in fretting
corrosion (Fig. 6.11). Therefore, the mechanical method of abrasion varies between fretting and fretting
corrosion. In air, the majority of material is simply displaced as pileup around the wear track, as grains are
dislocated and moved, but not entirely disconnected and removed as metallic debris, which would then
oxidize into oxide debris. Comparing to solution, as volume of plastic deformation decreases, the ratio of
Vox/PB to Vpl increases, and continues to increase with anodic potentials generating the highest ratio of oxide
to plastic deformation. Figures 12c shows that though the total volume of material removed decreases as
potential increases, the percent of this volume attributed to oxide generation more than triples between -1.0
V and +1.0 V.
Due to negligible amounts of ion counts attributed to fretting corrosion (as opposed to just corrosion),
shown in Figure 6.9, we can assume that Vcorr is almost completely Vox/PB (>>Vions). Thus we can plot the
percentage of VTC due to Vcorr as the ratio of Vox/PB to VTC (Fig. 6.13).

Figure 6.13. Average percentage and standard deviation of tribocorrosion of Ti-6Al-4V due to corrosion only at
various cathodic, passive, and anodic conditions in PBS, with E corr ~ -0.3 V estimated, n = 3.
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From this we can see that even though the amount of material removed due to corrosion increases as
potential increases, almost 2/3 of the process remains due to physical wear, even at very anodic conditions
(where rates of oxidation are highest). Therefore, mechanical processes as plastic deformation and metal
debris removal are significant and cannot be looked over in analyses such as these.
6.6

Limitations
PBS was determined to be an interference with 47Ti (16O + 31P). Thus, only 48Ti counts were

reported, which is the most abundant Ti isotope anyway (73.7 %).
Solution was only collected for ion analysis after fretting in PBS under constant potential. Because
these levels were significantly low, it was assumed that ion contribution to damage in air and E corr would
also be negligible.
While this method relies on more real measurements than previous work, volume of oxide generated is
still a calculation based on a mathematical model. However, volume of material removed, ion levels,
volume of plastic deformation were all precisely measurable with the proposed method.
The assumption that any displaced metal debris will be oxidized is also just that, an assumption. Future
work may be directed at developing a method of collecting and analyzing any debris that is not oxidized or
ionic.
6.7

Conclusions
The method presented here successfully provides a systematic and controllable way to create

microscopic scale damage that is uniform and accurately measurable, as well as an analysis method of
performing a mass balance of the components of damage (up to 96% material accounted for) resulting from
the tribology and corrosion of a passive alloy, in this case Ti-6Al-4V. EDS analysis agrees with
mathematical predictions of levels of solution/potential dependent oxide repassivation. Level of ions
released during fretting corrosion were not significantly more than levels measured during corrosion only.
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Therefore, ion release is a negligible volume of the material lost during the fretting process. This technique
of AFM is an accurate and reliable method to determine volume of material removed by a microscale
asperity, as well as volume of material plastically deformed around the wear track.
Introducing corrosion to tribology significantly influences the amount and type of damage seen during
fretting Ti-6Al-4V. Within the conditions of this test, dry fretting results in the highest volumes of wear
(material removed), followed significantly equal volumes of material removed during freely corroding
fretting, cathodic fretting corrosion, passive fretting corrosion, and anodic fretting corrosion. Dry fretting
also resulted in the highest volumes of plastically deformed material, followed by no variation in volume
of plastic deformation generated during passive fretting corrosion, cathodic fretting corrosion, and anodic
fretting corrosion. Volumes of plastic deformation were higher during free corrosion than during controlled
anodic corrosion. During the initial tribocorrosion process, generation of oxygen debris was highest during
anodic fretting corrosion and passive fretting corrosion than cathodic fretting corrosion (based on
cumulative charge up to 30 cycles). From EDS analysis of oxygen, higher weight percentages were seen at
constant potential, followed by freely corroding fretting, then dry fretting. In tribology and tribocorrosion,
the majority of material removed is due to physical wear with < 35% due to corrosion.
Damage during fretting of Ti-6Al-4V in air is mostly due to plastic deformation (72%), with the
remainder assumed to be due to oxide and metallic debris formation. Damage during fretting during free
corrosion (Ecorr) of Ti-6Al-4V is 33% due to plastic deformation, with 10% due to oxide generation, and
thus the remainder assumed due to metal debris unaccounted for by the measurement process. Under a
constant potential, fretting corrosion damage modes of Ti-6Al-V are significantly dependent on potential.
At anodic (positive) conditions, fretting corrosion damage is mostly due to plastic deformation (52%) with
33% measured by fretting currents as oxide formation, and only 15% unaccounted for (attributed to lose
metal debris). At neutral (0 V vs. Ag-Cl) conditions, the ratio of damage is similar to that seen under free
corrosion, with 81% from plastic deformation, followed by oxide debris (15%). Only 4% of material
removed is unaccounted for. At cathodic (negative) conditions, the damage due to plastic deformation and
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oxide generation is only 33% and 10% of total volume removed, respectively. There are two explanations
possible: either the much smaller volumes generated at anodic conditions results in higher levels of
measurement error, or the material removed at these conditions is due to a 4th unaccounted for source
(metallic debris removal off into solution not accounted for in ion collection).
Because there was no significant increase in the volume of material removed, volume of pileup, or
volume released as ions when corrosion (solution) was added (there was actually a decrease), we can
conclude that fretting wear and corrosion are not synergistic. Instead, the increase in oxide debris that results
when corrosion is introduced possibly has an inhibitory or hindering effect on tribological wear.
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7.1

Abstract
Additive manufacturing (AM) is being applied to many metallic biomaterials and areas within the

dental community, including CoCrMo. This alloy is known for its outstanding mechanical properties and
ability to resists corrosion and fretting corrosion, which is vital to the success and structural integrity of
implants and dental appliances. Cobalt-Chromium Molybdenum (CoCrMo) has been traditionally used as
a dental alloy for a range of applications including crowns, bridges and fixed and removable partial
dentures. In this work, selective laser melting (SLM), was used to manufacture CoCrMoW in a layer-bylayer powder bed process. The corrosion characteristics of additively manufactured CoCr alloys were
compared to a wrought LC CoCrMo alloy (ASTM F-1537) in both phosphate buffered saline (PBS) and
PBS with 10 mM H2O2 to simulate increased inflammatory conditions. Anodic polarization and
electrochemical impedance spectroscopy (EIS) were performed. The results showed that both alloys were
substantially similar in corrosion behavior in PBS and PBS with 10 mM H2O2, however both alloys
exhibited changes with the different solutions. Polarization resistances were statistically lower (RpAM = 1.4
MWcm2 (PBS) vs. 0.72 MWcm2 (H2O2), RpLC = 1.86 MWcm2 (PBS) vs. 0.55 MWcm2 (H2O2)), and open
circuit potentials (OCP’s) were statistically higher in the 10 mM H2O2 solutions for both alloys (0.20 V (in
H2O2) vs. -0.09 V in PBS). Chemistry variations in both alloys were revealed by the corrosion tests
indicating that the wrought LC CoCrMo retained its casting-based chemical heterogeneity, while the AM
CoCrMoW had sub-cell structures within the solidified grains. AM CoCrMoW alloys hold significant
promise for use in dentistry where complex geometries are required.

Keywords: additive manufacturing, cobalt chromium alloys, dental materials, metallic medical implants,
corrosion, electrochemical properties
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7.2

Introduction
Additive manufacturing is an innovative technique that has transformed the field of dentistry.

Construction of fixed and removable partial dentures by casting and/or subtractive methods is time
consuming and requires more strenuous procedures due to the intricate dimensions and specifications
required for personalized frameworks [51]. When additive manufacturing was applied to dentistry at the
turn of the 21st century, frameworks and fixtures that originally cost more money and time to produce by
casting or machining could now be made with less waste and higher specificity through additive
manufacturing [52,53].
The additive process of 3D printing involves a layer by layer construction of a three-dimensional object,
as opposed to the traditional process of subtractive manufacturing where material is removed in order to
achieve the desired geometry [51,53]. The process of AM with any material (metal, biogels, or polymers)
involves three steps: (1) designing the AM object with computer-aided design (CAD) software, (2) the
actual printing process, and (3) a finishing process [53]. AM metals (mainly cobalt and titanium alloys) are
widely used in medical devices, stents, and dental implants [50]. Similar to cast alloys, AM metals must be
biocompatible, corrosion resistant, and wear resistant, all of which are dependent on key parameters of the
printing process [50]. To obtain 3D printed metals that are substantially equivalent in mechanical properties
and microstructure to their cast, wrought and machined counterparts, powder size, substrate temperature,
laser energy density, build geometry, etc., must be optimized [50].
Low- and high-carbon cobalt-based alloys are widely used in dental applications due to their
outstanding mechanical properties (high hardness and ultimate strength), excellent wear resistance and
corrosion resistance [70]. Reports on the structural and electrochemical effects of completely 3D printed
CoCrMo alloys are incomplete. Laser sintering or melting has been used to fabricate coatings and porous
structures and has been used to study laser polished surface characteristics in comparison to cast and
wrought CoCrMo alloys [62,63,64]. In previous studies, the mechanical and structural properties of
CoCrMo manufactured by selective laser melting have been assessed as a function of the printing
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parameters and compared to those of cast alloys (ASTM F75 CoCrMo) [50,51]. These studies found that
many printing parameters influence the mechanical properties of SLM metals, such as building geometry,
laser energy density, scan path, printing angle, etc. [50]. When the parameters are optimized for maximum
build density (<94.9%, Kazantsea et al. 2018), the SLM CoCrMo performed as well as, or better than, cast
or ASTM F75 CoCr in terms of ultimate tensile strength, elastic modulus, hardness, and percent elongation
[50,65]. To maximize hardness and wear resistance, the laser power and scan velocity during printing
should be high (350 W and 20 mm/s, respectively), and the powder feed rate should be low (5 g/min) [63].
Studies on the electrochemical properties are even more scarce than reports on mechanical tests of
additively manufactured CoCr alloys. The popularity of CoCrMo alloys for use in dental applications is
attributed to the biocompatible alloy’s high corrosion and wear resistance [62,63,64,65]. These essential
properties, however, are greatly influenced by their microstructure, which itself is a result of the fabrication
process [51,62,64,65]. Mantrala, et al. printed coatings fabricated with laser engineered net shaping (LENS)
and performed microstructural, wear, and electrochemical analysis [63]. The optimal printing parameters
to maximize corrosion resistance (within the range tested) were the slowest and smallest possible, contrary
to those required to maximize wear resistance [63]. Printing with low laser power (200 W), low powder
feed rate (5 g/min), and a slow scan rate (10 mm/s) resulted in CoCrMo with the highest corrosion potential
Ecorr (28.85 mV v SCE) and smallest corrosion current density icorr (0.103 μA/cm2), i.e., the highest corrosion
resistance [63]. While some microstructural analysis was performed on SLM CoCr alloys after fabrication,
more extensive research into the structural properties and the influence of fabrication method on
microstructure and the resulting electrochemical properties would provide more insight in optimizing SLM
printed dental alloys for corrosion resistance [62,63,64,65].
Exposure to body environments are typically represented by different saline solutions including
phosphate buffered saline (PBS), artificial saliva (for the oral cavity) and others (e.g., Hanks Balanced Salt
Solution and Ringers Solution). Here we are investigating the corrosion properties of AM CoCrMoW in
PBS and hydrogen peroxide (H2O2) containing PBS. The latter solution is meant to assess the effects of
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locally inflamed tissues, or when dentifrices or other dental treatments contain hydrogen peroxide may
expose the alloy to such solution conditions [66].
In this work, we investigated the corrosion properties of AM CoCrMoW alloy materials and compared
them to wrought low carbon CoCrMo (ASTM F-1537). The underlying hypothesis is that AM-CoCrMoW
will result in distinct microstructures that will result in different corrosion behavior compared to wrought
CoCrMo. Because these AM CoCrMoW alloys will be implanted into aqueous, highly bioactive, and
potentially acidic oral cavities, it is necessary to understand the corrosion behavior response of these alloys
constructed with SLM. By determining polarization behavior, electrochemical impedance, and
microstructural differences, we can compare AM CoCrMoW to that of wrought LC CoCrMo, and the ability
of AM CoCrMoW to protect serve as a metallic biomaterial in biologically relevant corrosive environments.
7.3

Materials & Methods

7.3.1

CoCrMoW Preprocessing and Characterization

Metal discs were printed with AM CoCrMoW powder (Mediloy S-Co alloy Type 5 powder, 63.9% Co,
24.7% Cr, 5% Mo, 5.4% W, 1.0% Si) in a MYSINT100 printer (SISMA S. p. A., Vicenza, Italy) with Laser
Metal Fusion (LMF) technology. A herringbone pattern of laser spot movement was used to create full
melting and resolidification of the powdered alloy. The average roughness was reported by SISMA as Ra
5 + 0.5 mm (measured in compliance with ISO 4827 – 1997, in Z direction) and relative density of > 99.8%.
Discs were printed with the following properties using the SISMA Buildability:
Table 7.1: SISMA Buildability Printer Parameters (as reported by Liu et al, 2022 [136])
Laser Source
Yb Fiber Laser 200 W
Precision Optics
Quarts F-Theta Lens
Laser Spot Diameter
55 µm
Layer Thickness
20 – 40 µm
Inert Gas
Nitrogen
Mechanical Properties
Thermal Treated
Yield Strength
884 + 10 MPa
Tensile Strength
1240 + 18 MPa
Young’s Modulus
180 + 6 GPa
Hardness
470 +12 HV
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After printing, discs were subjected to a thermal stress relieving treatment at atmospheric conditions
designed to relieve the residual stresses without significant microstructural changes. In a preheated oven at
650 oC, the temperature was ramped up to 800 oC over 12 minutes, held at 800 oC for 15 minutes, then
cooled down to 550 oC over 15 minutes, then air cooled to room temperature. After the SLM process the
discs were separated from the supporting plate using a slow speed oscillating cutting tool to prevent
overheating and structural changes to the material. The supporting tips were milled off and CoCr discs
deburred to remove the rough edges.
These discs were compared with wrought low carbon (LC) CoCrMo (ASTM F-1537). A metallurgical
surface was obtained by grinding the surface through a range of alumina sandpaper (240, 320, 400, 600
grit) in water and then surfaces were polishing using 1 mm and 0.3 mm aqueous alumina suspension, rinsed
with DI water, and sonicated using 70% ethanol.
Scanning electron microscopy (SEM, Hitachi S-3700N, Tokyo, Japan) and energy dispersive
spectroscopy (EDS) (Aztec, Oxford Instruments Abingdon, UK) were used to analyze the as received
CoCrMoW powder and the AM CoCrMoW discs before testing.
7.3.2

Microstructure

Initial microstructural analysis was performed by electrochemically etching the polished surface using
a 10-minute +0.8 V vs. Ag/AgCl potentiostatic hold. The surface was then imaged using digital optical
microscopy (DOM) (Keyence VHX-6000, Mahwah, NJ). SEM and EDS were used to analyze differences
in the microstructure.
One AM CoCrMoW sample was cross sectioned along the x, y, and z axis using a diamond blade
(IsoMET 15 HC, Buhler Ltd., Lake Bluff, IL) to assess effects of printing direction and layering pattern on
the microstructure across the three planes. The cut surfaces were polished down to 0.3 µm alumina polish
and electrochemically etched in PBS with a +0.8V vs. Ag/AgCl hold for 10 min for 3D rendering of the
microstructure.
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7.3.3

Electrochemical Properties

Electrochemical tests were performed on both alloys in an electrochemical cell with a carbon counter
electrode and AgCl reference, using phosphate buffered saline powder (PBS), (P3813-10PAK, SIGMAALDRICH, St. Louis, MO) with and without 10 mM H2O2 additions. A potentiostat (VersaSTAT4,
AMETEK, Berwyn, PA) was used for all electrochemical experiments (polarization and impedance) with
the test solution held at room temperature (22 oC). All experiments were repeated a minimum of three
times (n = 3) for statistical analysis.
7.3.3.1 Open Circuit Potential
“Long-term” open circuit potential (OCP) was recorded over 90 hrs in PBS and a 10 mM H2O2 solution
to simulate inflammatory conditions. Discs were repolished and sonicated after each test to re-establish a
baseline surface condition.
7.3.3.2 Electrochemical Impedance Spectroscopy
Electrochemical Impedance Spectroscopy (EIS) was performed on both alloys after allowing the system
to settle to OCP for 5 hrs in PBS and 10 mM H2O2, recording EIS at OCP from 10,000-0.01 Hz using a 10
mV amplitude. EIS data were analyzed by fitting a Constant Phase Element (CPE) Randle’s circuit with
Rs, CPE and Rp circuit elements using a symmetry-based EIS (sbEIS) analysis developed in our laboratory
[137]. This method allows for partial collection of the EIS data at high frequencies and uses symmetry of
the response across the log of the frequency to determine the response across the entire frequency range,
including the low frequencies.
7.3.3.3 Anodic Polarization
Potentiodynamic polarization tests of AM and wrought LC CoCrMo alloys were performed in both
PBS and H2O2 solutions. The samples were repolished, OCP was monitored for 10 min, and then the
samples were anodically polarized from -0.2 V vs. Ecorr to +1.0 V vs. Ag/AgCl at a scan rate of 0.167 mV/s.
Differences in corrosion response were compared between alloy types as well as solution (PBS vs. H 2O2)
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on the corrosion current density (icorr), corrosion potential (Ecorr), passive current density (ipass), and
breakdown potential (Ebreak), all characteristics of the corrosion behavior of the metal alloy.
7.3.4

Electrochemical Etching and Microstructural Characterization

After repolishing and cleaning, the samples were held at either +0.6 V (transpassive, > breakdown
potential), +0.8 V (< second breakdown potential/oxide breakdown), or +1.0 V vs. Ag/AgCl reference for
20 minutes to induce etching/corrosion of the microstructure for imaging with Digital Optical Microscopy
(DOM), Scanning Electron Microscopy (SEM), and Energy Dispersive Spectroscopy (EDS) for elemental
analysis.
The corroded surfaces were analyzed using DOM to evaluate oxide color change and SEM/EDS to
investigate the effects of polarization-induced oxidation damage of the metals and to analyze the chemical
and microstructural heterogeneity of the alloys.
7.3.5

Statistical Analysis

All trials were repeated a minimum of three times (n=3), with averages and standard deviations
reported. One-Way and Two-Way Analysis of Variance (ANOVA) were performed when appropriate,
with a 95% confidence interval to determine statistical significance (α < 0.05 was significant). Post-hoc
comparisons were performed using T-tests with Bonferroni corrections.
7.4

Results

7.4.1

CoCrMoW Preprocessing

The as-received CoCrMoW powder was imaged under SEM and SEM BS (Fig. 7.1).
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Figure 7.1. (a) SEM backscattered electron (1000X) and (b) secondary electron (100X) images of as received
CoCrMoW powder, and (c) distribution graph of counts of particle diameter per 0.05 mm 2.

