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CHAPTERI. INTRODUCTION

Metallic materials are widely used for biomedical implant applications. Orthopedic
implants require the high load-supporting capacity, low wear and friction, and high resistance
to corrosion. Therefore, metallic materials, widely used for the biomedical implant purpose
are 1) stainless steel alloy (316L, 316LV), 2) cobalt-chromium alloy (ASTM F75, F90, F562),
and 3) titanium alloy (ASTM F67, 136) owing to their high ductility and desirable quality of
wear and corrosion resistance. In all the alloys described above a stable oxide layer protects
underlying material from continuous corrosion damage in reactive environment. However,
when the implant system is subjected human motions and loads, the modular interface
undergoes mechanical loading leading to local surface damage. During the interaction, there
may be combined process of oxide layer fracture-reformation with material dissolution due to
electrochemical reaction. When the continuous human behavior results in repetitive contact
damage, the synergistic actions of mechanical fracture and chemical reactions accelerate
interfacial degradation. Fretting and crevice corrosion has been used to explained the
implant surface damage due to repeating process of oxide layer fracture and reformation [1-
9]. The repetitive oxidation leads to increase in local hydrogen concentration (drops pH
level) by consuming oxygen in physiological body fluid and thus increases the
electrochemical reactivity ultimately resulting in oxide layer instability and continuous
corrosive attack. The soluble and particulate debris formed through this process may migrate
locally and systematically and likely induce adverse reaction with in our body [5, 7, 10].
Consequently, it is very important to understand the basic physical operation of joint

replacement system and their wear and corrosion response in our body.



Joint replacement implant: Total Hip Joint Replacement

In order to mimic joint motion, hip replacement system has been designed in the form
of pivot hinge or rotational ball-socket assembly. Also, for the wide customization
assembled modular design has been preferred. For example, total hip joint replacement
(THR) comprises 4 major components; femoral stem, femoral head, polymeric socket (low-
friction inserts) and acetabular cup (see Figure 1-1).

The early design of total hip joint device with stainless steel was not successful since
the poor corrosion resistance in vivo of stainless steel lead to adverse effect with body cells.
Efforts to enhance the corrosion resistance led to new materials such as cobalt-chromium and
achieved greater success. However their high frictional forces at bearing surface resulted in
wear and premature loosening. Polytetraflyororthylene (Teflon) was inserted between
acetabular and femoral components to reduce the friction forces but was not successful due to
the low wear resistance of the insert. High-density polyethylene was employed to improve
wear resistance which became basis for modern design of total hip joint replacement.
Innovative technologies have been employed to improve reliability and useful life of the joint
replacement by obtaining stable state of joining surface from geometrical modifications,
porous coating, surface texturing and so forth [11-15]. Modular implant is constructed by
interlocking of femoral head and femoral stem. At the tapered connection such as head-stem
interface, the interlocked surface created by machining undergoes rough surface contact and
experiences a cyclic process of oxide film breakage and reformation by combined effects of
contact and corrosion. Accordingly, it is necessary to identify the nature of oxide layer and

surface properties in biomedical purposes.



Figure 1- 1. Major components of total hip joint replacement; polymeric acetabular, femoral head, and
femoral stem

Orthopedic alloys and their oxide layer

The dominant metal alloys for artificial joint are stainless steel, cobalt-based alloy
and titanium-based alloy. Their oxide layer, which separates the underlying metal from the
reactive environment, is the primary reason for their corrosion resistance. The alloys chosen
for implant are not perfectly inert in chemical reaction, but the native oxide film blocks the
metals from oxygen and moisture. Stainless steel alloys were the first metallic material used
for biomedical implant purpose. However their poor resistivity to wear and corrosion limited
their service life while the high ductility is still attractive for the dynamic load-bearing use.
Other chemical components added to stainless steel enhance the corrosion resistance;
molybdenum is added to improve corrosion resistance of grain boundary and chromium
forms oxide layer which protects the surface from electrochemical reactions in corrosive
environment. Owing to the high quality of fatigue resistance cobalt-based alloys have been

selected for joint replacements. The most prevalent cobalt-chromium alloys are cobalt-



chromium-molybdenum (CoCrMo), cobalt-nickel-chromium-molybdenum (CoNiCrMo) and
cobalt-chromium-molybdenum-tungsten (CoCrMoW). Chromium and molybdenum help to
gain the stability of the surface against corrosion. Nickel containing alloys display increase
in friction and wear resistance but are not widely used due to cytotoxicity and allergic
reactions to released nickel. Titanium alloys have low density, good strength, and can be
easily fabricated. The most attractive characteristic of Ti-alloy is high corrosion resistance
since titanium readily forms titanium dioxide (TiO;) layer which forms a barrier to
electrochemical reactions. Greater stability of oxide layer on titanium alloys leads to their
excellent biological compatibility. Due to high ductility of commercially pure titanium
(CPTi) it has been used for porous coatings while Ti6Al4V has been utilize in general joint

replacement components.

