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Abstract

Total hip replacement surgery is currently one of the fastest growing medical procedures
in the United States and around the world. The permanent nature and long lifetimes of
hip replacements require materials with excellent mechanical properties and biocom-
patibility. Cobalt-chromium-molybdenum (CoCrMo) alloys with the addition of carbon
were previously determined to be suitable for hip replacements. However, this material
is susceptible to corrosion due to tribological events such as joint movements and their
constant exposure to corrosive body fluids. These degradation processes, which release
nanoscale metallic debris particles and toxic ions into the body, do not only pose health
complications but also reduce the lifetime of implants. Since there is currently a large
number of patients with CoCrMo implants installed, it is critical to gain a fundamen-
tal understanding of corrosion in CoCrMo alloys, which would in turn improve their
applications.

In this work, electrochemically corroded CoCrMo alloy samples were analyzed from
the millimeter to nanometer scale in order to understand how different grain boundary
properties impact the in vivo performance of the alloy. This was achieved by correlat-
ing coincidence site lattice geometry and chemical composition to localized corrosion
properties. Using high-resolution transmission electron microscopy and energy disper-
sive X-ray spectroscopy, it is shown that higher magnitudes of chromium depletion and
larger carbide precipitates are observed with increasing grain boundary interfacial en-
ergy. Additionally, the microscale morphology of corrosion crevices reveals that crevice
corrosion had occurred at the crevices initiated by grain boundary sensitization. The
conclusions presented can help refine the processing procedures in order to engineer

higher performance CoCrMo alloys for biomedical applications.
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1 Introduction

Prosthetic orthopedic implants at the hips and knees are some of the most successful pro-
cedures for patients with severe osteoarthritis and rheumatoid arthritis. Currently, more than
300,000 total hip replacement operations are performed annually in the United States (1), and
this number is predicted to reach 1,800,000 by 2050 (2). The components of current artificial hip
replacements on the market include ultrahigh-molecular-weight polyethylene, CoCrMo alloys,
and ceramics. Metal-on-polyethylene (MoP) devices, which contain a CoCrMo femoral ball and
a polyethylene cup, dominate the total hip replacement market as they have shown overall good
clinical results with relatively low wear rate and long life expectancy. However, MoP devices
generate polyethylene wear particles which have been shown to cause bone loss near the implant
(3).

CoCrMo metal-on-metal (MoM) bearings have attracted great interest as an alternative to
MoP implants because of their excellent mechanical properties, superior wear and corrosion
resistance, longer service duration, and reduced inflammation resulting from such devices. MoM
devices have functioned well in vivo and some last more than twenty years (4). At the peak of
their popularity in the mid-2000s, approximately 35% of the hip replacements in the US were
MoM implants based on CoCrMo alloys with the addition of carbon to harden the alloy (5). The
corrosion rate in vivo at several microns per year is significantly lower than the value observed
in MoP devices (6, 7). Despite its superior performance, MoM hip implants are not immune to
biocompatibility issues caused by corrosion. The corrosion debris particles range from tens to
hundreds of nanometers in size. Thus, even though the overall corrosion rate is low, adverse side
effects remain unavoidable.

Cogent evidence has shown that wear debris and metal ions are released to the surround-
ing tissue and bone as well as other locations in the body. Elevated concentrations of cobalt
and chromium ions have been detected in the blood of patients with CoCrMo implants (8, 9).
Furthermore, discolored periprosthetic tissue is frequently observed during revision surgeries
or post-mortem examinations. However, in light of the recent reported biocompatibility issues,
there remains a large number of patients who still have these implants in situ. With precise heat
treatments to modify their microstructures, CoCrMo alloys have the potential to be an effective
material for biomedical materials and other application, which illustrates the need to analyze

these alloys on the micro- and nanoscale in order to comprehend their corrosion properties.



The processes governing the degradation of these implants are unquestionably complex. It
has been shown that the overall corrosion performance improves after annealing of CoCrMo
alloys as segregated second phase precipitates diffuse from grain boundaries into the matrix.
Additionally, annealing also introduces coincident site lattice (CSL) grain boundaries, which
generally have enhanced corrosion resistance. However, it is evident that corrosion remains prob-
lematic, especially at finer length scales. At the microscale, corrosion crevices at grain boundaries
are observed. At the nanoscale, chromium depleted zones form around the grain boundaries,
causing the localized area to be more susceptible to corrosion attack. With these observations in
mind, new insights into the corrosion mechanisms at localized regions near the surface and grain
boundaries of CoCrMo alloys are developed in this work.