Within each particle, composition based on EDS was determined to be homogenous, with diameters
between 2 - 40 μm (mean = 13.6, median = 12.6).
7.4.2

Microstructure

After discs were printed, polished, and etched, the surfaces were viewed under SEM and DOM, and
compared to that of polished wrought LC CoCrMo discs (Fig. 7.2).

132

Figure 7.2. SEM backscatter (1000X) magnification of (a) AM CoCrMoW and (b) wrought LC CoCrMo alloy after
polishing 0.3 μm aqueous alumina suspension and biasing the surface +0.8 V vs. Ag/AgCl for 10 minutes in PBS and
DOM (300X) magnification of the same surface of (c) AM CoCrMoW and (d) wrought LC CoCrMo. Note the laser
pattern in the AM CoCrMoW (c) and the dendritic structural appearance in the LC wrought CoCrMo (d) which is
distinct from the grain boundaries for LC and spread over a larger region, seen in (b).

The grain boundaries and fine second phase regions of AM alloy were revealed in the etching process.
This is shown in Figure 7.2a, as they become etched after anodic polarization and the grain boundaries are
more extensively corroded. The larger, nonuniform grain microstructure of AM CoCrMoW becomes more
visible, in contrast to more uniform finer grains of the wrought LC CoCrMo. An interesting dendritic
chemical segregation is revealed in the wrought LC CoCrMo alloy in the DOM image (Fig. 7.2d) where
the etching conditions revealed dendritic-shaped chemical heterogeneity across the sample surface which
is distinct from the grain structure seen in Fig. 7.2b. Figure 7.3 below of Mo EDS map and SEM
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backscattered electron images showing a heterogeneity that is linked to molybdenum distribution in the
etched wrought LC CoCrMo surface.

Figure 7.3. (a) SEM backscattered electron image and (b) corresponding Mo energy dispersive elemental map
demonstrating the dendritic distribution of Mo in the wrought LC CoCrMo.

SEM backscattered microscopy, Figure 7.3a, shows variations in surface chemistry, not linked to
topographical variations (surface scratches/features). Bright lines show up, indicating an underlying
difference in chemical makeup of the structure. Individual grains are also visible in Figure 7.3a. EDS
spectroscopy in Figure 7.3b shows an uneven distribution of molybdenum. EDS mapping for molybdenum
also shows a heterogeneous distribution of Mo on the surface. Similar maps for Co, Cr, O, and P (not
shown), show that these elements are more homogenously distributed across the surface.
Cross sections along the x, y, and z axis are shown below after polishing and electrochemical etching
with a +0.8 V vs. Ag/AgCl 10 min hold in PBS (Fig. 7.4).
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Figure 7.4. (a) Cross section across the three-dimensional coordinate plane depicting grain direction dependency on
orientation, (b) with central axis 45o to z, build direction orthogonal to xy plane, and xy laser scan direction with 120 o
rotation of each layer about z.

The multidirectional cross sectioning and imaging of the three orthogonal faces shows microstructure
is highly dependent on print angle/direction. For this sample, grains are more elongated in the xy print plane
and appear flattened along the z plane (build direction). However, individual grains appear to span multiple
laser passes.
7.4.3

Electrochemical Properties

7.4.3.1 Open Circuit Potential
The average OCP (with standard deviations) of both the AM and wrought CoCr alloys in both PBS and
10 mM H2O2, for 90 h are summarized in Figure 7.5.
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Figure 7.5. Average OCP of AM and wrought CoCr alloys in PBS (blue) and 10 mM H 2O2 (red), standard deviation
shown for AM and LC alloys, n = 3.

After 90 h in PBS, average OCP was -86 + 58 mV (AM) and -81 + 74 mV (LC). In 10 mM H2O2
average OCP measurements were +202 + 43 mV (AM) and +202 + 123 mV (LC). Comparing OCP at the
end of 90 h with Two-Way ANOVA, AM and LC CoCr were not significantly different (p = 0.82).
However, OCP is highly dependent on solution, as average OCP in PBS was significantly lower than in
H2O2 (p < 0.01).
7.4.3.2 Electrochemical Impedance Spectroscopy
Impedance results for each alloy in both PBS and 10 mM H2O2 averaged and presented in the Bode
diagrams in Figure 7.6. Low frequency behavior was predicted from the average high frequency response
using sbEIS with Randle’s circuit behavior [137].
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Figure 7.6. Average impedance and phase angle (Bode) behavior and predicted low frequency behavior (sbEIS [137])
of AM and wrought CoCr alloys in (a) PBS and (b) 10 mM H 2O2 held at open circuit potential after initial 5 hrs in
solution, n = 3.

The sbEIS model was used to predict Randle’s circuit parameters of Rp (surface polarization
resistance), Q (constant phase element value), Rs (electrolyte resistance), and constant phase element
exponent, α, from the measured high frequency response (See Table 7.2). See Fig. 7.6 for model response
based on sbEIS fitting. Average values are listed below.
Table 7.2: Average of log transform of the predicted sbEIS parameters of AM CoCrMoW and LC CoCrMo.
Solution

Sample
AM CoCrMoW

PBS

Wrought LC
CoCrMo

10 mM
H2O2

AM CoCrMoW
Wrought LC
CoCrMo

log10Rp
(Ω-cm )
2

stdev

log10Q
2

(F/cm )

stdev

log10Rs
(Ω-cm2)

stdev

α

stdev

6.15

0.40

-4.65

0.10

1.13

0.20

0.91

0.03

6.27

0.22

-4.58

0.09

0.94

0.04

0.92

0.03

5.86

0.35

-4.71

0.21

1.12

0.15

0.90

0.02

5.74

0.11

-4.60

0.06

1.08

0.12

0.92

0.01

Using Two-Way ANOVA (alloy and solution), the sbEIS predicted values of log10Rp (p = 0.36),
log10Q (p = 0.14), and α (p = 0.40) were not significantly different between alloys. Solution did have a
significant effect on log10Rp (p < 0.01), but not log10Q (p = 0.75) or α (p = 0.25).
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7.4.3.3 Anodic Polarization
After sitting in solution for 5 hrs, the samples were anodically polarized, and the resulting characteristic
average (n = 6) polarization plots are shown in Figure 7.7.

Figure 7.7. (a) Average polarization plots of AM and wrought CoCr alloys in PBS and H 2O2 after (a) 5 hours, n = 6,
and (b) example of CoCrMo anodic polarization response with characteristic potentials (E break, Ecorr) and current
densities (icorr, ipass). Error bars are standard deviations of the log of the currents from each scan.

Analysis of the data reported in Figure 7.7 yields the following values for wrought CoCrMo and AM
CoCrMoW in PBS:
Table 7.3: Average polarization current responses of AM CoCrMoW and LC CoCrMo, n = 6.

Solution

icorr

Sample

(nA/cm2)

AM CoCrMoW
PBS

Wrought

LC

CoCrMo
10 mM
H2O2

AM CoCrMoW
Wrought
CoCrMo

LC

s.d.

Ecorr
(V)

ipass
s.d.

(mA/cm2

s.d.

)

Ebreak
(V)

s.d.

6.5

13

-0.20

0.07

0.95

0.62

0.44

0.02

23.6

12

-0.19

0.08

0.92

0.71

0.45

0.02

28.5

26.4

0.20

0.05

X

0.50

0.02

29.7

1.9

0.19

0.04

X

0.49

0.01

Two Way ANOVA (alloy/solution) shows that icorr (p = 0.44), Ecorr (p = 0.68) and Ebreak (p = 0.94) were
not significantly different between alloys after 5 hours in solution. There was no significant effect of
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solution on icorr (p = 0.51) and Ebreak (p = 0.17), but average Ecorr (p < 0.01) was higher in simulated
inflammatory conditions. Figure 7.7 shows that there is no obvious passivation current for either AM or LC
in H2O2. Therefore, Student’s T-test (equal variance) was used to compare ipass in PBS of AM vs. LC and
were found to not be statistically significant (p = 0.92).
7.4.4

Electrochemical Etching and Corrosion above Breakdown Potential

Both AM CoCrMoW and wrought LC CoCrMo were held for 20 minutes at various potentials above
the breakdown potential to induce corrosion, in Figure 7.8.

Figure 7.8. (a-c) AM CoCrMoW and (d-f) LC wrought CoCrMo surfaces under digital microscopy after 20 minutes
under a potential hold of (a,d) +0.6 V, (b,e) +0.8 V, and (c,f) +1.0 V vs. Ag/AgCl ref in PBS.

Corrosion begins on both alloys at +0.6 V. For AM CoCrMoW, corrosion propagates at grain
boundaries and for wrought LC CoCr, etching brings out a slight discoloration along the dendritic chemical
structure of the underlying alloy. At +0.8 V, corrosion becomes more prominent on both alloys. Corrosion
at grain boundaries, as well as etching the boundary of the laser path (fish scale pattern) on AM CoCrMoW
and discoloration on wrought LC CoCr become more extensive. At +1.0V the surface corrosion product
oxide begins cracking on both alloys, as well as oxide color change.
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The resulting surfaces for both AM and LC CoCrMo alloys after 10 min OCP followed by anodic
polarization testing to +1 V vs Ag/AgCl in PBS and H2O2 solutions are documented in Figure 7.9.

Figure 7.9. (a,b) AM CoCrMoW and (c,d) wrought LC CoCrMo corrosion under DOM and SEM/BS after 10 min
OCP and anodic polarization to +1.0 V vs. Ag/AgCl in (a,c) PBS and (b,d) 10 mM H 2O2.

The results show an extensive corrosion degradation layer and etching of the grain boundaries for the
AM CoCrMoW alloy (Figs. 7.10a and b) in both PBS and H2O2 solutions. The DOM’s for the AM
CoCrMoW are discolored due to formation of a corrosion degradation layer (oxides and phosphates) that
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are rich in Cr and Mo and depleted in Co (based on EDS analysis). The darker blue for the H 2O2 solution
compared to the multicolor PBS surface indicates more severe corrosion attack in H2O2 compared to PBS.
For the LC CoCrMo alloy, polarization testing results in less evident grain boundary attack and a
discoloration indicative of an underlying dendritic compositional variation where local differences in color
appear to be the result of local differences in the alloy composition arising due to the prior solidification.
EDS analysis of the corroded surface (+1.0 V) was performed with Aztec software to investigate and
compare the effects of corrosion on the passive oxide layer of the metals in PBS (Fig. 7.10).

Figure 7.10. EDS line scan analysis of (a) wrought LC CoCrMo and (b) AM CoCrMoW after 10 min in PBS at OCP
and polarization to +1.0 V.

Oxide film cracking on the corroded surface of both AM and wrought LC CoCr occurs after polarization
to +1.0 V vs. Ag/AgCl in PBS.These cracks are not due to drying, but rather form as a result of volume
differences between the formed oxide layer and the underlying alloy from which it came. EDS analysis
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shows that the oxide of both alloys is rich in Cr and Mo, and depleted in Co. For AM CoCrMoW, levels of
W are also depleted where oxide is not present.
Figure 7.10b shows an underlying honeycomb microstructure of AM CoCrMoW that is visible under
the black corrosion product, after etching at high potentials (+1.0 V vs. Ag/AgCl). Figure 7.11 shows the
subgranular microstructure of AM CoCrMoW (Figure 7.11a) and an EDS linescan analysis of the
subcellular structure visible within individual grains of the AM alloy (Figure 7.11b).

Figure 7.11. (a) SEM backscatter micrograph of subgranular microstructure of AM CoCrMoW showing cellular
orientation and (b) EDS linescan analysis showing the chemical heterogeneity of Co, Cr, Mo, W, and Si after
electrochemical etching to +1.0 V.

In Figure 7.11a, the columnar cells that form each grain are visible, with multiple orientations evident.
Another area where the columns are parallel to the surface is analyzed in Figure 7.11b, with EDS.
EDS analysis shows that the honeycomb structure is a result of an unequal rate of corrosion and etching
of each element in the chemically heterogeneous grain. The perimeter of the cells (parallel bright lines)
corresponds to regions slightly higher in molybdenum, tungsten, and silicon seem to be inversely
proportional to cobalt, in that those elements are slightly higher in bright regions and lower in the darker
parts of backscatter image.
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7.5

Discussion
This study evaluated the corrosion properties and microstructural effects on corrosion of AM

CoCrMoW compared to LC CoCrMo in both phosphate buffered saline and hydrogen peroxide containing
PBS solutions. We found that these two alloys were substantially similar in their corrosion behavior
regardless of their differing microstructures and chemical heterogeneity. We also showed that the local
solution chemistry can have a significant impact on the corrosion response of these alloys with more
inflammatory-based solutions lowering the polarization resistance, raising the OCP and altering the
polarization behavior.
7.5.1

Microstructure

The microstructures of the AM CoCrMoW and LC CoCrMo alloys were very distinct from one another,
and each had structural and compositional variations that are distinct and worthy of discussion.
For the AM CoCrMoW alloy there are microstructural features associated with the scanning laser
melting that include the effect of scanning pattern, the solidified grain structure and the sub-grain cellular
structure that were observed. The DOM of etched AM CoCrMoW (Fig. 7.2c and 7.2d) demonstrated a fishscale pattern reflecting the laser scanning process. Higher magnification SEM images of etched AM
CoCrMoW (e.g., Fig. 7.6) documented the grain size and distribution. Here, the grains have varied
diameters that span over multiple melt layers from the laser scanning indicating that the grains grow from
the underlying solidified grains in an epitaxial fashion. In addition, within individual grains there are
chemical heterogeneities as Mo, W and Si segregate into the sub-grain cellular structures that were
documented (Fig. 7.11). These cellular structures appear columnar in shape and are likely aligned with a
crystallographic orientation of the grain. (e.g., along the c-axis). The chemical heterogeneity affected the
corrosion attack during etching to reveal these sub-grain cellular structures.
Therefore, print parameters are critical to determining microstructure, and consequently functional
properties of the additively manufactured alloy, both electrochemical (shown here) and mechanical (shown
by Kazantseva [50], Monroy [64], Mantrala [63], Alifui-Segbaya [51], and Mergulhao [65]).
143

The wrought LC CoCrMo alloy also had several microstructural and chemical heterogeneity elements
worth mentioning. For this alloy, the grain microstructure consisted of very small, 2 to 5 µm, equiaxed
grains with evidence of stacking faults and/or twins present. However, after high voltage etching of this
microstructure, evidence of heterogeneous Mo distribution that was distinctly dendritic developed in the
surface. EDS analysis of polished and not etched surfaces showed Mo variation similar to the dendritic
pattern seen from the etching process. This implies that, even though the bar stock from which these
samples were taken, the wrought nature of the bar did not ameliorate the casting heterogeneity of the
elements. Such small chemical variations have been documented by others [138,139]. This consequence
of the post-fabrication thermomechanical processing of LC CoCrMo has had some effects on the observed
corrosion damage seen in modular tapers of total hip replacements where such effects result in what is
termed “Column Damage”. How such chemical variations impact on the overall corrosion behavior of the
alloy in vivo is not known.
7.5.2

Electrochemical Properties

7.5.2.1 Open Circuit Potential
The OCP of these alloys were highly dependent on the solution chemistry but were not different from
one another. Immersion in H2O2 containing solution increased the oxidizing power of the solution and
shifted the OCP to a higher value. This is consistent with prior work in our lab [67, 68] where increasing
H2O2 concentration systematically increased the OCP of the alloy. The OCP levels in H2O2 reached their
peak value within a couple of hours and remained elevated over the 90 hours, but also showed a small
decline. This may imply that the H2O2 was being depleted in the solution over time allowing the OCP to
return towards the PBS-only values.
7.5.2.2 Electrical Impedance Spectroscopy
EIS results for these alloys/solutions showed a Randle’s CPE circuit model behavior, where the
characteristic variables of Q, Rs, α and Rp for each system were determined [137]. The Rs is characteristic
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of the solution and depends on temperature, and the concentration and mobility of ions, and therefore is
constant in this experiment (about101 Ohm-cm2). The CPE element is meant to represent a near-capacitive
response, but one that deviates somewhat from a purely capacitive element. When α is 1, CPE elements
are pure capacitors and when a is less than 1, CPE elements become part capacitive and part resistive in
behavior. These values are helpful in understanding the heterogeneity of the electrode surface. The Rp is
related to the overall ability of the electrode to resist corrosion reactions with a higher value related to a
more corrosion resistant surface. Applying these concepts to the data in Figure 7.6, AM CoCrMoW in PBS
has similar Randle’s behavior as wrought LC CoCrMo in PBS. This is also true when inflammatory
conditions were introduced. The phase angle plots derived from measurements taken in PBS and when 10
mM H2O2 was added indicate no difference in the maximum phase angle or width of the phase angle plot
for the AM or wrought alloy. Overall, AM CoCrMoW seems to exhibit no significant difference in
resistance to corrosion compared with wrought LC CoCrMo in both PBS and simulated inflammatory
conditions. However, the solution had a significant effect on the Rp of these alloys implying that the
hydrogen peroxide affects the passive oxide films ability to resist corrosion. This implies that, beyond the
increased oxidizing potential of H2O2 in the solution, the surface passive film, which dominates the behavior
of Rp, was also affected by the presence of H2O2 in solution. This is again consistent with work by Liu et
al. [67].
7.5.2.3 Anodic Polarization
The biological environment that metal implants are subjected to can vary with location in the body and
even be dynamic within one location depending on current conditions. Following an injury, immune and
inflammatory cells produce reactive oxygen species that include hydrogen peroxide, hypochlorous acid,
and others that alter the local conditions [67,68,69]. The range of anodic polarization chosen for this
experiment is based on the fact that during mechanically assisted crevice corrosion (MACC) in the presence
of hydrogen peroxide, the electrochemical potential of the CoCrMo implant surface can reach as high as
+0.6 V vs. Ag/AgCl, well above the breakdown potential of this alloy [140]. Within the range of potentials
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tested, AM CoCrMoW did not have a significantly different net reaction response (corrosion current density
and potential), nor when polarized to the passivation current or breakdown potential, than LC CoCrMo.
Reported values for CoCrMo in PBS are of the order of 50 nA/cm2 for icorr, 2.5 µA/cm2 for ipass, + 0.25 V
to +0.32 V for Ebreak [69], within the range of values measured for both AM and wrought LC alloys during
this experiment, Table 7.3.
7.6