Metal corrosion in human body

Metal corrosion is degradation process of metallic materials by reaction with
environment. Most of metallic materials are susceptible to corrosion attack if a tenacious
surface oxide layer does not exist. However, when the surface layer is permeable to oxygen
and moisture, the corrosion process will continue and lead to eventual failure. Among the
variety of corrosion mechanism, metal corrosion is driven by electrochemical reactions.
During exposure to aqueous environment, atoms of metal surface experience anodic process,
namely, electrons are released leading to oxidation and formation of metallic ions. The
localized electrical potential accelerates the oxidation process until the electrochemical

potential is balanced.



Physiological environment is an oxygen rich saline solution with about 0.9% of salt
content in approximately neutral pH level of 7.4 [16]. The body fluid is electrochemically
active due to dissolved oxygen and reactive molecules in the forms of sodium and chloride
ions, and the conductive water as electrolyte. In this corrosive environment, contact loading
of rough surface likely induces small scale oxide film fracture leading to local variance of
electrochemical potential. Preferential anodic reactions produce localized surface defects
and initiate microscale surface cracks. The repetitive loading on the implant material by
human behavior may propagate the surface crack and the synergetic combination between
corrosion and surface layer fracture accelerate the interacting surface damage. The repetitive
oxidation leads to increase in local hydrogen concentration (drops pH level) by consuming
oxygen in physiological body fluid and thus increase the electrochemical reactivity. This
event produces corrosion products near the implant site and leads to biocompatibility

problems.

Research approach

Present study is to comprehend damage mechanism of implant surface in biological
environmental. In order to identify influence of surface roughness and contact loads on
surface damage, experimental study of fatigue contact of cobalt-based alloy (cast CoCrMo)
and subsequent accelerated corrosion have been conducted. Experimental results indicate
that surface roughness continuously evolve during alternating contact loading and corrosion.
Roughness amplitude decreases by plastic deformation of contacting surface asperities while
roughness amplitude increases by selective corrosion attack depending on local stresses

developed due to plastic deformation of the asperities. Finite element analysis (FEA) was



utilized to characterize residual stress field as a function of contact pressures and roughness
configurations.  Analytical model of multi-asperity contact was developed by elastic
inclusion theory. Since it was necessary to identify the strength and location of elastic
inclusions, FEA models were developed in varying morphological configurations and
nominal contact pressures. Based on the residual stress field obtained by multi-asperity
contact solution, stress-driving roughness instability model was investigated by kinetics of
surface roughness instability.

Influences of residual stress on fatigue contact damage mechanism were evaluated by
inspecting subsurface crack growth rate. Delamination theory of single asperity contact was
modified by superposing in-plane compression and tension to understand role of residual
stress in fretting contact damage. Influence of residual stress on wear rate was investigated
by determining the crack driving force for subsurface cracks and their locations. AFM based
single asperity contact experiment was performed to observe residual stress dependence of
fretting damage. Four-point-bending set up was used to apply pre-stress field in tension and
compression on the rectangular titanium specimen (Ti6Al4V and CoCrMo) and surface
damage rates were measured in ambient and aqueous environment. The strong residual stress

dependence of implant alloy fretting wear was found in aqueous environment.

Thesis organization

Surface roughness configuration and contact pressure dependence on surface
morphology instability was investigated to identify chemo-mechanical damage mechanism
by alternating contact experiment and subsequent accelerated corrosion test. Surface

roughness changes have been characterized by optical profilometry and Fast Fourier



Transform calculations. Roughness evolution process due to stress-assisted dissolution is
summarized in Chapter 2 and Chapter 3.

In Chapter 4, residual stress developed due to multi-asperity contact and kinetics of
the stressed surface instability are modeled based on proposed mechanism of surface
instability from Chapter 2 and Chapter 3. This analysis provides a simple solution of residual
stress developed on contact loading of undulating surface. A new method for determining
interfacial surface energy associated with nanoscale etching of cobalt-chromium surface is
presented.

In the next part of thesis, surface damage during single asperity contact is investigated.
Influence of residual stress on fatigue contact damage was characterized by evaluating cyclic
stress intensity factor of subsurface cracks. Delamination wear theory combined with surface
layer spalling model is used to explain the significant role of residual stress during cyclic
sliding contact in Chapter 5.

Chapter 6 presents Atomic Force Micorscope (AFM) based experimental study of
fretting corrosion. Wear rate by scratching with silicon-nitride AFM on metallic surfaces
was measured in ambient and aqueous environment to identify combined effect of
mechanical and chemical reaction on fretting corrosion process.

In Chapter 7, important findings are summarized along with the recommendations for

future work.



CHAPTER 2. ONSET OF SURFACE DAMAGE IN MODULAR
ORTHOPEDIC IMPLANT MATERIALS: INFLUENCE OF NORMAL
CONTACT LOADING AND STRESS-ASSISTED DISSOLUTION

Abstract

Surface damage at interfaces of modular implants results from repeated fretting
contacts between metallic surfaces in a corrosive environment. As a first step in
understanding this complex process, multi-asperity contact experiments were conducted to
characterize roughness evolution due to action of contact loads and exposure to a reactive
environment. Cobalt-chromium specimens with surface roughness similar to modular
implant were first subjected to only contact loading and subsequently, to alternating contact
loads and exposure to reactive environment. During repeated normal contact loading,
amplitude of surface roughness reached a steady value after decreasing during the first few
cycles. However during the second phase surface roughness amplitude continuously evolved
— decreasing during contact loading and increasing on exposure to corrosive environment.
The increase in roughness amplitude during surface reaction depended on the magnitude of
applied contact loads. A damage mechanism that incorporates contact-induced residual
stress development and stress-assisted dissolution is proposed to elucidate the measured

surface roughness evolution.