The aim of this study is to improve the corrosion resistance of CoCrMo alloys by identifying
and understanding corrosion mechanisms through structural and chemical analyses across mul-
tiple length scales. The conclusions of this work may result in more precisely engineered and
better-performing alloys for future uses, including orthopedic implants. In the present work, we
study an annealed and electrochemically corroded CoCrMo alloy with various imaging methods
such as white light interferometry, scanning electron microscopy (SEM), transmission electron mi-
croscopy (TEM), and scanning transmission electron microscopy (STEM). Diffraction techniques
such as electron backscatter diffraction (EBSD) and transmission electron diffraction (TED) are
essential for examining the crystallographic orientation of a material and its defects. Direct
measurements of the chemical compositions of nanoscale chromium depleted zones and carbide
precipitates are performed with high-resolution energy-dispersive X-ray spectroscopy (EDS) with
STEM. Included in this introduction is a brief overview of grain boundary structure and CSLs.
Experimental procedures and characterization methodology will be discussed in detail in Chap-
ter 2, and the experimental results obtained in this work will be presented in Chapter 3. Possible
corrosion mechanisms which may provide additional insights for improving corrosion properties
will also be covered in Chapter 3. Lastly, this thesis concludes with a summary and suggestions

for future work in Chapter 4.

1.1 Grain Boundary Structure

Grain boundaries are commonly susceptible to corrosion attack because they have low in-
terfacial energies as well as different lattice structure and chemistry compared to grain interiors

(10). These differences, which can sometimes be very small, can establish a preferred intergranu-



lar corrosion crack path along grain boundaries within an alloy. The variations of grain boundary
structure, orientation, and its corresponding interfacial energy have been widely known to be sig-
nificant factors that affect intergranular corrosion (11, 12). In general, grain boundary structure
is quantified using the CSL model, where grain boundaries can be classified as having repeating
coincident lattice points along the boundary. The degree of coincidence can be described by a
value, which is the ratio of coincident lattice sites to the two-dimensional crystal unit cell area.
23 twin boundaries, which have very low interfacial energy, are immune to corrosion attack. On
the other hand, general high-angle grain boundaries or boundaries with a low degree of lattice
coincidence will be susceptible to corrosion (13, 14).

0 o 0 O 00 O 0O 0 0 0 0 O 0 O

L] L] - - - L - L - L - L L 4 L

L [ L [ ] L [ L J [ ] L ] [ ] L ] [ [ L ] [ L ]
o o o 0o o o o OO 0 00 0 O 0o o0 O
s & & = & = & = B = = = 5 5 & ®
® & & & & & & & & & & & & 8 8 e

o o o 0o o 0o c 0o O 0 0o 0 0o o 0o o O
. * . » . » * . @ . . . *
* . & . & * . @ * P * @ * . @

o o o 0o 0o 0o 0 0 0 0 0 0 0o 0o 0o o O

. . . » . » * . @ . . . .
* + o+ + * = * » * .  * *  * * * *
o o o o o O o 0 0 0 0 0 0 0 o0

Figure 1: One of the most commonly observed CSL grain boundary is the Z3 twin
boundary. Crystal lattices of two different grains, depicted in blue and red, share a

fraction of sites on either side of the boundary.

The CSL model is an adequate tool to predict how grain boundaries will behave. There is
mounting experimental evidence that shows low interfacial energy values at interfaces with a
large density of coincident lattice points. However, the relationship between grain boundary
interfacial energies and corrosion susceptibility remains unclear as there is still no complete
quantitative model that can predict how CoCrMo grain boundary corrosion varies with grain
boundary structure and the corresponding interfacial energy. Alternatively, boundary orientation
and its contribution to corrosion has been well-studied for steels and nickel-based alloys. Similar
experimental methods can be extended to investigating CoCrMo alloys.

Scanning electron microscopy (SEM) combined with electron backscatter diffraction (EBSD)
has been the standard technique for determining grain boundary orientation and the distribution
of CSL boundaries within the bulk alloys. Such experiments report results that support that

low-Z CSL boundaries are more resistant to corrosion attack and general boundaries are more
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susceptible to corrosion. Lin ef al. has shown that increasing the frequency of special CSL grain
boundaries (£ < 29) in thermomechanical processed Ni-alloys decreases the bulk intergranular
corrosion susceptibility of the material (15). An investigation, completed by Panigrahi et al. with
high-carbon CoCrMo alloys at various heat treatments, also yielded similar results. Based on the
grain boundaries observed, 9o% of the grain boundaries with reciprocal lattice coincidence 11

or lower is completely immune to the in vitro electrochemical corrosion process (16).