Limitations
All electrochemical data values and microstructural findings were compared to that of wrought LC

CoCrMo, with limited published data on microstructural and electrochemical characteristics of additively
manufactured alloys.
Further studies on microstructural differences and their effect on electrochemical properties in other
biologically representative environments (artificial saliva).
Effects of mechanically assisted corrosion were also not explored in this report. Because dental
implants like screws and partial bridges are exposed to abrasion as well as corrosion mechanisms, in
addition to AM now being used to manufacture orthopedic alloys (hip and knee arthroplasty), fretting
corrosion resistance and mechanisms of additively manufactured alloys should be addressed in future
studies.
All corrosion tests were performed on printed discs, and no exact geometries were used. Due to the
complex nature of dental implants, assessing locations and geometries that may be more susceptible to
failure by corrosion should be explored.
7.7

Conclusion
Microscopy and corrosion results indicated that the corrosion resistance of AM CoCrMoW alloy under

non-abrasive conditions does not vary from that of wrought LC CoCrMo. The solutions tested in this work
(PBS and H2O2-containing PBS) resulted in different OCP’s, different polarization behavior and differences
in some impedance characteristics (Rp). The AM and LC CoCrMo alloys were similar to each other in
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each solution. The AM alloy has a larger, less uniform microstructure than wrought LC CoCrMo. The
corrosion patterns of LC CoCrMo are determined by both individual grains and a spatially larger underlying
dendritic chemical heterogeneity likely resulting from the casting solidification. Similarly, AM CoCrMoW
is more susceptible to corrosion at grain boundaries, as well as along the laser path during printing,
indicating print pattern and parameters not only play a role in mechanical properties, but also
electrochemical properties. Subcellular structures in AM CoCrMoW alloy arising from the laser melting
and solidification process affect the extent and type of corrosion/etching that develops on these surfaces.
Despite these microstructural differences, electrochemical properties of additively manufactured cobalt
alloys are not significantly different than those of low carbon wrought cobalt alloys. This indicates that the
differences in the passive oxide films and microstructure do not affect the corrosion properties of this alloy
compared to LC CoCrMo.
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8

Low Cycle Fretting and Fretting Corrosion Properties of Low Carbon CoCrMo and
Additively Manufactured CoCrMoW Alloys for Dental and Orthopedic Applications

8.1

Abstract
Additive manufacturing (AM) of Cobalt-Chromium Molybdenum (CoCrMo) metallic implants is

growing in the orthopedic and dental fields. This is due to the traditional alloy’s superior corrosion
resistance and mechanical properties, in comparison to polymers and ceramics. Additionally, AM processes
like selective laser melting (SLM) require less time, materials, and waste than casting or subtractive
manufacturing of complex-geometry structures (bridges, partial dentures, etc.). The low cycle tribological
and tribocorrosion characteristics of AM CoCrMoW alloys were compared to wrought LC CoCrMo (ASTM
F-1537). Fretting and fretting corrosion testing (100 cycles) was performed on both alloys in air (wear
only), phosphate buffered saline (wear + corrosion), and PBS with 10 mM H2O2 (wear + corrosion +
inflammation) by a single-asperity diamond-tip. No variation between alloys in volume of material removed
during fretting (p = 0.12), volume of plastic deformation (p = 0.13), and scratch depth (p = 0.84) showed
that AM CoCrMoW was substantially similar in wear resistance to LC CoCrMo in air and in PBS. AM
𝑃𝐵𝑆
CoCrMoW exhibited significantly higher fretting currents (p < 0.01) at loads up to 100 mN (𝐼𝐴𝑀
= 57 nA
𝐻 𝑂

𝐻 𝑂2

𝑃𝐵𝑆
and 𝐼𝐴𝑀2 2 = 49 nA) than LC CoCrMo (𝐼𝐿𝐶
= 30 nA) and 𝐼𝐿𝐶2

= 29 nA). In PBS, wear track depth linearly

correlates to fretting current, averaged over 100 cycles. Additionally, fretting currents of both alloys were
significantly lower in simulated inflammatory conditions compared to PBS alone. AM CoCrMoW alloys
have generally similar wear and tribocorrosion resistance to wrought LC CoCrMo, and therefore would be
ideal for use in patient specific dentistry or orthopedics where precise, complex geometries are required.

Keywords: additive manufacturing, cobalt chromium alloys, dental materials, orthopedic biomaterials,
metallic medical implants, corrosion, fretting corrosion
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8.2

Introduction
Cobalt chromium molybdenum alloys are widely used in the fields of orthopedics and dentistry for

biomedical implants due to their excellent properties of both wear and corrosion resistance [59,60]. While
titanium is commonly used for dental implants, casting Co-Cr alloys have been the technique of choice for
processing dental crowns, partial frameworks, and bridge substructures [49]. However, casting is time
consuming and requires special procedures and equipment. Additive manufacturing is a relatively new and
innovative process being applied to metals, as well as polymer and ceramic implants [49]. Computer-aided
design (CAD) allows complete three-dimensional structures to be manufactured from non-invasive
magnetic resonance imaging (MRI), computed tomography (CT), or another medical device imaging [49].
Powder bed fusion (PBF) is an in-house layer-by-layer additive manufacturing (AM) method for metals.
Unlike subtractive methods, like milling, there is virtually no waste or limitation of geometry, as well as
less time and process materials required compared to casting [49]. PBF includes selective laser sintering
(SLS), electron beam melting (EBM), and selective laser melting (SLM), with SLM being the most popular
in dentistry [49]. While there is data on the corrosion and toxicity of additively manufactured Co-Cr alloys,
there is less on the fretting corrosion and wear properties. This is especially true in relation to dental
applications, since oral cavities feature varying situations influencing the tribocorrosion response of such
alloys [59].
Additive manufacturing is also growing in orthopedics in total joint arthroplasty for patient-specific
implants and instrumentation, porous structures, as well as being applied in other novel applications [48].
AM knee and hip implants are successful, and have even performed better than noncemented stems, in
terms of osseointegration and biocompatibility, and AM can be used in place of traditional surface coatings
for cementless orthopedic implants [48,54,141]. As AM alloys are growing in popularity as an orthopedic
biomaterial outside of dentistry, studying their corrosion resistance in harsh solutions is also essential.
In this work, we investigated the tribological and tribocorrosion properties of AM CoCrMoW alloy
materials in comparison to wrought low carbon (LC) CoCrMo (ASTM F-1537). Previous electrochemical
studies on AM alloys led to the hypothesis that these distinct microstructures will result in differences in
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tribocorrosion and wear behavior of the alloys [142,143]. To study the fretting and fretting corrosion
behavior of these alloys constructed with SLM, we compared microstructural differences, fretting damage,
and fretting corrosion currents. Because AM CoCrMoW alloys are designed for implantation into oral
cavities subject to both aqueous and acidic, as well as abrasive factors, it is important to assess the
performance of the passive oxide layer of AM CoCrMoW in such destructive environments.
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8.3

Materials & Methods

8.3.1

CoCrMoW Preprocessing

AM CoCrMoW discs were printed by Laser Metal Fusion (LMF) technology using a MYSINT100
printer (SISMA S.p.A, Vincenza, Italy) and Mediloy S-Co alloy Type 5 powder (63.9% Co, 24.7% Cr, 5%
Mo, 5.4% W, 1.0% Si) with a relative density of > 99.8%. Printing was done at 45o with SISMA Buildability
20 parameters, a 200 W Yb Fiber Laser with a Quarts F-Theta Lens in inert Nitrogen, 55 µm laser diameter,
and 20-40 µm layer thickness. With these parameters, SISMA reports an average Yield Strength of 884 +
10 MPa, Tensile Strength 1240 + 18 MPa, Young’s Modulus 180 + 6 GPa, and Hardness 470 +12 HV. This
AM CoCrMoW alloy was compared with wrought low carbon (LC) CoCrMo (ASTM F-1537).
Following printing, discs were annealed at atmospheric conditions in a 650 oC preheated oven, followed
by a 12-minute ramp to 800 oC, 15-minute hold at 800 oC, and a 15-minute cool down to 550 oC. After air
cooling to room temperature, discs were separated from the support plate by slow speed oscillating cutting
to prevent structural changes or reheating.
To obtain a metallurgical surface, the discs were polished through a grade of alumina abrasive papers
(240, 320, 400 and 600 grit) and down to a 0.3 µm alumina powder suspension in DI water, rinsed with DI
water, and sonicated in 70% ethanol.
8.3.2

Microstructure

Before fretting tests, the polished surface of each alloy was electrochemically etched in phosphate
buffered saline (PBS, P3813-10PAK, Sigma-Aldrich, St. Louis, MO) by a 20-minute hold at +0.8 V vs.
Ag/AgCl using a VersaSTAT4 (AMETEK, Berwyn, PA) to assess microstructural differences. Scanning
electron microscopy (SEM, Hitachi S-3700N, Tokyo, Japan) was used to image the etched surface. Discs
were repolished and sonicated.
8.3.3

Fretting and Fretting Corrosion

8.3.3.1 Fretting in Air
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Fretting testing was performed using a single diamond stylus with a radius of 17 µm attached to a
custom-built load cell capable of producing cyclic fretting scratches in air (fretting) [38,113]. The load cell
was controlled with a motor to provide the appropriate load, and a piezoelectric actuator (Modular Piezo
controller System ENV, piezosystem jena, Inc. Hopedale, MA) along with a function generator (SFG-210,
Global Specialties, Yorba Linda CA) controlled the horizontal fretting movement. Cyclic fretting tests were
performed for 100 cycles at 3 Hz under various loads from <10 to 100 mN (nominal stresses just above the
hardness). Scratches nominally 80 + 10 µm in length were imparted on polished AM CoCrMoW and
wrought LC CoCrMo discs over the range of loads. In some cases, due to the lateral compliance of the
loading system, the true scratch length was closer to 60 µm. Each group AM in air and LC in air had an n
> 10, with the 10 samples each being made at a different load up to 100 mN. These test conditions were
chosen to assess the initial damage processes to these surfaces and allowed detailed measurement and
analysis of the damage. In addition, fretting corrosion is typically a process of transient, intermittent single
asperity contact in which a single asperity may only engage the coutersurface for a few short cycles before
being replaced by adjacent asperity contacts.
8.3.3.2 Fretting Corrosion in Solution
Initial open circuit potential (OCP vs. Ag/AgCl) was monitored for one minute before applying a
potential hold during fretting corrosion testing in PBS as well as in a 10 mM H2O2 solution, simulating
inflammatory conditions.
Using the same 17 µm diamond single asperity setup, fretting was performed in PBS and H2O2 within
an electrochemical cell using a carbon counter electrode and an AgCl coated Ag wire reference (fretting
corrosion). Fretting corrosion was performed for 100 cycles at 3 Hz under various loads from <10 to 100
mN under a 0 V vs. Ag/AgCl hold, while currents were recorded using a 3-electrode potentiostat (EG&G
263A, Princeton Applied Research/Ametek, Inc., Berwyn, PA). Again, a minimum of ten samples (n = 10)
were tested under each combination of solution and material over the range of loads, with 10 scratches
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made on AM CoCrMoW in PBS, 10 on LC CoCrMo in PBS, etc. Fretting currents were compared between
wrought LC and AM alloys. Damaged surfaces were imaged and analyzed with DOM, SEM, and AFM.
8.3.4

Analysis of Damage

8.3.4.1 DOM Analysis
Fretting scars were initially imaged using digital optical microscopy (DOM, Keyence VHX-6000,
Mahwah, NJ) to assess track path and scar length.
8.3.4.2 SEM Backscattered Electron (BSE) Analysis
Fretting and fretting corrosion damage (wear track and debris) was analyzed with SEM/EDS (Energy
Dispersive Spectroscopy, AZtec, Oxford Instruments Abingdon, UK). Extent and mode of deformation,
metallic debris generated, and oxide debris were all assessed with SEM and SEM BSE. Differences in
damage between alloys, as well as solution presence or absence, was documented.
8.3.4.3 AFM Analysis
Depths and volumes of the fretted area were measured using Atomic Force Microscopy (AFM,
Dimension ICON, Bruker Waltham, MA) and plotted vs. load. Along the length of each scratch, six depth
measurements from the flat unworn surfaces to the lowest points in the scratches were averaged and plotted
as the depth of each scratch as a function of the normal load applied in air. From this plot, critical load/stress
was calculated from a linear fit of the data. AFM imaging (Fig. 8.1a) shows an AFM height image and the
depth of penetration after 100 cycles at 80 mN of a nominally 80 µm scratch is summarized in the table
(Fig. 8.1b). The measured depth is between about 250 and 350 nm based on the section analysis (Fig. 8.1c).
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Figure 8.1. (a) AFM height image with line maps across deepest two regions of wear track. (b) Table of six vertical
distances of line maps on LC CoCrMo made from a single asperity fretting test after 100 cycles, 80 mN, 3 Hz, in air.

AFM bearing analysis was also performed on and around damage regions to measure volume of
pileup/debris around the scratch and volume of material removed from in the abraded area. Figure 8.2 shows
an example of the bearing analysis results of volume above and volume below “surface level” of the
polished flat unworn surface.
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Figure 8.2. AFM bearing analysis of height sensor image with (a) volume of plastic deformation and debris pileup
from wear (161 µm3) and (b) volume of material removed (181.8 µm3) during fretting by a single 17 µm radius
diamond asperity after 100 cycles – 50 mN – 3 Hz. Quantitative results are listed below each image with bearing
volume highlighted in yellow. Dotted line box indicates the region of the image analyzed.

Statistical analysis was performed with regression and analysis of variance methods, with a minimum
of 9 samples per group (n > 9). Two-Way ANOVA was performed on OCP between solution and alloy
dependent results. Volume measurement results were analyzed with Student’s T-test, Two-Way ANOVA
(on effect of alloy and presence of solution: air vs. PBS), and Three-Way ANOVA (on effect of alloy, type
of solution: PBS vs. H2O2, and load, without replication). Depth and fretting current measurements were
analyzed with Three-Way ANOVA (on effect of alloy, type of solution: PBS vs. H2O2, and load, without
replication). Tukey HSD post hoc analysis was performed where appropriate (α = 0.05) where specific
comparisons were required.
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8.4.

Results

8.4.1

Microstructure

After polishing, AM and LC discs were electrochemically etched with a 20-minute potentiostatic hold
at 800 mV vs. Ag/AgCl in PBS and the microstructure compared, shown below in Figure 8.3.

Figure 8.3. SEM backscatter of 0.3 µm aqueous alumina polished surface of (a) x1000 magnification of AM
CoCrMoW and (b) x500 magnification wrought LC CoCrMo surface after biasing the surface +800 mV vs. Ag/AgCl.

AM alloy grains are much larger and less uniform (5 – 30 µm) than the wrought LC grains (< 10 µm).
In addition, the grain boundaries of AM CoCrMoW appear much more susceptible to etching, as they are
more severely etched than those of LC CoCrMo. Hard phase precipitates (mostly carbides) can be seen in
the AM alloy, while twinned and stacking fault microstructure can be seen in the LC alloy.
8.4.2

Fretting and Fretting Corrosion

8.4.2.1 Fretting in Air
Single asperity cyclic fretting of the CoCrMo alloys for 100 cycles results in deformation of the surface
of the alloy and residual depths of penetration that are load dependent (p < 0.05).
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Figure 8.4. Single AFM-based measurements of (a) depth, (b) volume of pileup, (c) and volume of material
removed of AM and LC alloys after 100 cycles of fretting in air under normal loads varying from 10 – 100 mN,
measured with AFM, n = 10, one per load condition.

AFM-based depth measurements, as well as volume of plastic pileup (above) and volume of material
removed (below) measurements for AM and LC alloys are shown together in Figure 8.4. There is a general
increase in both depth and volumes with load for both alloys in air. The linear relationship between depth
and load is consistent with a plasticity-based interaction, where the depth scales with the contact radius
squared and the contact radius scales with the square root of the applied load. Comparisons with the insolution test results will be discussed later in Section 3.2.2.
8.4.2.2 Fretting Corrosion in Solution
Two-Way ANOVA (solution/alloy) on average OCP indicates no variation between AM vs. LC OCP
(p = 0.38), but OCP of AM in PBS is significantly lower than of AM in simulated inflammatory conditions
(PBS: -200 mV, H2O2: -20 mV vs Ag/AgCl, p < 0.01).
Single asperity fretting under various loads (<10 – 100 mN) was repeated in PBS to compare fretting
between CoCrMo alloys as well as fretting corrosion. Scratch depth, volume of pileup, and volume of
material removed were plotted in Figure 8.5 as a function of normal load for LC and AM.
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Figure 8.5. Individual measurements of depth, volume of pileup, and volume of material removed of (a) LC and (b)
AM alloys after 100 cycles of fretting in PBS under normal loads varying from <10 – 100 mN, measured with AFM,
n = 11, one per load condition.