Keywords: Fretting corrosion; Modular implants; surface roughness evolution; stress-

assisted dissolution; multi-asperity contact



Introduction

Surface damage of orthopedic implants due to in vivo fretting corrosion is of great
concern as it may induce a cascade of inflammatory events that may ultimately result in bone
loss by osteolysis and subsequent implant failure. Head-stem interface of a typical modular
total hip replacement is shown in Figure 2-1. In human body the physiological fluid
penetrates implant modular interface leading to synergistic interactions of mechanical
loading and electrochemical oxidation, i.e. fretting and corrosion [17, 18]. Due to human
actions like walking, jogging, and running biological implants are subjected to repetitive
loadings in a corrosive environment resulting in onset of surface damage [8, 17, 18].
Resulting soluble and particulate debris can migrate locally or systemically and may induce
biocompatibility problems such as inflammations and necrosis that may ultimately result in
bone loss by osteolysis and subsequent implant failure [4, 6, 18-22].

Fretting corrosion response of modular implants has been generally quantified
through electrochemical measurements or measurement of weight loss during fretting testing
[1-3, 8, 23-26]. Results of the fretting corrosion studies indicate that there is a synergistic
interaction of mechanical loading and electrochemical oxidation i.e. material degradation is
accelerated by the combined effects of fretting and corrosion. Gilbert and Jacobs [5, 9] have
concluded that increased rate of corrosion is due to continual fracture and reformation of
oxide layers (repassivation) over the metallic surfaces [9]. This hypothesis explains the
reported increase in electrochemical activity but detailed mechanisms on how the contact
loads, residual stresses, roughness parameters influence the fretting corrosion have not been

well described and are still not clearly understood.
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Figure 2- 1. Surface finish of implant interfaces: (a) Interface of modular hip joint system (b) machined
surface configuration of stem and (c¢) machined pattern of femoral head

In a modular implant, head and stem surfaces that form the tapered junction are
machined with a regular roughness pattern in order to promote interlocking [8, 17]. When
the surfaces are brought in contact, only the protruding surface asperities are in contact. The
size and distribution of the contact spots depend on the surface roughness and the applied
load. Even when the overall contact loads are not large enough to cause macroscopic
deformation, plastic deformation can occur in small scales under the contacting asperities so
that the surface roughness changes after the removal of load. The plastic deformation under
the asperity contact may leads to development of surface residual stress field and in turn,

stress-concentrations near the surface roughness grooves. The corrosive physiological
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environment aggressively attacks the area of residual stress concentrations leading to the
deepening of grooves exacerbating the surface deformation. The combined effect of plastic
surface deformation and stress-assisted corrosion ultimately may result in surface damage by
nucleation of small cracks and breaking away of particulate debris. As a first step in
understanding this complex process, a combined experimental and numerical approach is
utilized to characterize the surface roughness evolution due to combined action of normal
contact loading and corrosive environment.

Elastic and elasto-plastic surface deformation due to contact of rough surfaces has
been investigated by many researchers [27-40]. In his pioneering work, Archard [27], found
that in multiple-asperity-contact of elastic rough surfaces Amontons’s law is valid and
established that surface topography is an important factor in determining mechanics of rough
surface contact. Greenwood and Williamson [28] modeled the rough surface as a Gaussian
distribution of identical half sphere asperities and demonstrated that macroscale quantities
such as total contact area, the number of asperity contact, contact load, and contact
conductance have linear relationships. However they assumed that the neighboring asperities
are isolated and do not interact with each other. In order to model the surface response under
elasto-plastic deformation, Abbott and Firestone [37] and other authors [38-40] utilized
purely plastic or elasto-plastic deformation of truncated single spherical asperity to model
rough surface contact while Chang et al. [33] analyzed plastic contact between two rough
surfaces based on asperity volume conservation condition (CEB model). As other spherical
asperity contact models, they studied isolated single asperity contact model and didn’t
account for the influence of interactions between two neighboring asperities on the plastic

flow [38-40].
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Whitehouse and Archard [29] used statistical surface characterization based on digital
analysis of roughness profiles for the study of rough surface contact. They showed that the
random surface can be modeled with a gaussian height distribution and an exponential
autocorrelation function. Rough surface have also been modeled as fractal surfaces using
analytical expression based on Weierstrass function. Weierstrass function characterizes self-
affine fractal surface using a series of superposed sinusoids. Yan and Komvopoulos [34]
used two-variable Weierstrass function for anisotropic surfaces to characterize three-
dimensional fractal surface contact in both elastic and elastic-perfectly plastic regime. They
identified the impact of surface topography and material properties on the contact behavior.
Ciavarella et al. [35] presented analytical model for elastic contact of rough surfaces
approximated by Weierstrass function. They investigated partial contact of a sinusoidal
surface at different fractal dimensions and determined fractal characteristics of contact area.