The results from fretting in solution (Fig. 8.5) were compared between alloy, as well as to results from
fretting in air (Fig. 8.4). Three-Way ANOVA between results from LC in air, LC in PBS, AM in air, and
AM in PBS, with the 4 groups consisting each of 10 samples at various loads (without replication), yields
that volume of material removed (volume below) does not significantly vary between alloy (p = 0.12) nor
whether or not fretting was performed in solution vs. in air (p = 0.08) but is dependent on load (p < 0.01).
There is no significant interaction between alloy and air/PBS (p = 0.39), between alloy and load (p = 0.98)
or air/PBS and load (p = 0.89).
Three-Way ANOVA (alloy, air/PBS, load), again with the 4 groups consisting each of 10 samples at
various loads (without replication), on the volume of pileup (aka plastic deformation and debris) shows no
significant effect of alloy (p = 0.13), but there is a difference in air versus PBS (PBS > air, p = 0.03), and
load (p < 0.01). There is no significant interaction between alloy and air/PBS (p = 0.14) or air/PBS and load
(p = 0.13) on volume of pileup, but there is an interaction between alloy and load (p = 0.02). Tukey posthoc within “alloy x load” data shows the only significant variation of pileup volume within this group is
between AM generated under 10 mN and AM generated at 100 mN (p = 0.04). No other pileup volumes
are significantly different for AM across loads (p > 0.11), or of LC across loads (p > 0.24), or of AM vs.
LC at each load (p > 0.77).
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The ratio of pileup and debris (volume above) to volume of material removed (volume below) was
analyzed to determine what effects, if any, exist between AM vs. LC and air vs. PBS. The average ratio of
volume above to volume below by fretting (in air) is 1.35 + 0.59 (LC) and 1.56 + 0.56 (AM). Fretting
corrosion tests in PBS yielded a ratio of 0.98 + 0.15 (LC) and 1.40 + 0.51 (AM). One-Sample T-Tests
indicate that the ratio was greater than 1:1 for AM CoCrMoW in both air (p < 0.01) and in PBS (p < 0.01),
meaning that, on average, oxide debris generated and material plastically deformed were higher volume
than the alloy before deformation. LC CoCrMo did not have a ratio significantly different than 1:1 in air (p
= 0.14) or PBS (p = 0.73).
From the method outlined in Figure 8.1 average scratch depth was replotted from Figures 8.4a and 8.5a
as a function of the normal load applied in air (Fig. 8.6a), and in PBS (Fig. 8.6b), along with each fitted
function d = k(F).

Figure 8.6. Individual depth measurements of scratch and curve fit to function d = k(F) of (a) AM CoCrMoW (R2 =

0.98) and wrought LC CoCrMo (R2 = 0.94) in air, and of (b) AM CoCrMoW (R2 = 0.95) and wrought LC CoCrMo
(R2 = 0.94) in PBS, n < 10.
Following plasticity mechanics, depth of penetration of a spherical asperity is related to load applied
by
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𝐹

𝑎2

𝐹

𝑎2 = 𝜋𝐻 and 𝑑 = 2𝑅 which results in 𝑑 = 2𝜋𝑅𝐻. This is valid for a single indent test. For these tests, with
100 cycles of abrasion, a similar plasticity-based relationship is likely of the form
𝑑 = 𝑘(𝐹)

where 𝑘 =

1
2𝜋𝑅𝐻 ′

Eq. 8.1

where d is depth of scratch in µm, k is the depth-load relationship in µm/mN, R is the indenter radius, H’
is an equivalent hardness parameter for 100 cycles of abrasion and F is the applied load in mN.
µ𝑚

Fitting both data sets from fretting in air to this function, yields kLC = 0.0104 𝑚𝑁 and kAM = 0.0108

µ𝑚
.
𝑚𝑁

Correlating these fits to the data shows that even precise wear with a controlled load and geometry of an
asperity leads to more variation in the amount of damage (depth of scratch) in air on LC (R2 = 0.94) than
AM (R2 = 0.98), Figure 8.6a. Similarly, fitting the depth – load response data in Figure 8.6b, generated in
PBS yields kLC = 0.0105

µ𝑚
𝑚𝑁

and kAM = 0.0114

µ𝑚
.
𝑚𝑁

Regression shows AM (R2 = 0.95) exhibits slightly

more variation in damage in PBS than in air AM (R2 = 0.98), while LC is not any more varied (R2 = 0.94)
in either case.
Three-Way ANOVA (alloy/solution/load) of scratch depths (in Fig. 8.6) shows no significant difference
between AM vs. LC (p = 0.84), nor dry fretting vs. tribocorrosion in PBS (p = 0.13). However, depth of
scratch is load dependent (p < 0.01). There are also no significant interactions on scratch depths between
alloy and air/PBS (p = 0.86), alloy and load (p = 0.67), or air/PBS and load (p = 0.56).
Fretting currents over 100 cycles generated by fretting by a single inert diamond asperity in PBS and
H2O2 on both AM and wrought LC alloys are shown below in Figure 8.7.
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Figure 8.7. (a) AM and LC alloy fretting current response during a single second of fretting at 3 Hz under 60 mN
load. Fretting current (nA) resulting from fretting 100 cycles for various loads from <10 – 100 mN on (b) LC CoCrMo
and (c) AM CoCrMoW generated by 17 µm radius diamond asperity in PBS and (d) LC CoCrMo and (e) AM
CoCrMoW in H2O2 during potential hold of 0V vs. Ag/AgCl.

High resolution current vs time plots (Fig. 8 7a) for 60 mN for both AM and LC CoCrMo show the
detailed current response and its 6 Hz frequency. Examples of the fretting response over 100 cycles for the
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AM CoCrMoW alloy in PBS at 0 V, 3 Hz, are shown (Fig. 8.7b). It should be noted that for AM (Fig. 8.7c)
at even at less than 1 g (10 mN load), significant fretting currents were observed and above the currents rise
with applied load. For LC (Fig. 8.7b) no significant fretting currents are visible below 10 mN.
Under low nominal loads (close to the onset load for fretting corrosion of the metal), fretting currents
are measurable starting at around 7 mN. Under loads of 100 mN (just over 10 g), fretting currents spike to
0.25 µA (within the same magnitude of fretting currents seen during entire device testing) [10]. As load
increases, current measured increases, but rate of increase decreases and the measurable current begins to
plateau.
The same fretting corrosion experiment was repeated in 10 mM H2O2 solution to simulate added effects
of inflammation. Fretting currents vs. Ag/AgCl on LC CoCrMo are shown in Figure 8.7d and on AM
CoCrMoW in Figure 8.7e. Again, visible currents can be generated under 10 mN on AM (Fig. 8.7e) but are
barely evident on LC (Fig. 8.7d). Fretting current amplitude remains smaller during fretting on LC than
AM for the same loads in this solution. The onset load for AM appears to be below 7 mN, and for LC very
small currents are visible at 5 mN loads.
Fretting current (Fig. 8.8) averaged across 100 cycles of fretting, summarize the data shown in Figures
8.7 and 8.8. Each curve in Figure 8.8 compares load dependence of the average fretting current of each
alloy in each respective solution: LC in PBS, AM in PBS, LC in H2O2, and AM in H2O2.
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Figure 8.8. Average current (nA) vs. load (mN) across 100 cycles abraded with a 17 µm radius diamond asperity for
LC CoCrMo in PBS (R2 = 0.79), AM CoCrMoW in PBS (R2 = 0.90), LC CoCrMo in 10 mM H2O2 (R2 = 0.92), and
AM CoCrMoW in 10 mM H2O2 (R2 = 0.90), as well as fits to function, Eq. 2, n > 9.

Figure 8.8 shows the average fretting currents above the baseline current, as a function of load for the
two alloys in the two solutions. This demonstrates (Three-Way ANOVA) that currents are a function of
load (p < 0.01), and that both solution (p < 0.01) and alloy (p < 0.01) significantly effect fretting currents.
Within this experiment, AM CoCrMoW had higher fretting currents than LC CoCrMo in the same
conditions (load/solution), and currents generated in PBS are higher than in simulated inflammatory
conditions. There are also no significant interactions between alloy and solution (p = 0.27), alloy and load
(p = 0.06), or solution and load (p = 0.052). The data for the current versus load (Fig. 8 8) can be non-linear
least squares fit, for wrought LC and AM alloys in PBS and H2O2, to
𝑖 = 𝐴(𝐹 − 𝐹𝑜 )1/2

Eq. 8.2

where i is average fretting current in nA, F is applied load in mN, Fo is critical load in mN, and A is a factor
relating current to load in the respective environment in nA/mN1/2. This yields the following A values for
fretting in PBS: ALC = 4.28 nA/mN1/2, AAM = 6.03 nA/mN1/2 and in H2O2: ALC = 3.05 nA/mN1/2, AAM = 4.69
nA/mN1/2. Wrought LC CoCrMo in PBS has a critical load on a single micron-scale asperity of about 5.97
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mN (0.61 g), and for AM CoCrMoW is about 6.16 mN (0.63 g). In H2O2, critical load is calculated as 4.96
mN (0.51 g) for LC CoCrMo and 5.63 mN (0.57 g) for AM CoCrMoW.
When average fretting currents of AM and LC in PBS, reported in Figure 8.7, are correlated to the
corresponding scratch depth (Fig. 8 6b), the resulting plot is shown below in Figure 8.9.

Figure 8.9. Average fretting current over 100 cycles (at 0 V vs Ag/AgCl) versus corresponding scratch depth
generated in PBS on AM (R2 =0.81) or LC (R2 = 0.89) alloy during 100 cycles of fretting under loads <10 to 100 mN
on a single 17 µm radius asperity, n = 1.

The fretting corrosion currents measured are linearly related to the depth of the scratch measured at the
end of the 100 cycle test. One can also see that the average fretting currents fall to zero prior to the load (or
scratch depth) reaching zero indicating that the Fo found in Figure 8.8 corresponds to the load below which
no fretting corrosion currents arise.
8.4.3

SEM Analysis of Damage

After fretting by the single diamond micro-asperity in air and solution under constant potential,
damaged surfaces and surrounding debris were analyzed with SEM, Figure 8.10.

164

Figure 8.10. Scratches imparted by single diamond asperity fretting apparatus in air on (a) wrought LC and (b) AM,
in PBS at 0 V vs. Ag/AgCl on (c) wrought LC and (d) AM, and in 10 mM H 2O2 at 0 V vs. Ag/AgCl on (e) wrought
LC and (f) AM for 100 cycles under 100 mN at 3 Hz.

After 100 cycles under 100 mN (ca. 10 g) normal load, significant damage was imparted by the diamond
micro-asperity. Figure 8.10a and 8.10b show damage on LC and AM alloy surfaces, respectively, by dry
fretting (in air). In air, AM CoCrMoW seems to be more highly damaged than LC CoCrMo under the same
conditions. The asperity appears to more easily deform the grains of LC CoCrMo, (Fig. 8.10a) visible in
the straighter wear track and more slip lines around the perimeter than on AM CoCrMoW (Fig. 8.10b).
Figures 8.10c and 8.10d show the influence of adding corrosion (solution) to the effects of fretting LC and
AM CoCrMoW. LC CoCrMo damage appears to be consistent in both air (Fig. 8.10a) and in PBS solution
(Fig. 8.10c). The wear track does wander more in PBS, possibly due to the added effect of lubrication and
lower coefficient of friction than under the same load in air. In PBS, AM CoCrMoW (Fig. 8.10d) appears
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slightly more damaged than LC CoCrMo (Fig. 8.10c), similar to fretting in air. Not much variation is visible
in the damage of AM CoCrMo by fretting (air, Fig. 8.10b) from fretting corrosion (PBS, Fig. 8.10d). When
10 mM of H2O2 was added to simulate inflammatory conditions for LC CoCrMo (Fig. 8.10e) and AM
CoCrMoW (Fig. 8.10f), the slip lines are more extensive for the AM alloy than the LC alloy.
There does not appear to be much effect of environment on amount or type of LC CoCrMo debris
generated, (Figs. 8.10a, 8.10c, and 8.10e). In all three cases, small amounts of metallic debris surround the
wear track and small amounts of oxide are embedded into the wear track, visible as darker regions in SEM
backscattered images (and confirmed using EDS, data not shown). In contrast, the abraded AM alloy feature
signs of more extensive damage. Additionally, debris around the AM fretting scratch appears more metallic
in nature and more abundant (Fig. 8.10b).
8.5

Discussion
The main goals of this work were to assess the relative performance of an additively manufactured

CoCrMoW alloy to its low carbon wrought CoCrMo version in terms of fretting and fretting corrosion
properties in saline and saline supplemented with hydrogen peroxide to represent more inflammatory
conditions. Overall, there were differences in performance of the two alloys and the solution used also
affected the overall performance. The AM alloy exhibited higher fretting corrosion currents than LC and
were more susceptible to higher contact loads at the asperity tip. Inflammatory solutions reduced the overall
fretting corrosion currents, but also increased the open circuit potentials that these alloys experience. More
detailed discussions of the similarities and differences are discussed below.
8.5.1

Microstructure

Manufacturing method has an effect on microstructure, as visible in differences in grain size, shape,
and homogeneity. The larger, less uniform AM alloy grains (Fig. 8.1a) may affect wear rate from fretting
and fretting corrosion. These larger grains (up to 30 µm) reach diameters larger than the width of the contact,
meaning wear can be only on a single grain or, perhaps, across one grain boundary, whereas the LC asperitybased wear more often transits multiple grains since the asperity contact area is one the same size scale or
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larger than the grain diameter (< 10 µm), Figure 8.3b. This raises interesting questions about the nature of
fretting and fretting corrosion as a function of the asperity diameter relative to the grain size and how the
wear process progresses. When the contact diameter is larger than a single grain, the plastic deformation
can be multicrystalline, whereas if the asperity contact diameter is smaller than the grain size, one single
crystal or bicrystal deformation takes place. Such differences can result in more effects of crystal
orientation on wear [41].
8.5.2

Fretting and Fretting Corrosion

The single asperity fretting apparatus previously described, provides a simple and repeatable test of
alloy wear resistance. By generating systematic, measurable deformation, differences/similarities in the role
of alloy-dependent plastic deformation on fretting process can be both assessed visually and quantitatively.
8.5.2.1 Wear Analysis
The first fretting test (in air) was performed to measure wear without the added effects of corrosion that
usually occur within the tribocorrosive environment of a metal loading device. For both AM and wrought
LC CoCrMo, load applied versus scratch depth (Fig. 8.4a), volume of plastic deformation (Fig. 8.4b), and
volume of material removed (Fig. 8.4c), were directly related, up to 100 mN. For the second stage of wear
testing, PBS was added to simulate biological conditions and more realistic tribocorrosive wear. Potential
was held at a constant 0 V vs. Ag/AgCl (within the passive oxide potential range) in order to measure
changes in currents (resulting from oxide repassivation) during fretting.
The three measurements of damage taken (depth of the scratch (Fig. 8.5a), volume of the plastic
deformation plus debris pileup around the perimeter of the scratch (Fig. 8.5b), and volume removed (Fig.
8.5c)) were used compare effect of presence or absence of solution (corrosion) as well as compare the two
alloys (LC vs. AM). All of these measurements were found to significantly increase with load, for both
alloys in both air and in PBS.
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Volume of the scratch was shown to be dependent on load but was not affected by the environment
(solution or air), and it did not depend on alloy. That is, fretting on AM and LC alloys in air had the same
volume loss as fretting corrosion in PBS. Based on this, there is no synergistic effect of fretting and
corrosion observed for these test conditions. This is contradictory to what has been reported currently on
corrosion and wear [92,104,105]. The differences in microstructure (grain size, elemental composition,
corrosion patterns, etc.) previously mentioned did not have a significant effect on volume of material
removed (wear rate) between LC and AM alloys nor the amount of material plastically deformed.
Volume of all material around the scratch, above the “flat” unworn surface consists of metallic debris,
oxide debris, as well as plastically deformed metal that was only displaced, but not completely dislocated
from the surface. Both alloys had pileup volumes that were equal to, or greater than the volume of the
scratch trough created. The AM alloy’s ratio of pileup to volume worn for both air and pbs was in the 1.4
range, while the LC alloy had a ratio closer to 1. The Pilling – Bedworth ratio (ratio of volume of metal
oxide to volume metal) of Cr2O3 is 2.07, i.e. the oxide coating is passivating [144]. A ratio > 1 means that
oxide is higher in volume than the metallic source it comes from. This may partly explain how the pile up
volume can be larger than the trough volume. Other sources for this observation include entrainment of
oxide debris back into the wear track.
More oxide debris appears to be present in the AM CoCrMoW than metallic debris in air, (Compare
Fig. 8.10b and Fig. 8.10d). The majority of LC CoCrMo debris appears metallic rather than oxidized in
both environments, (Figs. 8.11a and 8.11c). However, despite more oxide debris being visible on AM
CoCrMoW than LC CoCrMo in PBS, there is no difference in this volume measurement (above the surface
of plastic deformation + debris) between AM vs. LC, but there is a difference in the volume of pileup
between air vs. PBS. This could indicate that less wear on AM is taking place in solution, and the volume
difference is being made up by the thicker oxide in PBS.
The depth versus load results (Fig. 8.6) showed a linear relationship for each alloy in air, while there
was more of a plateau effect in PBS. Reasons for this may include generation and embedded of oxide
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debris into the wear scar in PBS solutions while less oxide embedding may occur in air. Such oxide
embedding (i.e., formation of a tribochemical layer) may serve to slow the tribocorrosion process.
8.5.2.2 Fretting Currents
Recorded fretting currents were a simple way to assess and quantify oxide film regrowth on passive
alloy surfaces during fretting corrosion [9]. In Figure 8.7, individual fretting current versus time plots are
shown over the course of 100 cycles of fretting at 3 Hz (starting around 7 seconds until 40 seconds). While
it is clear that fretting current is a function of load, within the parameters of the experiment (0 V vs. Ag/AgCl
and <10 – 100 mN), there is also a significant effect of solution as well as alloy. Even though AM
CoCrMoW has higher fretting currents than LC CoCrMo (Fig. 8.8) the amount of material removed during
fretting corrosion was the same between alloys (Fig. 8.4c and 8.5c). This means that any difference seen in
currents are likely due to differences in oxide repassivation, and not because of differences in wear rates.
The average fretting corrosion current versus normal load plots were fit with a function of the square
root of the normal load. Figure 8.8 shows that this relationship between currents and load provides a link
to the hardness of the alloy (or the stress required to plastically deform the surface). This function is related
to the plasticity-based assessment of the scratch area and the repassivation charge associated with oxide
film repassivation. That is,

I film =

 nF dV
M w dt

[76]

Eq. 8.3

where  is the oxide film density, n is the charge per cation (n = 2.6 for CoCrMo alloys, [76]), F is Faraday’s
constant, and Mw is the oxide molecular weight. This first term (=nF/Mw) has the units of charge per
volume and for CoCrMo it is about 18.4 C/mm3. The rate of volume abrasion dV/dt is equal to the rate of
repassivation at these sliding speeds. Thus, this equation can be further developed by replacing the first
term with  and looking at the volume derivative. Here, the volume abraded equals the oxide film thickness
(h), the sliding speed (d/dt) and the width of the individual scratches imparted. The scratch width (
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2 F

 H ) is the result of the plastic deformation width due to the diamond indenting the surface. This

results in:
𝐹 𝑑𝛿

𝐼𝑓𝑖𝑙𝑚 = 2𝛷ℎ√𝜋𝐻 𝑑𝑡 or 𝐼𝑓𝑖𝑙𝑚 = 𝐴√𝐹 where 𝐴 =

2𝛷ℎ 𝑑𝛿
√𝜋𝐻 𝑑𝑡

Eq. 8.4

Here, H is the alloy hardness and F is the normal force. Using the values of H = 6 GPa (typical for CoCrMo
[113]), and assuming that at 0 V, h = 1 nm, one can calculate an approximate value for A, the fitting
parameter used here with d/dt = 0.08 mm*3 Hz). This results in A = 4.1 nA/mN1/2 which is very close to
the fitting values of A determined in the results. This shows that the currents developed during this testing
are driven primarily by the plasticity-based disruption and repassivation of the oxide film on the alloy
surface.
Higher currents correlate to higher amounts of oxide repassivated. The possibility of the addition of W
to the alloy contributes additional oxide forming chemistry that may increase the currents. Higher currents
recorded in PBS than in H2O2 may also be the result of the effect of the solution of oxide film formation i.e
more oxide is repassivated in PBS than H2O2, indicating that both LC and AM alloys have thinner oxides
in inflammatory conditions, and are thus more susceptible to fretting corrosion in such environments.
However, we also must consider that as H2O2 increases (i.e. the oxidizing power of the solution increases),
the natural potential (OCP) of a passive alloy like CoCrMo becomes more positive than in PBS [67]. As
seen in log. current density vs. potential response, Figure 8.11 below, adding more oxidizing agent (in this
case H2O2) to the reaction results in a shift in the reduction reaction to higher potentials.
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Figure 8.11. Current density and corrosion potential response (E corr) of AM CoCrMoW to higher levels of oxidizing
agent (10 mM H2O2) compared to in PBS during anodic polarization [145].

While both curves shown in Figure 8.11 follow the same metal oxidation reaction, differences arise in
Ecorr and passivating current that result from the increased reduction reaction because of the addition of
H2O2. In the case of added H2O2, the reduction reaction occurs with O2 (ox. reduction reaction 1, Fig. 8.11)
as well as H2O2 (ox. reduction reaction 2, Fig. 8.11) This shift leads to a much higher corrosion potential in
H2O2, which sits high enough that it results in a loss of the passive region seen in PBS. Because adding
H2O2 results in an increase in the cathodic reaction, it is visible as an anodic shift in Ecorr (a distinct
characteristic of passive films), which is often assumed equal to OCP. This rise in OCP before fretting
(around -200 mV in PBS to around -20 mV in H2O2 reported in Section 3.2.2) means that since both groups
(PBS and H2O2) were held at 0 V vs. Ag/AgCl during fretting corrosion, the samples held at 0 V in PBS
were actually biased more than in H2O2. This explains why, for example, the baseline currents are positive
for PBS and more negative for H2O2. However, the film currents, which are currents over and above the
baseline currents are linearly dependent on the potential away from the oxide onset potential (or passivating
potential), which does not shift with solution conditions [67].
These differences in fretting currents do not correlate with wear depths/extent of wear for each alloy.
One source of the difference may be associated with differences in the oxide layers of each alloy. ASTM
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F-1537 wrought LC CoCrMo is reported as having a composition (by weight) of 63-69% Co, 26-30% Cr,
5-7%Mo, and balance C, Ni, Fe, Si, Mn [146]. The most abundant elements by weight of Co and Cr each
have negative electrochemical potentials (V vs. SHE), listed below, making them highly reactive and
readily oxidized at the surface [147].
Co2+ + 2e- ↔ Co

-0.280 V

Eq. 8.5

Cr3+ + 3e- ↔ Cr

-0.744 V

Eq. 8.6

MoO3 + 6H+ + 6e- ↔ Mo + 3H2O

-0.075V

Eq. 8.7

The more negative the electrochemical potential, the more reactive the metal is to corrosion. Therefore,
the majority of the oxide is formed at open circuit potential is from Cr ions to Cr 2O3, with some CoO as
well [147,148]. However, because potential was held at 0 V (significantly above the electrochemical
potential of each element) for all fretting tests, we can assume all elements oxidize at the surface, and based
on weight percentages of the alloy, we would assume about 69% of the oxide formed forms as CoO, 30%
forms as Cr2O3, and the remainder is MoO3.
Similarly, the AM alloy tested here is comprised (by weight) of 64% Co, 25% Cr, 5% Mo, 5% W.
While ratios of the first 3 elements are similar between AM and LC alloys, the added tungsten may have
an effect on the oxide layer, and thus the fretting currents. The most common oxidation state is +6 [149].
WO3 + 6H+ + 6e- ↔ W + 3H2O

-0.58 V

Eq. 8.8

Tungsten is a passivating element when no mechanical factors are at play. At elevated temperatures, it
can react to form tungsten (IV) trioxide (WO3) [149]. WO3 is chemically stable at room temperature and
under aqueous acidic conditions and is nontoxic [150]. With a very low electrochemical potential, it is
possible that WO3 is formed on the AM alloy, in addition to the other oxides, and may be what is causing
the larger fretting currents seen on AM CoCrMoW compared to LC CoCrMo under the same conditions.
Below are the parameters of the four oxides present and their abundance within the oxide, which can
be used to calculate the CoCrMoW oxide film properties of the alloy, Table 8.1.
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Table 8.1. Parameters used to calculate oxide film properties of CoCrMoW alloy, reported by Li [151].
Density

Molecular weight

Valence

ρ (g/cm )

mw (g/mol)

n

65%

6.45

75

2

Cr2O3

29%

5.21

152

3

MO3

4%

6.47

128

6

WO3

2%

7.16

232

6

6.11

80.6

2.53

Oxide

Mole Fraction

CoO

CoCrMoW oxide

3

Following the method reported by Li in 2016, the density, molecular weight, and valence of CoCrMoW
oxide can be calculated by summing the individual values of each multiplied by their respective mole
fractions (not molecular weight of Cr2O3 is divided by 2 in this equation because of the 2 chromium ions
that go to form the oxide, as opposed to 1 Co, 1 Mo, and 1 W). These values can then be used to calculate
the charge per volume of oxide (Φ in C/cm3) by
𝛷=

𝜌𝑛𝐹
𝑚𝑤

Eq. 8.9

where ρ is oxide density in g/cm3, n is valence of the cation, F is faraday’s constant (96,485) in C/mol, and
mw is molecular weight of the oxide in g/mol. Using these values and model for charge per volume of an
alloy, the charge per volume of CoCrMoW is 18,505 C/cm3. This is less than 1% more than what is
calculated for the CoCrMo oxide with the same method (18,477 C/cm 3) [25]. Therefore, the higher
measured charge compared to calculated charge must relate to changes resulting from deviations from ideal
condition calculations.
8.5.3

Analysis of Damage

Fretting of AM CoCrMoW in air with only 100 cycles (33 seconds) of wear led to significant visible
damage (Fig. 8.10b). Plastic deformation is evident from the visible slip lines along grain boundaries around
the wear path and the pileup of metal around the perimeter of the scratch track. This is true in air and
solution, as well as for LC CoCrMo (Fig. 8.10a, 8.10c, and 8.10e). LC CoCrMo appears to have more debris
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removed than AM CoCrMoW after fretting in air. In solution (fretting + corrosion), both AM and LC
experience material removal as well as plastic deformation.
Effects of different grain size (<10 µm for LC and 5 – 30 µm for AM) also evident in longer and
straighter slip lines on the AM alloy than the LC (Fig. 8.10e and 8.10f). On both surfaces, the scratch path
is not entirely straight and meanders from the central path, likely due to the asperity crossing multiple
grains, of different orientations, some allowing easier slip and others more wear resistant. It is important to
note that each individual sliding interaction induces a scratch area that is smaller than the total scratched
width shown. This can be seen by the scratches perpendicular to the main wear region that represent when
the diamond tip engaged and withdrew from the surface. These scratches are only about 3 to 5 µm in width
compared to the total scratch width of about 20 to 30 µm.
8.6

Limitations
Due to minimal works on fretting corrosion properties of additively manufactured cobalt chromium

alloys, fretting currents and damage were compared to that of wrought LC CoCrMo in this experiment.
Further studies would also include fretting current measurements and extend of damage over longer
durations of fretting (>100 cycles), effects of frequency, and alternative biologically representative
solutions (artificial saliva, synovial fluid, crevice conditions, etc.).
All samples included only additively manufactured discs of a simple flat cylinder geometry were used
for fretting and fretting corrosion testing. Future fretting corrosion studies may include complex geometries
of dental alloys and device testing of modular hip and knee arthroplasty stems and acetabular cups produced
by additive manufacturing.
8.7

Conclusion
Tribology results indicate that AM CoCrMoW alloy performs similarly to wrought LC CoCrMo in

terms of resistance to abrasion, measured by wear track depth and volume, when no solution (corrosion) is
present, and the process is predominately wear only. Similarly, when solution is introduced, tribocorrosion
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damage responses are not different for the two alloys, when assessing extent of wear (depth or volume
abraded). There is no synergistic effect of wear and corrosion seen in this experiment for either AM or LC
alloy. However, during fretting in solution (both PBS and simulated inflammatory conditions) the AM alloy
generates higher levels of oxide and larger fretting corrosion currents. Because AM does not appear more
extensively damaged, we can conclude differences in the oxide lead to this increase in currents. Fretting
currents in inflammatory conditions were significantly lower for both alloys than in PBS alone, signifying
less surface reactions occurring in the more corrosive environment. Despite differences in microstructure
and passive oxide layers, AM and LC alloys experience similar resistance to tribological conditions.
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9.1

Abstract
Wear and tribocorrosion of CoCrMo alloy, whether at the taper junction of total hip implants, or in

dental applications, may generate corrosion and wear products and has been associated with adverse local
tissue reaction, potentially leading to implant failure. With the introduction of additively manufactured
(AM) CoCrMoW alloys into medical device designs, with varying chemistry and microstructure compared
to standard low carbon (LC) CoCrMo, little is known about the tribocorrosion behavior of AM CoCrMoW
alloys compared to LC CoCrMo. The tribological and electrochemical processes that arise during single
asperity contact at the scale of passive oxide film thickness (2-10 nm) is poorly understood. In this study,
an AFM-bases ‘image-wear-image’ tribology method previously developed was applied to compare the
near atomic scale to nanoscale wear and tribocorrosion behavior between LC CoCrMo alloys and AM
CoCrMoW alloys. Two wear mechanisms: atomic wear and elasto-plastic driven wear, were observed with
the transition at or near the thickness of oxide film. Contact stress and alloy/environment, as well as their
interaction, significantly affects average depth change due to nanowear (p<0.05). Nanowear and
tribocorrosion surface degradation varied significantly from grain to grain within LC CoCrMo, likely due
to local microstructural effects, and by intragranular cellular structures for AM CoCrMoW. Compared with
AM CoCrMoW, LC CoCrMo exhibited better nanowear resistance and less tribocorrosion susceptibility.
This study achieves reliable wear measurements and provides a systematic approach to advance the
understanding of oxide-metal wear and tribocorrosion of CoCrMo alloys at the sub-nanometer to nanometer
scales.

Key words: Tribocorrosion; Wear; CoCrMo alloy; Atomic force microscopy; Additive manufacturing
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9.2

Introduction
Low carbon (LC) CoCrMo alloy has been widely used in orthopedic implants due to its excellent

mechanical properties, outstanding corrosion resistance and biocompatibility [52,152]. A 2-10 nm
spontaneously formed oxide film exists on the metal surface and acts as a kinetic barrier in preventing base
metal corrosion [153]. However, recent recalls of metal-on-metal (MoM) hip implants due to high early
failure rates have been a serious concern for the application of CoCrMo as metallic biomaterials [154,155].
Pseudotumor, adverse local tissue reactions (ALTR) or adverse reaction to metal debris (ARMD) are
commonly reported complications, which have been associated with elevated serum metal ions and wear
debris generated during tribocorrosion of CoCoMo alloy component [28,156,157]. Thus, it’s of vital
significance to better understand the wear, corrosion and tribocorrosion behavior of CoCrMo alloy.
Wear, tribocorrosion or mechanically assisted corrosion (MAC) of CoCrMo alloy has been widely
studied at micro- and macro-scales [30,36,37]. However, few studies have been conducted at the nanoscale
[39,40], especially at the scale of oxide film thickness, where the oxide determines the nanowear and
tribocorrosion behavior. The main challenge for wear and tribocorrosion studies at this scale is to quantify
materials loss [46]. Interference arising from the surface roughness (usually more than a few nanometers)
of engineering materials makes it difficult to precisely measure and understand the degradation process.
In-situ atomic force microscopy has been a powerful tool for investigating real time nanoscale
tribological and corrosion behavior of materials while immersed in aqueous environments, without the need
to change the operational environment into vacuum [158,159,160]. Liu et al., reported an AFM based
‘Image-wear-image’ tribology method which enables material removal and precise quantification of surface
depth change at near atomic- and nanoscale [41]. This approach subtracts away all surface topography
present and leaves only the change in surface topography that arises from the wear process. This approach
makes it possible to measure volume loss due to wear on more roughened surfaces while in-situ and can
resolve material removal from metallic biomaterials on the scale of, or smaller than, their oxide film
thickness in simulated physiological environment. That is, atomic-scale wear and tribocorrosion
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measurements can be obtained from this method. In addition, the AFM probe, typically a diamond tip with
radius in the 500 nm range and contact mode provide a representative single asperity model to study
fundamental questions about the materials degradation process associated with wear and tribocorrosion
occurring at the alloy surface at, for example, the modular taper interface of a hip implant (Fig. 9.1).

Figure 9.1. illustration and SEM images of asperity contact at the head-trunnion interface of a modular taper
component made of CoCrMo alloy in hip implant.

Additive manufacturing (AM) of metal implants has received extensive attention in medical device
industry in recent years due to its advantages in manufacturing more complex components, being costeffective and its potential to produce parts faster compared to traditional manufacturing processes
[161,162]. Selective laser melting (SLM) is the most popular metal powder bed fusion technique in
fabricating metallic biomaterials among metal-AM technologies [163]. A majority of research on metal
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additive manufacturing has focused on the laser parameter optimization, mechanical properties and
corrosion properties of SLM CoCrMo alloy [164]. Wear behavior of AM have been recently studied at
micro-and macro-scale involving large multi asperity contact [63,165]. However, no study has been
undertaken to understand the tribocorrosion behavior of AM CoCrMo alloy at the nano- or near-atomic
scale and at the single asperity level. This study aims to elucidate and compare the nanowear and
tribocorrosion behavior of CoCrMoW alloys fabricated by SLM and a wrought LC CoCrMo alloy using an
AFM-tribology based method. We hypothesize that the nanotribocorrosion behavior of these two alloys
will be affected by the local microstructures of each but will be very similar.
9.3

Materials and Methods

9.3.1

Samples

Wrought LC CoCrMo (ASTM F-1537) and AM CoCrMoW discs (printed with laser metal fusion of
Mediloy S-Co alloy Type 5 powder (63.9% Co, 24.7% Cr, 5% Mo, 5.4% W) with a SISMA S. p. A
MYSINT100 Selective Laser Sintering system [Vincenza, Italy]) were used for testing. Fully dense disks
were fabricated (laser settings are listed in Table 7.1). After sintering, the samples were subject to a stress
relief anneal and slow cooled to room temperature. After fabricating, both AM CoCrMoW and LC CoCrMo
bar stock surfaces were wet sanded through several grits (240, 320, 400, 600) of alumina paper followed
by mirror polishing using 1.0 μm and 0.3 μm aqueous alumina suspension, then rinsed with DI water and
sonicated using 75% ethanol.
Surface roughness was measured using contact mode AFM (Dimension ICON AFM, Bruker, US)
with a 500~700 nm radius (measured by Scanning Electron Microscopy, Fig. 9.2) wear-resistant diamondcoated AFM probe (NM-TC, Bruker, US) with a stiffness of 350 N/m.
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Figure 9.2. AFM image-wear-image method reveals sub-nano to nanometer scale quantification of wear depth. (a)
schematic of the contact between AFM probe and CoCrMo alloy surface [41]. (b) Interaction between the single
asperity contact and metal surface during tribocorrosion [166]. (c-e) SEM secondary electron images of the single
crystal diamond AFM probe. (f & g) examples of subtraction height image after AFM nanowear test and AFM single
scratch test (in air), respectively, showing near atomic-scale resolution of depth change due to tribological process in
low stress regime (around 6.5 GPa). (Figs. 9.2a and 9.2b were reprinted and adapted from References [41] and [166].