Contact loading of rough surface may result in not only elastic but also plastic
deformation of the asperities, and the asperities may interact with neighboring asperities.
Gao et al. [41] developed an elastic-perfectly plastic contact model for fractal surface profile
based on Weierstrass function, considering the interaction between neighboring asperities.
Their results indicated that surface deformation is highly dependent on surface geometry and
mechanical properties of material. They extended Ciavarella’s [35] self-affine fractal rough
surface contact to elastic-plastic regime. They calculated calculate critical conditions that
will initiate plastic flow in the asperities, and determined the extent of this plastic flow as a
function of the applied loading, the material properties of the deforming solid, and the

surface roughness. In conclusion, the relationship between contact loading and resulting
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contact stress distribution has been investigated thoroughly, but effects of the surface
topography on contact-induced residual stress development are not well characterized.

The paper presents experimental descriptions of roughness evolution for a cobalt-
chromium surface subjected to two different loading sequences: first sequence of only
repeated contact loadings and second sequence of alternating contact loading and exposure to
a reactive medium. Fourier spectrum of surface roughness was monitored after each stage of
contact and surface chemical reaction in order to identify the roughness modes that dominate
surface deformation and characterize the roughness evolution. Finite element analysis was
used to predict residual stress distribution due to the dominant surface roughness modes
under contact pressing. Finally, a mechanism that incorporates residual stress development
during contact loads and preferential attack of corrosive medium on highly stressed locations

of surface is proposed to interpret the measured roughness evolution.

Materials and Experimental procedure

Specimen Configuration and loading set-up

Cobalt-chromium-molybdenum, (CoCrMo) designated as ASTM F-75 and F-76 for
medical applications is a common cobalt-based alloys used for load supporting orthopedic
implants. In the present work, roughness evolution at the taper junction interface between
head and stem of modular CoCrMo components is simulated using normal contact loading
and exposure to a reactive medium. At the taper junction interface, surface of modular
components are machined to an undulating profile to promote interlocking [8] A typical
modular junction interface has amplitude to wavelength ratio (a/A) from 0.003 to 0.005 as

shown in Figure 2-1 (b)-(c). Flat disk shaped CoCrMo specimen measuring 25 mm diameter
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and 2 mm thickness manufactured by BioMedtrix (Boontown, NJ) were utilized to
investigate the surface roughness evolution. Two sides of the sample had different surface
morphologies: one side is mirror-polished while the other surface is machined to mimic the
undulating finish of modular interface with amplitude to wavelength ratio (a/1) of 0.003 as

shown in Figure 2-2.

Figure 2- 2. Optical profilometer scan of the specimen surface roughness machined to undulating finish
similar to modular implant interfaces (scan size: 1.2 mm X 1.2 mm)

Contact loading

Specimen surface with undulating finish are loaded by normal contact loads with a
flat CoCrMo indenter as shown in Figure 2-3. Magnitude of applied contact loads is chosen
so that bulk of the specimen deforms in elastic regime. Average compressive stress and
corresponding contact loads applied to the specimen are listed in Table 2-1. The mirror
polished side of the samples is placed on soft polyurethane substrate during contact pressing
to ensure: alignment of sample and localization of the plastic deformation on the loaded side

of the specimen.



Nominally Elastic
contact load

CoCrMo
indenter

CoCrMo
Specimen

Polyurethane
substrate

Figure 2- 3. Schematic representation of contact loading test set up

During the first stage, only repeated contact loads were applied to the specimens and
in the later stage, the specimens were subjected to alternating contact loading and exposure to
a reactive medium. Roughness of the loaded surface was scanned by optical profilometer
after each loading and exposure to corrosive environment in order to measure the roughness

evolution.

Table 2- 1. Loading levels applied on the implant specimens

Average Contact Stress (MPa) Load (kN)
0.4S, 180 91
0.5S, 225 114
0.6S, 270 137
0.7Sy 315 160
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Exposure to reactive medium

Contact loaded samples are exposed to a reactive environment to inspect the influence
of contact induced residual stresses on surface dissolution of CoCrMo implant materials.
Timescales involved in corrosion of implants in physiological solutions are on the order of
days and months and pose significant challenges for laboratory experiments. In order to
overcome this limitation, an aggressive etching medium (20 mL hydrogen chloride (HCl), 10
mL nitric acid (HNOs), and 3 g ferric chloride (FeCls)) [42] is utilized to investigate
influence of stress-assisted dissolution on roughness evolution of implant surfaces. The
contact loaded specimen surfaces are exposed to the etching medium for two and a half
minutes and roughness of the specimen surface was measured using optical profilometry
before and after the etching to determine the roughness evolution. Etching tests were also
conducted on unloaded specimens in order to unambiguously identify the influence of

contact load induced residual stress field on surface roughness evolution.