Average surface roughness (in a 10 x 10 μm area) was Ra = 0.633 nm for wrought LC CoCrMo and Ra
= 0.753 nm for AM CoCrMoW. tribological testing and imaging were performed with the same AFM probe
at specific defection setpoints (low load for imaging, high loads for wearing). Deflection setpoint (V) of the
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AFM can be converted to a known force using a measured deflection sensitivity (nm/V) and the known
cantilever spring constant (N/m). Estimated nominal Hertzian stresses at the diamond tip were calculated
using the tip force, tip radius and the moduli and Poisson’s ratio for both diamond and CoCrMo (E = 230
GPa, ν = 0.3). These nominal stresses were used to obtain wear depth and/or wear volume versus stress
plots.
The Hertzian contact model was used to assess the AFM probe-metal surface contact mechanics. The
adhesion between the probe and surface was not considered. The relationship between the average contact
pressure, σ, the contact radius, a, and an applied normal load, F, is given by:
𝐹

𝜎 = 𝜋𝑎2

Eq. 9.1

where a can be shown as:
3𝐹𝑅 1/3
)
4𝐸 ∗

𝑎=(

Eq. 9.2

with R being the probe radius and E* being the reduced modulus of elasticity, E* is calculated
by:
1
𝐸∗

=

1−𝜈12
𝐸1

+

1−𝜈22
𝐸2

Eq. 9.3

Where E1, E2 are the Young’s modulus of the AFM probe and CoCrMo alloy, which are 1050
GPa and 230 GPa, respectively, ν1 being the Poisson’s ration of the AFM probe (0.2) and ν2
being the CoCrMo alloy (0.3).
9.3.2

AFM-based tribology testing method

To assess the effects of contact stress on nanowear and single scratch behavior, AFM tribology testing
included multi-scan lines nanowear and single line scratch in air and Phosphate Buffered Saline (PBS,
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P3813-10PAK, Sigma Aldrich, St. Louis, MO) to simulate biological conditions using the ‘Image-WearImage’ AFM- based tribology method [41].
In the single line tests, the AFM tip was moved to a location, the load increased to the scratch load and
a slow speed single scratch imparted after which the tip load was reduced, and the scratch region was
reimaged.
For the nanowear tests, an imaging-wear approach was used. Here the tip was positioned at a starting
point, the load was increased, and an imaging scan was initiated (e.g., 0.2 x 0.2 μm image at 64 scans per
image). When a complete scan was completed, the tip force was lowered, and a larger size image was
generated at a low imaging load (below the load where damage to the surface would occur).
It is important to note that in the imaging-wear approach, there is a relationship between the tip radius,
the applied force, the modulus and the number of repeated scratches within the same region (see Fig. 9.3).

Figure 9.3. Schematic of interface showing (a) probe-metal asperity contact and (b) AFM image raster scan pattern,
illustrating differences between single line scratch and nanowear (multi-scan lines) scratches. (a is the tip contact
radius, R the tip radius, δ the interscan distance)

In an imaging scan the tip is rastered in a zig-zag pattern over the surface and there is an interscan
distance, δ, that is defined by the scan size (W–width) and the number of scan lines (n) used to capture the
image.
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𝛿=

𝑊
𝑛

Eq. 9.4

In addition, the tip contact radius, a (assuming Hertzian contact), is found from the tip radius, the applied
load and the reduced modulus (Fig. 9.3a). If δ, the interscan distance, is less than 2a, then the tip will abrade
the same region multiple times. The number of times, m, that the tip will move over the same region is
given, for Hertzian stresses, as

𝑚=

2𝑎
𝛿

3𝐹𝑅 1/3 𝑛
𝑊

= 2 ( 4𝐸 ∗ )

Eq. 9.5

Thus, a significant difference between single scratch and imaging (multi-scan lines) scratches is that the tip
will traverse the surface multiple times dependent on the scan size, scan lines, normal load and tip radius
(Fig. 9.3b). This effect is also different in the middle of the scan line and at the perimeters of the scan. In
the middle the number of scan lines traversed is double that at the edges. As an example, for a 50 μN load
and 0.5 μm tip radius, for a reduced modulus of 210 GPa and a 2 x 2 μm image with 256 lines per image,
m = 11.2 (i.e., the tip will pass 11 times over the distance 2a of contact).
CoCrMo surfaces were imaged at a low force setpoint (no wear) before and after scratching. The afterscratch image was then subtracted digitally from the original image. This enables removing all surface
features which remain unchanged and are not affected by scratching and showing only a raised region (i.e.,
wear volume is assumed positive and pileup negative) where the wear occurred (Fig. 9.2). These subtracted
images were used for average depth analysis and surface topography changes due to wear and scratch using
the Nanoscope Analysis software v1.8 (Bruker, Waltham, US). As shown in Fig. 9.2, an average wear depth
at sub-nano scale was achieved. A first order plane fit was applied to all AFM images with the wear region
excluded. More details of the method can be found in a previous publication [41]). The average wear/scratch
depth data was used for the load-depth and contact stress-depth plots for nanowear analysis.
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In addition to the depth measurement, volume measurements were performing using the bearing
analysis function in the Nanoscope Analysis software v1.8 to calculate the volume of material removed at
the wear region (0.2 x 0.2 μm) and volume of pile-up materials around the wear region.
9.3.2.1 Nanowear Test
In the nanowear test, a 0.2 x 0.2 μm area was scratched at controlled load by setting the deflection
setpoint to specific voltages from 1V (around 24 μN, 6.2 GPa) to 7 V (around 170 μN, 11.7 GPa) with 64
x 64 scan lines for each test at 5 Hz. Pre-wear images (2 x 2 μm) were subtracted from post-wear images
for average depth change measurements. The resultant images were used for wear depth measurement [41].
9.3.2.2 Single Scratch
In single scratch experiments, 5 single scratches (nominally 1 μm long) were produced with the
diamond nano-asperity under a controlled load by setting the deflection setpoint to specific voltages (1 to
6.5V for this test), each corresponding to a calculated applied load. Pre-scratch and post-scratch images
were generated across 2 x 2 μm scan size at 3 Hz for each test. When generating a single scratch, the scan
frequency was decreased to 0.2 Hz and the deflection setpoint was increased to the voltage corresponding
to a specific Hertzian contact stress.
9.3.2.3 Larger scale area nanowear in air and in PBS
To investigate nanowear and nano-tribocorrosion behavior across a few grains, a larger scan area of 15
x 15 μm was performed in air and in PBS. Deflection sensitivity of the AFM probe was measured before
each test. A pre-wear image of 20 x 20 μm was scanned under 0.2 V deflection setpoint. The 15 x 15 μm
area was abraded under increasing loads, with stresses ranging from 6 to 11 GPa. After generating the wear
and imaging with AFM, digital optical microscopy (DOM, Keyence VHX-6000, Mahwah, NJ), scanning
electron microscopy (SEM, Hitachi S-3700N, Tokyo, Japan) and energy dispersive X-ray spectroscopy
(EDS, Aztec, Oxford Instruments, Abingdon, UK) were used to investigate the damaged area. This was
repeated on AM CoCrMoW and wrought LC CoCrMo.
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9.3.3

Anodic polarization tests

In order to compare the corrosion performance of LC CoCrMo and AM CoCrMo alloys in static
condition, anodic polarization tests were conducted using a three-electrode system where the alloy was the
working electrode, and includes a Ag/AgCl reference electrode and a carbon rod as the counter electrode.
All electrochemical measurements were obtained through a VersaSTAT4 potentiostat (AMETEK, Berwyn,
PA). Open circuit potential (OCP) was recorded over 30 minutes in PBS before anodic polarization tests
began. The polarization test started from a potential 100 mV lower than the open circuit potential and was
performed in positive potential direction to 1000 mV vs Ag/AgCl with a scan rate of 1 mV/s.
9.3.4

Statistical analysis

At least three trials (n = 3) were performed on each condition, with averages and standard deviations
reported. The behavior observed is consistent across repeated testing. Effect of the contact stress and
alloy/environment on wear depth was assessed using two-way ANOVA. The four alloy/environment groups
include AM/air, AM/PBS, LC/air, LC/PBS. Post hoc comparisons (Tukey’s method) were used to assess
the effect of alloy/environment on the wear depth at each specific contact stress. A p-level of 0.05 was
considered significant in all statistical analyses.
9.4

Results
Schematics (Fig. 9.2a & 9.2b) of the near-atomic based wear and tribocorrosion processes help to frame

the interplay between diamond tip and alloy surface [41, 166]. Fig. 9.2(c-e) show the AFM diamond tip and
probe geometry over a range of magnifications at low accelerating voltage. The radius of the tip is between
0.5 μm and 0.7 μm. Fig. 9.2(f &g) are examples of the post-image subtraction of a scan wear test (Fig. 9.2f)
and a single scratch test (Fig. 9.2g). Plots of average wear depth (summed over the worn area) for the wear
scan (Fig. 9.2f) and single scratch (Fig. 9.2g) show how the depth of wear was estimated. Fig. 9.2f displays
an image obtained to calculate the average wear depth change by using the ‘ Image-wear-image’ AFM
based tribology method on a 0.2 * 0.2 μm LC CoCrMo surface. Fig. 9.2g shows an average depth change
of 0.8 nm due to nanowear and eliminated interference arising from surface roughness on measurement of
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height change at near atomic scale. It revealed average materials removal depth of a few atomic diameters
thickness and indicated that partial removal of the oxide film during the test. Using the image wear-image
subtraction method, quantitative and sub-nanometer scale measurement was obtained.
Summary data for the wear depth for scan wear tests of both AM and LC CoCrMo alloys in air and
solution versus nominal Hertzian stress for the 0.2 μm wear tests are presented in Fig. 9.4.

Figure 9.4. (a) Comparison of stress-dependent nano-wear behavior of LC CoCrMo alloy and AM CoCrMoW alloy
in air and PBS. (b) Example of AFM height images obtained after AFM nanowear test, showing pile-ups and materials
removal around and inside the wear region, respectively.

Fig. 9.4a shows the result of depth-stress relationship of nanowear (in air) and nano-tribocorrosion (in
PBS) of AFM tests on the wrought LC CoCrMo and AM CoCrMoW alloy. Two-way ANOVA shows both
the contact stress and alloy/environment significantly affect the depth (p<0.05). There is significant effect
of the interaction between the contact stress and alloy/environment on the average wear depth (p<0.05).
For LC CoCrMo in air, nanowear depth exhibited contact stress-dependent behavior within 10 nm
range. Average wear depth increased as contact stress became larger. Material loss was observed starting
from 6.1 GPa, and it increased to 1.5 nm at 8.5 GPa. The increasing rate of depth with the rising of contact
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stress was shown in higher stress region than 8.5 GPa and the average depth reached 11 nm at the highest
Hertzian contact stress of 11.6 GPa. Nanotribocorrosion behavior in PBS exhibits similar contact-stress
dependent behavior with nanowear in air. Post-hoc comparisons (Tukey test) shows no statistical difference
between the depth change in air and PBS at the same contact pressure when the contact stress was smaller
than 10.5 GPa (p>0.05). It has been shown that the average depth in air was significantly higher than that
in PBS under the same stress condition above 10.5 GPa, when the average depth was above 4 nm (p<0.05).
For AM CoCrMoW alloy, contact stress-dependent nanowear behavior was observed in both air and
PBS. At lower stresses, depth increased with contact stress at a relatively slow rate, rising from 0.8 nm at
6.5 GPa to 2 nm at 7.5 GPa. Above 9 GPa, the depth increased more rapidly with increase of contact stress,
rising to 19 nm in PBS and 14 nm in air. Materials loss rate in PBS was significantly higher than in air (at
the same stress condition) when contact stress is larger than 8 GPa (p<0.05).
Comparing AM CoCrMoW and LC CoCrMo alloy in air, no significant difference was observed in
depth versus contact stress at stresses lower than 9.5 GPa (Tukey test, p>0.05). However, the wear depth
of AM CoCrMoW alloy was significantly larger than that of LC CoCrMo (at the same contact stress
condition) at above 9.5 GPa (p<0.05). In PBS, depth change of AM CoCrMo was more than that of LC
CoCrMo at above 8.5 GPa (p<0.05) while there is no difference at lower contact stress region (p>0.05).
Fig. 9.4b displays a representative AFM subtraction image after a nanowear test in air of LC CoCrMo
alloy at 11.7 GPa. The center protruding volume is the volume of material removed while the pile-up
volume (negative) was on the periphery of the (0.2 x0.2 μm) worn area. Significant pile-up material was
observed. AFM bearing analysis show a material removal volume of 0.000741 µm3 and a pile-up volume
of 0.000941 µm3. The pile-up volume is about 1.27 times as large as that of the groove. It is important to
note that the sliding distance in these tests was well below the radius of the asperity in these tests.
Fig. 9.5 displays single-scratch results on the LC CoCrMo alloy and AM CoCrMoW. Fig. 9.5a shows
a subtraction image of representative scratches obtained at the same contact stress of 9.5 GPa, where
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identical morphology and depth (Fig. 9.5b) of single scratches were obtained. The contact stress-dependent
single scratch behavior was similar in air and PBS for each alloy (Fig. 9. 5c & 5d). Contact radius can be
estimated from section analysis shown in Fig. 9.5b as well.

a

b

500 nm

c

d

f

e

200 nm

Figure 9.5. Stress-dependent and Load-dependent single-scratch test in air and PBS. (a) example of single asperity
test image, showing identical scratches obtained at the same stress. (b) height profile of red arrow line marked in (a)
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using section analysis in AFM Nanoscope Software (e,f) AFM ‘image-wear-image’ result showing pile-up materials
and center groove region due single-scratch test at 9.5 GPa.

In the case presented, the plastic (residual) contact radius was estimated to be around 150 nm for all
scratches. A larger increasing rate of wear depth with contact stress was observed once the depth penetrates
5 nm in all groups. Fig. 9.5(e & f) show an AFM height image of a LC CoCrMo surface after single scratch
test at 9.5 GPa. A central groove feature and surrounding pile-up materials were recorded. The volume of
the pile-ups (material above the average plane) was 0.00145 µm3 and that of the groove (below the average
surface plane) was 0.00102 µm3. The ratio between the pile-up volume and the groove volume was 1.42.
Figs. 9.6(a-e) are non-subtracted sequential AFM images of the same location which show progression
height images of 15 x 15 μm area abraded at increasing stresses from 7.2 GPa to 11.8 GPa on wrought LC
CoCrMo.

Figure 9.6. (a-e) Surface topographical imaging captured after nanowear testing (on 15 x 15 μm area) revealing
microstructural effects on nanowear across different grains at increased contact stress in air for LC CoCrMo alloy. (f)
Pile-ups and removed materials were observed both around and inside the abraded region.
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At lower contact stresses, below 7.2 GPa (Fig. 9.6a), the whole surface exhibited little change. Signs
of localized change of surface topography were observed starting from 7.2 GPa (Fig. 9.6b). The features
appear to be influenced by the local microstructure of the alloy showing evidence of twin or stacking fault
boundaries and grain boundaries within the microstructure. At higher contact stresses (Fig. 9.6c & 6d),
different regions across the surface appeared to vary in wear depths, and localized grain features became
more evident. Figure 9.6f presents the 3D height image after testing at 11.7 GPa, pile-up of material was
observed at the periphery of the 15 x 15 μm area while some removed material was inside the abraded
region.
Figure 9.7 displays both height (Figs. 9.7a-7c) and friction (Figs. 9.7d-7f) images obtained during wear
tests of the identical region (15 x 15 μm area) under increasing contact stresses in air.

Figure 9.7. Friction images and height images captured during nanowear tests (on 15 x 15 μm area) showing different
surface features and evolution at increased contact stress. (a-c) height images. (d-f) corresponding friction images.
Red markers showing different features observed between friction and height images at the same contact stress.
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The progression of increasing stress induces changes in both the height and friction images with a loss
of the surface polishing scratches present and development of microstructurally driven topographic and
frictional changes. At lower or medium contact stress, friction images showed features (see red markers in
Figs. 9.7d & 9.7e) that were not as easily observed on the height images (Fig. 9.7a & 9.7b). At higher stress
(comparing Figsures 9.7c & 9.7f) both frictional and height images reflected the effects of the underlying
microstructural variations.
Comparison of AFM images of AM CoCrMo alloy and LC CoCrMo alloy after the same contact stress
abrasion (15 x 15 μm) and SEM imaging of abraded surfaces on both alloys after the end of AFM nanowear
experiment are shown in Figure 9.8.
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Figure 9.8. AFM and SEM images comparing surface (15 x 15 μm) of LC CoCrMo and AM CoCrMoW alloy after
increased contact stress in air. (a) Sequential AFM height images at increasing stress, left column is LC CoCrMo
alloy, right column is AM CoCrMoW alloy (b,c) SEM images of LC CoCrMo surface after AFM nanowear test. (dg) SEM images of AM CoCrMoW alloy after testing. (b,d,f are backscattered images, c,e,g are corresponding
secondary electron images).

Figure 9.8 AFM and SEM images comparing surface (15 x 15 μm) of LC CoCrMo and AM CoCrMoW
alloy after increased contact stress in air. a) Sequential AFM height images at increasing stress, left column
is LC CoCrMo alloy, right column is AM CoCrMoW alloy b,c) SEM images of LC CoCrMo surface after
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AFM nanowear test. d-g) SEM images of AM CoCrMoW alloy after testing. (b,d,f are backscattered
images, c,e,g are corresponding secondary electron images).
Figure. 9.8a are sequential AFM height images for LC CoCrMo (left column) and AM CoCrMoW
(right column) under increasing nominal contact stress image-wear conditions. Backscattered SEM images
(Figs. 9.8b-g) revealed microstructural-influence surface wear features. For LC CoCrMo alloy, the wear
process progressively revealed underlying microstructural features on the AFM images (Fig. 9.8a vii),
which was more difficult to observe on the SEM images (Fig. 9.8b & 9.8c). For the AM sample, more
detailed features on the microstructure were shown in backscattered image (Fig. 9.8f) compared to AFM
height image. Microstructure inside the abraded regions were consistent with that outside of the wear region
(Fig. 9.8d) showing subcellular structures within single crystals.
Figures 9.9(a-f) show sequential 15 x 15 μm AFM images of AM CoCrMoW surface after
tribocorrosion under increased contact stress in a nanotribocorrosion test in PBS.
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Figure 9.9. (a-f) AFM height images show surface topography (15 x 15 μm) of AM CoCrMoW alloy at different
contact stresses during tribocorrosion in PBS. (g) EDS linescan profiles superimposed on BSE images reveal element
fluctuation across the intercellular boundaries with elevated W and Mo at the cell boundaries. (h & i) backscattered
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image and secondary electron images of surface after test, respectively. (j-l) comparison of AFM height image (j),
optical microscopy (k) and SEM images (l) of the same area after AFM tribocorrosion test. Note: part of the area (red
circle marked region in (j) was subjected to wear at15.6 GPa after test at 13.5 GPa in Fig. 9.9f.