Surface Roughness Evolution

Surface roughness of the specimens was measured with an optical profilometer,
LaserScan, manufactured by Solarius Development Inc. (Sunnyvale, CA). Machined surface
of the specimen were scanned from the center in radial directions along three different angles
from the reference position; 0, 60, and 120 degrees in order to evaluate the overall roughness
changes on the surface. For each roughness measurement, horizontal scan length and scan
intervals were maintained to be 2.0 mm and 0.5 um, respectively with vertical resolution of
100 nm. Fast Fourier Transform (FFT) of the measured roughness data was utilized to
identify the roughness modes that dominate surface deformation during contact loading and

exposure to corrosive medium. Amplitudes of different surface modes for the machined
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surface are presented in Figure 2-4. Amplitude of each roughness mode is approximated by
dividing the power spectrum by total number of data points in the roughness scan. Since the
specimen surfaces are machined to an undulating profile, only a few roughness modes
dominate the spectrum. Amplitude distribution of measured surface profile before and after
loading is compared to measure the change in amplitude of dominant roughness modes.
After contact loadings, overall shape of amplitude distribution is comparable to those before
contact but the amplitude of the dominant wavelengths are reduced at corresponding
frequencies as shown in Figure 2-5. Amongst all the dominant modes, roughness mode with
smallest wavenumber (corresponding to 4 = 36 um) displays the highest change in amplitude
for each contact loading and corrosion experiment. For the sake of brevity and to simplify
the presentation of experimental results, only the amplitude changes of this roughness mode

are discussed for the rest of this manuscript.
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Figure 2- 5. Amplitude changes of dominant modes due to contact pressing to 70 % of specimen yield
strength

Numerical Model

Finite element analysis is utilized to investigate the residual stress field developed by
contact pressing of specimen surface to different loading levels. As shown in Figure 2-5,
only a few roughness modes dominate the evolution of the undulating surface profile under
contact loading and etching experiment. Therefore, sinusoidal surface with amplitude to
wavelength ratio (a/4 = 0.003) similar to dominant roughness mode was used to simulate the
residual stress development. A schematic representation of the finite element model and

appropriate boundary conditions is presented in Figure 2-6.
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Cast cobalt-chromium alloy (CoCrMo) display significant hardening during plastic
deformation [43, 44]. Therefore, local mechanical response at different locations of
specimen surface is expected to vary as a function of machining as well as contact loading
induced work-hardening. Primary focus of numerical calculation is to compare the residual
stress states induced due to different magnitudes of contact loading. Therefore, material
(CoCrMo) is assumed to be isotropic, elastic-perfectly plastic to approximate an upper bound
on contact induced residual stress state. Mechanical properties utilized in the finite element

model are listed in Table 2-2.

Table 2- 2. Mechanical properties of CoCrMo used in the finite element model

Property CoCrMo (F-75)
Young’s Modulus 230 GPa
Yield strength 0.2% offset 450 MPa

Poisson’s ratio 0.33
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Numerical model is meshed using six noded plane strain triangular elements and
mesh refinement was performed to achieve numerical convergence. Finite element package,
ABAQUS, is used to model the contact loading of the sinusoidal profile with a rigid flat
surface. The indentation is simulated in three steps: in the first step the rigid flat penetrates
onto the sinusoidal surface, and in the second and third steps the indenter is withdrawn and
completely separated. A series of indentation simulation were conducted to approximate the
residual stress field developed after each loading condition in order to identify the influence

of residual stress field on measured surface roughness evolution.

Results and Discussion

Normalized amplitudes of the smallest wavenumber (corresponding to A = 36 um) for
specimens subjected to repeated contact loading to average stress level of 60 % of the yield
stress is plotted in Figure 2-7 as a function of loading cycles. Similar roughness evolution
was observed for all the load levels (40 % to 70 % of yield stress). As shown in Figure 2-7,
surface deformation achieves “shakedown” after the first loading i.e. amplitude reduces
during the first cycle and then achieves nearly a steady value. Flattening of asperity peaks
during the first cycle results in increase of contact area for each asperity and also increases
the number of asperities coming in contact with the indenter during subsequent loading
cycles. In addition, CoCrMo undergoes significant work hardening during plastic
deformation [43, 44]. Consequently, asperities are plastically deformed only during the first
loading cycle and in subsequent cycles surface deformation is elastic with little or no

incremental plastic deformation [45].
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Figure 5- 4. Contour of AK, on parallel crack due to combined contact of parabolic normal and
parabolic tangential (top), and parabolic normal and uniform tangential (bottom) loadings
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Figure 5- 5. Contour of AK ;, on parallel crack due to combined contact of parabolic normal and
parabolic tangential (top), and parabolic normal and uniform tangential (bottom) loadings
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Effect of secondary in-plane stress