Starting from 10.6 GPa, variation of wear rate across the surface was shown. Starting from an initial
polished surface topography with scratches running diagonally, microscale cellular features developed and
became more pronounced at higher contact stress after tribocorrosion (Fig. 9.9d-9.9f). These cellular
features had peaks at the cell boundaries and more wear within the individual cells. When stress increased
to 11.8 GPa and above the boundary of some small cellular units was removed, small cellular units merged
into larger ones (Fig. 9.9f). SEM with EDS line scan analysis shows (Fig. 9.9g) that the peaks of the
intercellular boundaries are enriched in W and Mo and low in Co and the chemical variation correlates with
the extent of wear observed. Wear particles were shown adhered to the surface even after final scanning
when the probe moved across the surface to image the surface (Figs. 9.9h-9j). Part of the area (red circle
marked region in Figure 9.9j) was subjected to higher stress wear at 15.6 GPa, after which some part of the
cellular structure was still preserved while the rest has been severely damaged. SEM backscattered image
shows cellular structure and reveals chemical heterogeneity at the boundaries (Fig. 9.9h). In the SEM
secondary image (Fig. 9.9i), the undamaged cellular boundary was observed, which indicates these
boundaries are more tribocorrosion resistant compared to the interior. Figure 9.9(j-l) show the same region
imaged by different microscopy techniques. The damaged region was able to be observed by digital optical
microscopy (Fig. 9.9k). Compared to optical (Fig. 9.9k) and SEM images (Figs. 9.9h, 9i & 9l), AFM image
(Fig. 9.9j) shows the higher resolution of surface topography and cellular features revealed due to wear.
Figures 9.10(a-d) shows a 4 x 4 μm area of surface after tribocorrosion in PBS under 12.9 GPa, the
friction image (Fig. 9.10d) shows higher resolution details of these structures compared to height and
defection images.
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Figure 9.10. AFM images at localized area (4 x 4 μm) on AM CoCrMo surface after tribocorrosion in PBS at 12.9
GPa. (a & b) height images, (c) deflection image, (d) friction image.

The cellular boundaries were aligned in one diagonal direction and correspond well in the height images
(Fig. 9.10a &9.10b) and defection image (Fig. 9.10c). The friction image (Fig. 9.10d) reveals fine submicron dome-like structures (200-300 nm, separated by dark boundaries) between the larger cellular
boundaries (bright in the image). A large portion of the parallel cellular sub-grains in the friction image
were elongated (about 800 nm) in the sliding direction while some kept a small round shape. Inside the
large boundary, chemical heterogeneity revealed in the friction image (Fig. 9.10d) was observed, dividing
a larger grain into small sub-grains.
Figure 9.11 displays the representative anodic polarization result of LC CoCrMo and AM CoCrMoW
alloy.
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Figure 9.11. Anodic polarization curves of LC CoCrMo and AM CoCrMoW alloy.

Both alloys exhibited similar polarization curve of a typical CoCrMo alloy with corrosion current
density at 10-7 A/cm2range, excellent passive behavior at potentials below 0.5 V and a transpassive
potential at about 0.5 V due to the accelerated corrosion of metal alloy.
9.5

Discussion
This study explored the nano-tribocorrosion behavior of additively manufactured and conventional low

carbon CoCrMo alloys in air and physiologically representative solution. A single diamond asperity nanowear approach has been shown to be able to quantify depths smaller than 1 nm in wear using an imagewear-image subtraction method which eliminates any confounding topography and captures the change in
material volume from the wear process. Differences in the depth of penetration into alloys was alloy
dependent, and for AM CoCrMoW immersion in solution also increased the penetration. Both single scratch
and image-wear methods were explored and showed similar and consistent results. The penetration depth
versus normal load plots clearly shows a transition in wear behavior at approximately the thickness of the
passive oxide film present on the surface which like affects the wear process significantly at low contact
stresses. Nano-wear and tribocorrosion behaviors were found to be significantly influenced by
microstructural features for both alloys, while AM CoCrMoW exhibited higher tribocorrosion susceptibility
compared to LC CoCrMo alloy.

198

9.5.1

Wear mechanisms

As mentioned, two different wear regimes were observed approximately above and below the oxide
film thickness of these alloys. First, at nominal Hertzian contact stresses below the hardness of the alloy,
no observable wear was detected. This shows that tribocorrosion requires, at least at the asperity level, the
contact stress to reach or exceed the alloy hardness. Then, at nominal contact stresses greater than the
hardness, but still in the lower range (below about 8 GPa), the contact stress-dependent wear behaviors
were similar for LC CoCrMo and AM CoCrMoW regardless of the presence or absence of PBS. The wear
response at these stresses is controlled by the oxide films on these alloys which are approximately a few
nanometers thick. In this low-stress regime, the wear is likely driven by an atom-by-atom wear process of
the oxide film.
The rate of change of depth of wear with rise of contact stress was low at these lower stresses compared
to the high stress conditions investigated. This lower rate was seen at depths less than the oxide thickness
(2 nm), and wear rate with normal load (i.e., slope of the depth-load plots) increased faster after penetration
through the oxide film (depth > 2 nm). This can be explained by a slower atom-by-atom dominated wear
process at the beginning of material removal and a faster plastic deformation dominated wear behavior at
higher stresses [161,162,163]. Wear rate is influenced by the hardness difference between the oxide film
and the bulk metal where the oxide has a likely higher hardness level. In the atom-by-atom wear process,
removal of material occurs by breaking of chemical bonds when the AFM probe scans on the surface when
the contact stress is significantly smaller than the hardness of the material [162]. This is also supported by
post-wear imaging (see Figs. 9.2f & 9.2g), which shows no pile up or wear particles for sub-oxide wear.
When the contact stress started to approach the hardness of the substrate alloy, plastic deformation of the
subsurface was initiated. Pileups around the wear region, mainly due to plastic deformation and wear
particle formation, were observed in the AFM and SEM images after testing, as well as its pile-up volume
increases with contact stress.
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It is important to note that the relative spatial scales of the alloy grain size (or other microstructurally
relevant feature (e.g., stacking fault region), the contact radius of the asperity and the sliding distance all
matter, in addition to the normal stress, in determining the nature of the damage and wear penetration
observed.
Based on the classic Archard’ Law, wear volume is proportional to normal load at the macroscopic
scale [164]. This relationship was not observed in this study probably due to different wear mechanisms
occurring and the presence of oxide film at the top surface. It should be noted that a linear relationship was
observed at higher stresses, when the depth penetrates through the oxide film thickness range. This supports
that Archard’s law may well still hold for high nominal contact stress nanoscale elasto-plastic based
abrasive wear but does not appear to hold at the contact stresses approach the hardness of the alloy.
It is interesting to note that while height images showing the grain-dependent surface features after
wear, friction images indicate chemical variation across the surface (Fig. 9.7 & Fig. 9.10). Friction images
provide valuable information in understanding the local structure and properties of the surface and the
heterogeneity of nanowear behavior in AFM studies.
9.5.2

Tribocorrosion

For LC CoCrMo under high contact stress conditions, wear rates in PBS are significantly lower than in
air. The reason for this is not entirely clear and is contrary to what was observed for the AM CoCrMoW
alloy which exhibited higher wear penetration than in air tests are high contact stresses. One possible
explanation is that a lubrication or hydrodynamic effect of the liquid environment may be present at the
plastic deformation dominated region. Decrease of the coefficient of friction with increasing normal load
is consistent with micro- macro- scale tribocorrosion behavior [37]. However, at the lower contact stress
region, no statistical difference was shown. This result implies that the lubrication effect is not significant
at the atom-wear region. Similar results were observed with the nanowear of Ti alloy [41].
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For AM CoCrMoW, the nanowear rate in PBS is significantly higher compared to that in air at high
contact stresses (above 8 GPa. This implies that there is no significant lubrication or hydrodynamic effect
of PBS on wear of AM CoCrMo. In fact, the presence of PBS significantly increased the high stress
tribocorrosion of this alloy. The repassivation reaction of the oxide film of AM CoCrMo with PBS may
affect the wear resistance as well. Differences in oxide film structure and chemistry between AM
CoCrMoW and LC CoCrMo should be better understood to explain this effect.
One important finding of this study is AM CoCrMoW exhibited higher nano-tribocrrosion rate
compared to LC CoCrMo in the higher stress regime. This is consistent with our recent study on fretting
corrosion at the microscale, where significantly higher magnitude of fretting corrosion (at microscale)
current in AM CoCrMoW compared to LC CoCrMo in PBS at 0 V vs Ag/AgCl was observed.
9.5.3

Microstructure-dependent nanowear and tribocorrosion at larger sliding amplitude

9.5.3.1 LC CoCrMo alloy
Nanowear and nano-tribocorrosion experiments indicate that alloy microstructure affects the wear and
tribocorrosion of these alloys across scanned areas even at the depth of a few nanometers. Microstructural
factors that may play a role in this differential wear and tribocorrosion behavior include grain orientation
relative to the surface and sliding direction, local grain chemical composition, crystal lattice, subgrain
dislocation structure within individual grains, twinning and the grain boundaries. Previous studies have
shown grain orientation evolves during the wear process and plays an important role in deciding the
tribological behavior at macroscale wear [13,167,168,169]. Deformation induced FCC-HCP transformation
occurs mostly with one main active slip plane, while the friction coefficient on the hcp phase of Co is less
than in FCC phase [167,168]. Thus, only for certain preferred grain orientations, hcp transformation
occurred and led to slower wear rate [169]. Our study showed, for relatively few cycles and within a 15 x
15 μm area, the scale of a few grains, variation in tribological behavior was related to grain orientations,
local deformation structure and local chemical heterogeneity. It should be noted that diameter of the
diamond probe used in this study is about 0.5 μm, which led to an estimated contact region of about 200
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nm (in diameter). Thus, nanowear was conducted within a single grain in most cases while the sliding
amplitude (15 μm) extends the wear track to a few grains. Results of this study indicate several scaling
factors play an important role in the nanowear behavior. For example, compared with the sliding amplitude
of 0.2 μm result, which showed about 5 nm depth change at 10 GPa, sliding across a 15*15 μm area showed
only average wear depth change within one nanometer at the same stress condition. That is, the depth of
these nanowear processes depends on the relative characteristic lengths of contact radius, grain size and
sliding distance. Future studies are planned to study the size of the asperity, grain size and sliding amplitude
effect on the wear and tribocorrosion behavior at nanoscale.
9.5.3.2 AM CoCrMoW alloy:
The cellular substructure was clearly revealed during tribocorrosion of the AM alloy. Cellular dendrites
across different grains exhibits similar wear rate, which is related to the layer-by-layer manufacturing nature
of the AM alloy and the laser interaction with the alloy during melting [170]. However, the cellular
boundary exhibits better nanowear and nano-tribocorrosion resistance compared to cell interior. Chemical
heterogeneity across cellular grains in AM CoCrMoW was observed in this study, revealing higher
concentration of Mo and W and lower amount of Co at the boundary (Fig. 9.9g). This is consistent with
previous TEM-EDS study on AM CoCrMo alloy, showing the presence of more Mo and less Co at the
cellular boundaries [171]. Mo increased at the boundary to about twice that inside the grain, which likely
leads to increases in the hardness of the material at the boundary, perhaps altering the local oxide film
chemistry as well as better wear resistant properties. Future study of micro- and macroscale wear and
tribocorrosion study on AM CoCrMoW are needed to investigate if the heterogeneity of wear resistance
still exists at these characteristic length scales.
It is important to note that tribocroosion current at the nanoscale in this study was too small to be
resolved from the baseline current when there is no sliding. Measuring tribocorrosion current due to the
abrasion of oxide film is challenging because it requires increasing the total tribocorrosion current while
maintaining the depth in a few nanometers’ range. Increasing the contact area (probe size) and the sliding
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rate will increase the oxide film removal rate, which may help in generating larger tribocorrosion current.
Decreasing the exposed area (to μm scale) will help in lowering the baseline current when there is no
tribocorrosion and makes it easier to resolute the tribocorrosion current during sliding. Thus, future efforts
on improving the system’s capability in detection of small scale tribocrrosion current are important to obtain
electrochemical information for better understanding the nature of oxide reforming and nanoscale
tribocorrosion process. Such a system may provide the opportunity to establish a tribocorrosion model of
partial removal of native passive oxide as conventional tribocorrosion models are based on full removal of
oxide films.
9.5.4

Pile-ups and volume loss relationship

Our study shows the pile-up volumes around the sliding area are larger than the materials removed at
the center of wear region (Fig. 9.4b, 5e & 5f). If the scratch pile up materials was solely the result of plastic
deformation, one might expect the two volumes to be equal. This may be explained by the Pilling–Bedworth
ratio theory, which describes the ratio of elementary cell volume of metal oxide to the elementary cell
volume of the equivalent metal [144,168]. The Pilling–Bedworth ratios of Co and Cr are 1.99 and 2.07,
respectively [173, 174]. Thus, volume of CoCrMo alloy oxides at the pile-up region is larger than that of
the metals removed due to wear and formed these oxides. In PBS at open circuit condition, metal volume
‘loss’ in the wear region equals to the sum of the volume of metal in the pile-ups due to plastic deformation,
the volume of metals participating in metal dissolution forming metal ions, and the volume of metal in
reformed oxide abraded or fractured which becomes part of the wear particles. This ‘metal volume balance’
relationship with AFM precisely measuring the volume parts, provides the opportunity to quantify materials
degradation pathways mentioned above.
9.6

Limitations
There are a number of limitations in this study. First, the nominal stresses were obtained based on

reported cantilever stiffnesses and Hertzian contact mechanics concepts which rely on elastic conditions.
Clearly plasticity was present which will alter these estimates. Second, the wear imparted was due to only
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a few, or a single, scratch event or cycles. These studies do not capture longer-term cumulative damage
processes that may be present. In addition, we did not systematically assess the effect of sliding distance,
relative to asperity contact diameter on the wear rate, which was clearly affected by the sliding size. This,
along with the effect of the imaging wear multi-pass effects may affect the reported results.
9.7

Conclusions
In summary, a near-atomic scale AFM-Based tribology and tribocorrosion method has befen developed

and shown to have the capabilities to study and compare the near-atomic scale and nanoscale wear and
tribocorrosion behavior between LC CoCrMo alloys and AM CoCrMoW alloys. Wear and tribocorrosion
of CoCrMo alloy surfaces can occur and be measured at the atomic scale and nanoscale even for scratches
smaller than a micron and for a range of contact stresses. Nanowear and tribocorrosion behaivors were
contact stress dependent where no wear or tribocorrosion was seen below an onset stress that is nominally
close to the hardness. Atomic wear and elasto-plastic driven wear mechanisms were observed dependent
on the nominal contact stresses present. AM CoCrMoW shows higher tribocorrosion susceptibility
compared to LC wrought CoCrMo. Increased materials loss rate of AM CoCrMoW was found in PBS
compared to in air. Nano-wear and tribocorrosion behaviors were strongly influenced by grain
microstructural features for LC CoCrMo and cellular structures for AM CoCrMoW.
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10

Synthesis of Work
The purpose of this work was to study the asperity-based FCC and MAC damage visible on retrieved