In the present study, we assume that the crack-tip field obeys the small scale yielding
conditions and superposition of the stress intensity factors due to the contact load and
residual stresses to be admissible. As mentioned earlier, the Fleming and Suh's [65]
delamination wear theory didn’t include the effect of secondary terms of stresses on crack
growth and hence needs to be modified when the residual stress is loaded. Drory et al. [79]
conducted experiments and analysis of decohesion of residually stressed thin films on semi-
infinite substrates. Mixed-mode analysis by Suo and Hutchinson [80] have also analyzed
decohesion due to residual stresses in thin films on substrates. In the present study the
subsurface crack at a depth 4 can be treated as thin film on a substrate for the purpose of
analysis. In our analysis the thin film and substrate are made of the same material (no
mismatch in the elastic properties), thus simplifying the analytical expression of Drory et al.
[79] and Suo & Hutchinson [80]. When a compressive residual stress is present the
interfacial delamination experiences an elastic instability in the form of plate buckling of the
thin film. The buckling of the delamination or subsurface crack drives crack growth.
However, when the residual stress is tensile in nature the parallel crack is stretched and the
crack face does not buckle thereby inhibiting crack growth. The resulting applied stress
intensity factors due to the combination of the contact loads and residual stresses can be

written as below based on the model schematically depicted in Figure 5-6.

AK, ()| ¢ 1 [o.(x.h) e \/E cos @
AK ), (h) _! Ve 7. (x,h) %~ sign(0.)o. 2 |sinw (5-3)

where ® = 52.07° obtained by the Dundur’s elastic mismatch parameters.
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greater than in parabolic tangential traction. The values of AK, and AK,, are plotted as a
function of subsurface crack location in Figure 5-9 and Figure 5-10. Since the cracks may
propagate at the location of maximum AK, and AK,, it implies that the constant tangential
traction creates smaller size of wear depth while the driving force of crack-tip propagation
due to constant tangential traction leads to faster growth.

Experimental results of wear rate of ConCrMo and copper with residual stress have
been illustrated linear trend of suppressed wear rate when subjected to tensile in-plane stress
and reversed trend when subjected to compressive in-plane stress [62, 72]. Similarly, AK,
and AK, stimulated by stress state of frictional contact and secondary stress field in tension
or compression presented significant influence of residual stress condition as shown in Figure
5-7 and Figure 5-8. Greater AK, and AK, were found with compressive in-plane stress
while lower AK, and AK, were shown with tensile in-plane stress. Plots of maximum AK,
and AK, as a function of depth are plotted in Figure 5-11 for three different values of
residual stress state. The results indicate that maximum value of AK, and AK,, occurs for
compressive stress state. The location of maximum AK, becomes deeper as the sign of

residual stress changes

The maximum AK, values were estimated with varying pre-stress from compressive
to tensile. As shown in Figure 5-12 the linear dependence of AK, on residual stress

indicates greater crack growth rate under compressive residual stress during sliding contact

as discussed by experimentally measured wear rate from Mitchell and Shrotriya [62].
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Figure 5- 13. Linear dependence of wear depth during cyclic sliding contact of single asperity with pre-
stress loaded on the contacting CoCrMo sample surface where h is measured wear depth and a. is half
contact area obtained by Hertzian contact model.
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The consistent experimental result of the linear dependence of fatigue stress intensity factor
(4K;) with surface stress state was found in the AFM-based fretting damage experiment in
ambient illustrated linear correlations between surface stress and wear depth due to cyclic

sliding contact of single asperity as shown by Mitchell and Shrotriya in Figure 5-13 [62].

Conclusion

Subsurface fracture model by cyclic sliding contact has been studied by inspecting
stress intensity factors. If crack growth rate follows Paris law the cyclic sliding motion
propagates subsurface crack by alternating tension and compression leading to delamination
fracture of the surface layer. Stress state and effective crack length determine the stress
intensity factor and the location of maximum stress intensity factor and thus wear rate can be
qualitatively approximated by observation of cyclic stress intensity factor. The influence of
combined secondary in-plane stress with sliding contact-induced stress is significant to
determine wear rate since compressive stress of parallel crack tends to buckle the crack plane
and opens the crack-tip while tensile stress tends to close crack-tip. Accordingly, the cyclic
transformation of compression and tension due to fretting motion may propagate subsurface
crack and imposed residual compression drives buckling of crack surface leading to higher

wear rate while residual tension suppresses wear rate.
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CHAPTER 6. ELECTROCHEMICAL DISSOLUTION OF
BIOMEDICAL GRADE TI6AL4V: INFLUENCE OF RESIDUAL
STRESS AND ENVIRONMENT

Abstract

Stress dependent electrochemical dissolution is identified as one of the key
mechanisms governing surface degradation in fretting and crevice corrosion of biomedical
implants. In the current study, material removal on a stressed surface of Ti6Al4V subjected
to single asperity contact is investigated to identify the influence of contact load, residual
stress and environment on wear damage. A range of known stress levels are applied to the
specimen while its surface is mechanically stimulated in different non-reactive to oxidizing
aqueous environments. Evolution of surface degradation is monitored, and its mechanism is

elucidated. Implications to life prediction of orthopedic implants are discussed.

Keywords:

Surface, Residual stress, Electrochemical dissolution



87

Introduction

Fretting corrosion of modular implant material is an insidious problem and may limit
the service life of the implants. Repeated contact at modular interface of metallic implants in
the corrosive physiological environment results in formation of particulate and soluble debris
that can migrate locally or systemically and may induce a cascade of inflammatory events
that may ultimately result in bone loss by osteolysis and subsequent implant failure. Fretting
corrosion results in metal degradation due to the simultaneous action of mechanical loading
and electrochemical oxidation. The two mechanisms do not proceed separately, but depend
on each other in a complex way and are influenced by such factors as (a) the elastic and
plastic properties of the surfaces (b) contact pressure (c¢) roughness of the contacting surfaces
(d) corrosive environment. The major questions that still exist are: 1) what is the mechanism
for onset of material damage at the interface? 2) How can the onset of failure in the interfaces
for a given set of materials and interface conditions be predicted? 3) How do the material
properties, implant design and surface roughnesses affect these mechanisms and predictions?
This lack of understanding severely limits the designers and manufacturers in their efforts to
optimize current surface finishing operations in order to produce more durable and reliable
total joint replacements.

Our long-term goal is to utilize understanding of mechanisms governing fretting
corrosion induced surface damage for design of total joint replacements with enhanced
durability and reliability. The objective of this project is to identify the mechanisms
governing initiation of surface damage on implants manufactured from titanium alloys. The

central hypothesis for this work is that during mechanical load assisted dissolution of implant
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surfaces, applied contact loads and surface stress state determine the mechanism governing
delamination, dissolution and repassivation of the native oxide layers and underlying material.
The experimental analysis tries to identify the mechanisms governing onset of damage on
implant surfaces i.e. to identify the influence of contact-induced stresses, the impact of bone
and surface debris on fretting corrosion.

We have completed the electrochemical and single asperity surface damage
characterization of polished titanium (Ti6Al4V) and cobalt-chromium (CoCrMo) samples.
Atomic force microscope (AFM) based experiment to determine the rate of surface damage
as a function of environment, contact loads and surface stress state. Ti6Al4V specimens
were exposed to four different environment: ambient, phosphate buffered saline (pH 7.4),
phosphate buffered saline (pH 4.1), phosphate buffered saline (pH 2.0), CaCl, solution (pH
2.0). Since aggressive pitting damage of CoCrMo was observed in the lower pH level
solution, CoCrMo specimens were tested only in ambient, phosphate buffered saline (pH 7.4),

phosphate buffered saline (pH 4.1), and CaCl, solution (pH 4.1).

Experimental set up and procedure

The four-point bending frame is designed to apply varying levels of stress states
throughout the sample as illustrated in Figure 6-1. The sample along with four rollers are
placed in-between the c-clamp and the extrusion on the base. The rollers, which are
modified pin gages (Meyer’s Gage Company, South Windsor, CT), force the c-clamp to open
against the base. The amount of force is measured by monitoring the free end deflection of
the clamp with a capacitance gage (Capacitec, Myer, MA). This deflection has been

calibrated by a dead weight method and magnitude of applied force has been determined.
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The force applied to the clamp is distributed over the four rollers creating a load control setup.
The four-point bending configuration ensures that mid-span of the sample between the inner
rollers will experience a range of stresses from compressive stresses. The stress state of any
location of the sample surface may be determined from: the load on the rollers, sample

dimensions and distance of the location from the edge.

Deflection, A

Capacitance
gage

Figure 6- 1. C-clamp design with capacitance gage, utilizing varying size of rollers different bending
force, which can be measured by deflection of free end of clamp arm, can be loaded on the rectangular
specimen.

A Dimension 3100 atomic force microscope (AFM) with Nanoscope IV controller
(VEECO Instruments, Woodbury, NY) was utilized for this experiment. A fluid cell and
polymer protective skirt were employed in all testing to protect the piezoelectric scanner on
the AFM. Silicon nitride (SizN4) cantilevers with a reflective gold backside coating (DNP-S

VEECO Instruments, Woodbury, NY) were used in the present study. Cantilever spring
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constant was experimentally determined prior to each study to ensure application of accurate
contact loads. Each cantilever’s spring constant was determined by monitoring the deflection
of the cantilever against a hard substrate (Sapphire) as well as a reference cantilever with
known spring constant (VEECO Instruments, Woodbury, NY). In addition, the radius of
curvature of the probe was characterized before and after each set of experiments by a
commercially available characterizer (TGT01 Micromasch, Wilsonville, OR) in order to
determine the probe wear during mechanical stimulation.

Surface damage response of sample was investigated at five different contact forces
and five different pre-stress states. The metallic implant materials were loaded into the four-
point bending frame and free end deflection of the c-clamp was monitored with the

capacitance gage as schematically presented in Figure 6-2.
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Figure 6- 2. AFM-based fretting contact experimental on stressed rectangular specimen by 4-point
bending set up using c-clamp.
An optical camera and step-motor driving motion control were utilized to identify locations

that correspond to desired stress states across the specimen surface. The loaded sample was
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then placed underneath the AFM and all the tests were preformed for each environment, i.e.
ambient and aqueous environment of varying pH levels. In order to clarify the influence of
corrosion, in the first step, the wear experiment was performed in ambient. As for the second
step a corrosive physiological environment was simulated by using phosphate buffered saline
solution (PBS) (Invitrogen, Carlsbad, CA) was augmented with HCl (Fisher Scientific,
Fairlawn, NJ) to a desired pH (determined by a pH meter). Also calcium chloride solution
was used with HCI solution to pertain comparable chemical condition with PBS. For
physiological environment, three values of pH were chosen to simulate the crevice
environment. A pH value of 7.4 was used to simulate the pH in the human body, while lower
values of 4 and 2 simulate the act of differential aeration within a crevice.