THA components, often linked to pain, inflammation, and even mechanical device failure requiring revision
surgeries. The methodologies to synthesize and analyze this microstructural damage were then refocused
towards material characterization to study any microstructural corrosion and mechanical differences that
may result from changing production method, as additive manufacturing gains traction in the orthopedic
and dental field. These findings can be applied towards raising awareness of the actual scale and attribution
of these failure mechanism, and towards improving biomedical alloys.
The goal of Chapter 3 was to demonstrate a quantitative, systematic method to study the long-term in
vitro fretting corrosion behavior of acetabular taper designs over the course of 3 million cycles
(approximately 3 years of clinical use), as well as to quantify the extent of damage and compare two
different acetabular taper designs. The experimental setup was based on a previously introduced
incremental fretting corrosion test method used to test head-neck taper fretting corrosion in vitro
[72,73,74,75,79,80]. Though this method of testing has been applied to studying acetabular taper FCC, it
was only for short term test, unlike the 3 million cycle study presented here [10]. While Shenoy, et al. 2020
did expand the test to various combinations of implant materials other than a LC CoCrMo and Ti-6Al-4V
couple, tested here, and included SEM/EDS analysis, there was no post test ion analysis, comparison of
currents at the initial cyclic loading (where the most variation in fretting currents/micromotion occurs), or
correlation to visual and microscopic damage [10]. The results shown here and in Shenoy, et. al 2020
indicate that multiple acetabular designs exhibit small fretting corrosion currents and damage associated
with these tapers [10].
Chapter 4, 5, and 6 focused on the process of wear and tribocorrosion within these taper junctions on
the micro-scale. Using a single asperity, in Chapter 4, to explore the material properties and damage
mechanisms of three popular biomedical alloys (CoCrMo, Ti-6Al-4V, and 316L SS) was assessed in terms
of depth and volume of material removed as an effect of applied load (stress) and solution presence. A
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single inert diamond asperity was chosen, instead of a pin or ball on disc setup popular in recent literature
[30,31,32,33,86,92,93,119,120], because even highly controlled geometries of these contacts are in fact
made up of many smaller micron-scale contacts that inevitably alter surface topography and asperity based
tribocorrosion. Focusing on a single abrading body of a known geometry allows for measurable modes of
damage, allowing for us to truly measure the extent of damage and component (plastic, oxide, or ionic)
contribution doesn’t need to be estimated or predicted, as is the case with previous tribocorrosion studies
[31,33,100,119,120,125,131]. Like Ghanbarzadeh, et al 2019, we believe that the idea of “corrosion
enhanced wear” is not studied enough for each of the biomedical alloys and is often brushed past or includes
an estimated synergy term that is not well understood [30,112,119]. In some cases, the idea of synergy has
been based on fretting stainless steel alloys [92,104,111], which has been known to exhibit fretting initiated
crevice corrosion and does not behave as other passive alloys in certain conditions [116]. Basing the results
on these ideal or hypothesized behaviors leads to misconceptions and misinterpretations of the fundamental
interaction of tribology and corrosion. The results in Chapter 4 and 5 show that cobalt chromium alloys,
titanium alloys, and stainless-steel alloys all exhibit vastly different modes of wear, extent of damage, and
fretting currents in response to various potentials, load applied, and fretting duration. Mischler et al, 1998
also found that the ratio of mechanical and electrochemical metal remove varied between alloys and
between conditions [33]. Thus, each one should be investigated individually in depth, without applying
assumptions based on different alloys.
This was attempted in Chapter 6, with a focus on the individual components that contribute to titanium
alloys tribocorrosion mechanisms. To quantitatively investigate the individual contribution of plastic
deformation, oxide repassivation, and ion release to the total process of Ti-6Al-4V tribocorrosion,
controlled, measurable damage was imparted using the previously mentioned single asperity setup.
Various methods of measuring the total volume of material removed have been utilized in similar
experiments, including weighing [92,104], calculated from 2D interferometry measurements [30,31],
calculated from 2D profilometry measurements [33,86] or 3D profilometry measurements [119]. While it
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can be a useful tool for measuring surface treatment of polishing effects, even 3D profilometry relies on
having a before and after image, often with the before image a computer-generated estimate or the geometry
in the case of estimating material loss of THA or TKAs, which can lead to inconsistent measurements
[100,131].
Volume loss due to corrosion is usually calculating by faradays law from fretting currents
[30,31,33,119]. Typically, the component of mechanical wear has been estimated as the difference between
other components [30,31], or measured in the absence of corrosion (in air or at cathodic conditions) and
with either 3D profilometry [119] or calculations from 2D profilometry [33,86].
Unlike previous studies that have attempted to model tribocorrosion as a combination of measurements
of mechanical wear and chemistry (and even the addition of an assumed synergy term) [125,130]. In this
chapter we assessed each aspect as interacting variable with overlapping values that can’t be broken up into
simple one measurement.
Chapter 7 and 8 were aimed at studying the corrosion and wear differences that might result from
manufacturing cobalt chromium alloys additively, as opposed to the more traditional wrought method.
In Chapter 9, asperity-based wear was taken a step further, from the microscale down to the nanoscale.
Results from Chapter 4, 5, 6, 8, and 9 all interestingly suggest that when comparing the volume of
material removed during wear only (fretting in air) to volume removed during fretting corrosion (fretting
in solution), there was not more damage seen during fretting corrosion. This goes against the common
assumption that corrosion and tribology are synergistic, with the combined effect being greater than the
effect of either process individually. Current literature has even mentioned that the phenomena of corrosion
enhanced wear is severely understudied [31]. Our results indicate that the volume lost due to corrosion
(measured by loss due to ions and oxidation) is almost completely oxidation. This added corrosion volume
loss is, however, negated by the lessened effects of tribology in solution. This is in agreeance to the study
by Ferreira et al, 2019, who found that the presence of corrosion decreased the mechanical wear on titanium
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alloy under some conditions (high sliding speed possibly due to lubrication by the corrosion product) [119].
Mischler et al, 1998 also found evidence of cases where the rate of mechanical wear (for both tested
materials: titanium and stainless steel) exceeds the rate of tribocorrosive (mechanical and electrochemical)
wear [33]. As well, Doni et al, 2013 reported that cast CoCrMo and Ti6Al4V exhibited lower tribocorrosion
wear rates than dry sliding [86]. This is likely because of a thicker oxide and lubrication during fretting in
solution, the volume loss from tribology is lower than that from tribocorrosion. Especially for titanium
alloys, the titanium oxide film (that becomes thicker at more anodic conditions) provides a more protective
barrier and lowers the wear rate, compared to non-anodically oxidized metals (i.e., those in less corrosive
environments) [120]. Mischler et al, 1998 drew similar conclusions in that the polarization alters corrosion
behavior of a passive alloy, and consequently the oxide film, influencing the tribological conditions [33].
Thus, the volume removed from corrosion is not enough to compensate for the lower tribology volume in
tribocorrosion, making the total volume removed in tribocorrosion no more than the total volume removed
in tribology. Therefore, corrosion can be antagonistic to wear, and the two are not always synergistic.
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11

Conclusions
The primary goal of this dissertation was to develop a single asperity fretting corrosion experiment that

could be used to address unknown, or overlooked, factors in the mechanisms of fretting and fretting
corrosion degradation processes of traditional and additively manufactured biomedical alloys on the
microscale as well as the nanoscale. With each study in this thesis, we have performed a quantitative, long
term, in vitro fretting corrosion test and developed an analysis method to study FCC within an acetabular
taper of THA MoM devices, studied this asperity based transgranular wear and tribocorrosion utilizing a
single microscale asperity setup and systematic methodology of quantifying the modes of damage, studied
popular traditionally manufactured biomedical alloys as well as comparing some their additively
manufactured counterparts, and focused the FCC to intergranular tribocorrosion assessment using AFM.
The major findings are summarized as follows.
This work has presented a series of studies focused on investigating different fundamental mechanisms
of FCC, from the macro scale down to near atomic scale, including material-based, environment dependent,
and theoretical. Key findings of this dissertation are summarized below:
1. Fretting currents measured during acetabular device testing are in the range of those resulting from
fretting only on microscopic scale asperity, thus utilizing the existence of critical asperity stress
and strain scaling parameters, a single micro-scale asperity is an appropriate way to controllably
model and investigate a localized portion of the entire FCC process that occurs during cyclic
loading of MoM or metal-on-hard modular tapers.
2. The damage seen in retrievals after millions of cycles of use, is in fact imparted by only a few
hundred cycles of wear on each asperity, distributed across thousands of asperities making contact
within a taper.
3. Because not all asperities are always in contact (often less than 20% of total surface area), and the
distribution of load changes as asperities are worn, true area of contact is much less than accounted
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for, and often exceeds the hardness of the alloys locally, thus plastic deformation can occur at much
lower nominal loads (30% of the alloy hardness) than predicted by assuming total, nominal contact.
4. This asperity-based wear does not increase linearly with increasing cycles, as an effect of changing
surface oxide, oxide impaction, and work hardening, thus these alloys become more wear resistant
over time.
5. When corrosion is introduced to the wear process, the rate of and amount of damage (material
removed and penetration depth) do not increase. Therefore, the chemistry that enhances corrosion
has a lessening effect on wear, i.e., corrosion is an antagonistic process to tribology.
6. Modeling tribocorrosion by a single, controllable, hard, inert asperity allows for a repeatable and
measurable investigation of not only the contribution of tribology and corrosion to the overall
process, but also the components of deformation that make up each process (plastic deformation,
metal debris generation, oxide debris generation, and ion dissolution), as well as comparing the
contribution of each component at various conditions.
7. Damage due to corrosion only accounts for a third of the total damage seen during tribocorrosion
and is almost primarily due to oxide generation.
8. Using critical stress and strain scaling parameters, sub-granular and near atomic level oxide film
properties and alloy properties can be studied on the nanoscale, at stresses approaching and below
the hardness of the alloys.
9. At the nanoscale, antagony of tribology and corrosion was also present.
10. Microscopic and nanoscale investigation of additively manufactured alloys show innate
microstructural and oxide layer differences, when compared to traditional wrought alloys.
However, within the parameters of this dissertation, no major in tribocorrosion or nonabrasive
corrosion resistance due to manufacturing method were observed.
11. Based on findings in this study, all biomedical alloys studied, tradition or additively manufactured,
exhibit antagonistic tribocorrosion effects, as corrosion did not enhance the physical wear of
tribology.
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In Chapter 3, intermittent baseline measurements were found to successfully negate unwanted noise
and any distorting effects of a wandering baseline during long term device fretting corrosion testing of
modular taper components. Despite geometric differences in the devices tested, both CoCrMo liner /Ti6Al-4V shell acetabular designs exhibited small fretting currents and minimal damage, indicating good
fretting corrosion resistance, as well as no differences in seating loads, disassembly loads, or ion release.
The intermittent fretting corrosion test is an accurate way to quantify, compare, and predict FCC resistance,
and therefore, success of modular devices.
The single, controlled micro-scale asperity test and analysis method utilized in Chapters 4, 5, and 6
successfully provided a model of the true small-scale tribocorrosion that occurs during FCC of these
modular MoM and metal on hard taper junctions. Effects of alloy, load, solution presence, number of cycles,
and potential on both tribological and chemical processes including plastic deformation, metal debris
generation, oxide debris generation and repassivation, and ion release were controllably measured and
assessed. For all alloys tested, under clinically relevant stresses (based on critical stress and strain scaling
parameters), significant damage was imparted under loads and cycles much lower than generally accounted
for. Plastic deformation occurs at nominal stresses less than 30% of alloy hardness, and depths of
penetration (that occur over millions of cycles of loading a modular device) were reached after only a few
hundred cycles of abrasion by a single asperity. Further promoting the accuracy and relevance of asperity
based tribocorrosion models and testing.
While distinct differences in the type and amount of debris and damage generated were both alloy and
environment (solution vs. dry) dependent, the asperity based tribocorrosion process of all alloys tested was
never significantly more than tribology or corrosion alone. Thus, wear and corrosion are more antagonistic,
despite previous reliance on synergistic models. Fretting and fretting corrosion damage for all alloys slows
over time, and volume abraded, and oxide removed do not increase linearly with duration (cycles). Both
fretting currents and material removed of the popular biomedical alloys CoCrMo and Ti-6Al-4V can be
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modeled over time with a decay function, as well as predicted accurately over a range of conditions (load
and potential) by the existing Gilbert/Zhu model.
The tribocorrosion mass balance model described in Chapter 6 provides an accurate and true method
of compartmentalizing the effects of both tribology and corrosion, as well as the role that the individual
components of plastic deformation, metal debris generation, oxide debris generation, and ion release play
in the overall process during dry fretting, non-controlled tribocorrosion, and controlled anodic, passive, and
cathodic tribocorrosion. By measuring fretting currents, AFM volume measurements, EDS analysis, and
ICPMS analysis, this model relied less on mathematical models, assumptions, and predictions and more on
true measurements. It was shown that though the presence of corrosion does not enhance the mechanical
effects of tribology, it does significantly influence the amount and type of Ti-6Al-4V debris. Fretting in air
results in the most material removed, followed by no difference between freely corroding fretting or under
any of the potentials tested. Overall, during both tribology and tribocorrosion, the majority of material
removed is due to physical wear (often majority plastic deformation) with less than 35% due to corrosion.
The ratio of the components also varies based on condition, with damage during dry, freely corroding,
anodic, and passive fretting being mostly plastic deformation, while at cathodic conditions, plastic
deformation only accounts for a third of material removed. As conditions become more anodic or dry (i.e.,
less corrosion), the amount of tribocorrosion attributed to oxide formation decreases. At all conditions
tested, negligible amounts of ion released due to fretting corrosion were measured.
In chapter 7 and 8, both nonabrasive corrosion resistance and tribocorrosion resistance of AM
CoCrMoW was similar to that of the traditional wrought LC CoCrMo. This is despite differences seen in
microstructure resulting from production method, including larger less uniform AM alloy grains, enhanced
AM alloy corrosion susceptibility at both grain boundaries and laser print path. These visible differences
type of corrosion were, as well as type of wear, were also noticeable. The microstructure of each alloy
influences the wear path of an abrading asperity, such that the asperity wandered around and the path
influenced by the grains, and the asperity plowed through and displaced the smaller wrought LC alloy
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grains. Despite this, as well as higher fretting currents measured during AM alloy tribocorrosion, volume
removed and the depth penetrated to during single micro-asperity wear did not differ between alloys.
Lastly, in Chapter 9, utilizing AFM as a nanoasperity, atomic scale wear and tribocorrosion was
possible for a range of contact stresses. Supporting the validity of critical stress parameters, both wear and
tribocorrosion behavior of both cobalt chromium alloys tested were dependent on contact stress, down to
the hardness of each alloy, on the nanoscale. While multiple grain nanowear and tribocorrosion is
influenced microstructural features of wrought LC CoCrMo and AM CoCrMoW, both alloys performed
the same in wear and tribocorrosion resistance during single scratch depth measurements in both air and
solution. Therefore, on the nanoscale as well, corrosion does not enhance the effects of tribology, and
nanotribocorrosion is an antagonistic process.
The overall focus of this dissertation was on assessing underlying mechanisms of FCC, leading to
fundamental knowledge for better metal implant design and device improvement. Current research in FCC
and MAC is not fully explored, often over simplified, and relies too heavily on theoretical models of
tribocorrosion. This could lead to unpredicted negative effects in in vivo. This thesis introduced methods
for systematically exploring fretting corrosion down to the atomic scale and can be directed to future
research. The primary goal of focusing on metallic orthopedic and dental implant devices is to reduce the
number of failures, and therefore revision surgeries, due to fretting and fretting corrosion and their resulting
adverse local tissue reactions, thereby increasing the lifetime of such devices.
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12

Future Work
The studies presented in this work addressed and proposed answers to many questions pertaining to the

corrosion, tribology, and tribocorrosion and processes that exist for metallic biomaterials. This dissertation
has gone into detail in deciphering the microscale and nanoscale mechanics and chemistry of asperity-based
wear and corrosion of traditional medical alloys, as well as novel alloys growing in popularity. However,
like most scientific experiments, it also raised many new questions that will develop our knowledge of
mechanically assisted corrosion within metallic orthopedic and dental implants.
12.1

Device Testing

Regarding the device testing laid out in this work, all cyclic loading was performed in PBS. This was
done to allow for comparison to previous studies involving similar test setups and devices [10,175]. Fretting
currents and seating displacements were low and within the range of those seen in similar studies [10]. In
the future, this setup can be repeated in various solutions, H2O2 to simulate inflammatory conditions,
artificial synovial fluid, etc. Variations in baseline currents resulting from different solutions or potentials
should be compensable due to the nature of this experiment (i.e., the systematic recovery of baseline
throughout the entirety of the long term 3 million cycles).
ICP-MS results were compared to a single control sample (solution with no loading or implant present).
A further analysis of the quantity of ions resulting from dissolution during fretting, as opposed to corrosion
or measurement interferences would include multiple samples where no implant is present (control) and
multiple samples of solutions recovered after the duration of the test where a device was in the solution, but
no loading occurred (corrosion) to compare to those collected after loading (fretting corrosion).
Modular acetabular components were also the only THA components included in this experiment
Future studies may include a similar study on ceramic liner in metal shells, head-liner junctions, etc.
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12.2

Single Micro-Asperity Testing

All micron asperity fretting and fretting corrosion experiments were performed with a previously
custom-built load cell [38]. The compliance of this load cell resulted in lateral stiffness low enough to allow
some wavering of the asperity out of the intended wear track. At higher number of cycles, this did not seem
to matter as much, as the track was a culmination of many small passes (as opposed to one swipe across the
entire residual width of the track) and over time all the tracks seemed to converge into one. Because this
wavering seemed most prevalent on the harder LC and AM cobalt alloys, repeating this experiment with a
stiffer cantilever on the load cell would create a more precise wear pattern that truly was uniaxial.
More in depth-metallurgical analysis of surface damage would also be beneficial in understanding the
near-surface deformation (both plastically deformed metal and embedded oxide layer). Bryant, et al showed
that transverse section analysis methods (such as transmission electron microscopy, TEM) are useful in
identifying surface composition, distinguishing plastic deformation and corrosion products resulting from
tribocorrosion [176].
12.3

AM Alloy Studies

The additively manufactured CoCrMoW samples tested within these works was printed following
generic printing parameters (recommended by SISMA with a MYSINT 100 printer). A herringbone laser
pattern with a laser spot diameter of 55 μm, layer thickness of 20-40 μm, and thermal annealing treatment
to 800 oC was used for all samples tested here. According to Kazantseva, the optimal SLM built parameters
are hard to narrow for the AM cobalt chromium alloy, as high density and superior mechanical properties
did not always result from the same scanning pattern, build geometry, or laser density [50]. Further analysis
on effects of printing parameters on corrosion resistance would be beneficial, based on studies by
Kazantseva [50] Monroy, et al. [64], and Hitzler, et al. [177] which indicate that the build parameters
influence the alloy on the microstructural level, resulting in variations of mechanical properties, and one
can assume as well, electrochemical properties.
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PBS and PBS+H2O2 were the only solutions used for testing. This was for comparison purposes, as
electrochemical results in media, cell culture, artificial saliva, etc. are hard to compare, due to the varying
recipes of each medium, as is the case from patient to patient [178,179]. Future experiments using artificial
saliva would be supplemented with representative environments of the oral cavity where AM alloys are
designed to function, as natural saliva also contains varying levels of pH, enzymes, electrolytes, and
proteins not found in saline alone [61].
Fretting experiments would also be worth repeating in artificial saliva, due to the abrasion and fretting
that mastication will impart on the dental bridges and partial structures additively manufactured [61].
Fretting corrosion and corrosion experiments of additively manufactured implants could also be repeated
in artificial or retrieved synovial fluid, to assess the effects of organic and inorganic constituents in media
that are not present in PBS alone [61, 69].
Corrosion responses and fretting currents were measured and compared between AM CoCrMoW and
LC CoCrMo in this work, but no ion collection or analysis was attempted. Some experiments on the ion
release from AM cobalt chromium alloys have been attempted [61], but additional testing may include ion
release during fretting corrosion as well, compared to corrosion alone, as well as time dependent ion release,
and how these results compare to traditional cobalt chromium alloys (cast and wrought).
12.4

Nano-Asperity Testing

The nanoscale tribocorrosion testing performed in this experiment only consisted of a single scratch or
low cycle scratches. As the micro-asperity work presented here indicates, asperity-based wear does not
increase linearly over time. Future studies may assess higher number of cycles to study the long-term
cumulative damage on the nanoscale.
In addition, sliding distance, relative to asperity contact width was not systematically studied within
this work. While this work did capture intragranular single scratch paths and both transgranular and
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intragranular area fretting damage, future work may include area wear at smaller amplitudes, as well as
single scratches across multiple grains.
Fretting was performed in dry conditions, and fretting corrosion in PBS with no potential hold.
Assessing oxide variations due to potential or presence of oxidative species (H2O2) with this method would
be an insightful to the nature of the passive films on these alloys.
This experiment can also be useful to assess sub-oxide and ultra-oxide wear of other biomedical alloys
(high carbon cobalt chromium alloys, stainless steels, etc.). Additionally, the method of mechanically
etching an area larger than a single grain with an asperity significantly smaller than that grain provides an
interesting way of mapping wear resistance and grain orientation. This may be useful for materials that
cannot withstand chemical or electrochemical etching methods.
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