For each test, an initial 5 um X 5 pm AFM scan was recorded at a contact force of 1-2
nN. Mechanical stimulation was then preformed at the center of the 5 um X 5 um scan on an
area of 2 um by 500 nm. The tip was rastered across this area at 5 Hz for 15 minutes at the
desired contact force.  Under these conditions each scan line would be covered
approximately 70 times along the slow scan axis (500nm dimension). After 15 minutes the
scanning parameters were reset to a contact force of 1-2 nN and the final image of 5 pm X 5
pm area was recorded. Five mechanical stimulation tests at contact loads of 60nN, 45nN,
30nN, 15nN and 5nN were conducted and the AFM probe wear was also monitored to
determine average contact stress for a given surface stress state.

Surface damage was estimated from material removed from 2 pm by 500 nm area
during the test. The initial surface of the sample was initially polished to a mirror finish but
localized surface imperfections such as scratches or adhesive tear out pits from polishing etc,

could not be completely eliminated. In order to minimize the effects of initial surface
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imperfections on the calculation of surface damage, the initial and final Spum x Sum images
obtained for each test were registered and subtracted to determine the material removal.
Average depth of stimulated area was determined from the subtracted images to estimate
volume of removed material.

It is necessary to compare material removal based on average contact stress rather
than the load since the initial probe radius of curvature varies slightly from one probe to
another. Hertzian contact analysis is used to determine the average contact stress based on
values of contact load and probe radius. The material properties of Ti6Al4V, CoCrMo and
Si3N4 were taken as E~= 120 GPa, E,=190 GPa and v,= v,= 0.3 for elastic modulus and
Poisson’s ratio respectively [42, 81]. Where ‘s’ denotes specimen and ‘p’ denotes the probe

(Si3Ny) (see table 6-1).

Table 6- 1. Mechanical properties of specimen and AFM probe

Si3Ny Ti6Al4V CoCrMo
Young’s modulus (GPa) 120 190 230
Poisson’s ratio 0.33

The nominal contact pressure is determined in order to correlate the contact pressures
to wear rate by fretting motion and combined chemical reactions. The ranges are a result of
variations of the initial tip radius and wear on the tip. As mentioned previously the radius of
curvature of the tip was monitored before and after each experiment. In a course of

experiment, for instance, the average equivalent radius of curvature measured order of 40 nm
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to 60 nm and tip wear during the mechanical stimulation presented weak dependence of

contact forces in the selected contact loadings.

Results and Discussion

Volume of Ti6Al4V removed is plotted in Figure 6-3 as a function of surface stress
state with different group of contact pressure ranges in ambient (room humidity of 35+3 %)).
This experimental result illustrated independence of contact pressures as well as pre-stress

due to bending under pure mechanical stimulations.
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Figure 6- 3. Wear volume of Ti6Al4V with varying pre-stress state due to fretting contact of AFM tip in
ambient condition (RH = 35+3 %).

Wear volume of CoCrMo in ambient (room humidity of 44+5 %) is presented with
varying surface stress state and grouped in different contact pressure ranges. As shown in
wear of Ti6Al4V, pre-stress state doesn’t affect during continuous scratching motion.

However greater contact pressures increases wear rate on CoCrMo surface (see Figure 6-3).
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Experimental observation on cast CoCrMo and wrought CoCrMo wear experiment in
ambient indicates that the wear rate is approximately three times higher than wear rate of
Ti6Al4V and under repeated loading the surface damage can be initiated for very low contact

pressurces.
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Figure 6- 4. Wear volume of CoCrMo with varying pre-stress state due to fretting contact of AFM tip in
ambient condition (RH = 44+5 %).

In ambient and neutral pH value, the wear volume of Ti6Al4V is not dependent on
contact pressures. In the passivating condition (PBS pH 7.4) wear rate in Figure 6-5 displays
weak dependence of contact stresses over the pre-stress states and amount of wear volume is
comparable to the wear in ambient. However, clear quadratic relations of wear volume with
varying pre-stresses is shown i.e. under compressive pre-stress the wear rate has been
increased while under tensile pre-stress the wear rate has been suppressed. As in the
experimental observation of cast CoCrMo [62], Ti6Al4V wear experiment indicates that

under repeated loading the surface damage can be initiated for very low contact pressures.
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Figure 6- 5. Wear volume of Ti6Al4V with varying pre-stress states due to fretting contact of AFM probe
in passivating condition of pH 7.4.
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Figure 6- 6. Wear volume of CoCrMo with varying pre-stress states due to fretting contact of AFM probe
in passivating condition of pH 7.4