1.2 Grain Boundary Sensitization

Sensitization, as currently understood in literature, is an increase in corrosion susceptibility
as a result of heat treatments. The most general use of sensitization refers to a local reduction
of the concentration of a protective alloying element. For chromium-containing alloys, sensitiza-
tion is used to describe a localized depletion of chromium and explain preferential intergranular
corrosion. Grain boundary sensitization in CoCrMo alloys refers to the formation of chromium
depleted zones near grain boundaries due to the nucleation and growth of chromium-rich car-
bides. The relationship between heat treatments, localized chemical compositions, and corrosion
susceptibility was first studied extensively in steel and nickel alloys. Various heat treatments have
shown to reduce the fraction of second phases, allowing chromium to evenly dissolve throughout
the alloy matrix, and promoting the formation of a protective oxide layer. Depletion of chromium
at grain boundaries is well-documented in stainless steels and Fe-Ni-Cr alloys (17). During heat
treatments and annealing, these alloys form chromium carbides primarily at the grain bound-
aries, resulting in Cr depletion adjacent to the boundaries. Carbide precipitation forms readily at
grain boundaries due to carbon segregation and heterogeneous carbide nucleation and growth
supported by fast carbon diffusion. Generally, a minimum of 13 at% Cr in solid solution is re-
quired to form protective films on steels and Fe-Ni-Cr alloys in corrosive solutions (18). Thus,
the depletion of Cr at grain boundaries results in sensitized zones along grain boundaries that
are highly susceptible to corrosion in certain environments.

Similar to other chromium-containing steel and nickel alloys, CoCrMo is also affected by
grain boundary sensitization. By combining electrochemical corrosion testing with microscale
chemical analysis, Bettini et al. showed that the micron sized carbide precipitates at grain bound-
aries vary in chemical content and also in crystallographic structure (19). Additionally, it is
suggested that metal dissolution occurs at carbide boundaries due to the local depletion of the

alloying elements. This observation with biomedical grade CoCrMo alloys agreed with the es-



tablished steel models, demonstrating that grain boundary sensitization should be taken into
consideration for CoCrMo. However, much less is known about CoCrMo alloys. Some studies
have characterized the compositions of different nanoscale carbides such as CrsC and MoC that
form in addition to the commonly observed Cr,;Cq precipitates (20), but not in relation to heat
treatment or corrosion properties. Other studies have considered grain boundary geometry and
heat treatments with respect to corrosion susceptibility, but not changes in chemical composi-

tions.

2 Experimental Procedures and Techniques

The primary objective of this work is to understand the grain boundary properties of CoCrMo
alloys and their impact on corrosion performance. As discussed in the earlier section, multi-
ple processes govern the degradation of these alloys; thus, the crystallography, microstructures,
chemical compositions, and corrosion properties all need to be investigated. In this study, SEM
and EBSD are used to characterize surface morphology as well as the crystallographic orien-
tations of grains. Experimental studies are extended to the nanoscale in order to observe the
initial processes for corrosion, including the nucleation and growth of carbide nanoparticles, the
formation of corrosion crevices, and the development of intergranular cracks. Modelling the
specific parameters for corrosion initiation is critical for determining potential heat treatment

modifications that can produce CoCrMo alloys with higher overall corrosion resistance.

2.1 CoCrMo Alloy

CoCrMo alloys became a popular choice for total hip replacements and other orthopedic de-
vices because they have a superior combination of properties including high fracture toughness,
ductility, biocompatibility, strength, and corrosion resistance. High-carbon CoCrMo alloys are
strengthened by the hard carbide phases giving rise to the superior wear resistance exhibited
by this material. Due to its prevalence in hip replacement components, a high-carbon wrought
CoCrMo alloy, in accordance to ASTM F1537-08, was used in this study. The alloy composition
is given in Table 1. The wrought CoCrMo alloy was annealed in an air furnace for 24 hours at
1230 °C. This heat treatment was most successful in reducing the bulk corrosion rate, localizing
corrosion to grain boundaries, and optimizing the in vivo performance. The solution-annealed
CoCrMo sample was then grinded, polished, and then electrochemically corroded according to

the procedures used by Panigrahi et al. (21)



Table 1: High-carbon CoCrMo Alloy Composition

(at%) Co Cr |[Mo| C Si | Mn | Ni | Fe

ASTM F1537-08 | Balance | 30.3 | 3.6 | 1.14 | 1.34 | 0.73 | 0.17 | 0.14

2.2 Characterization and Theory

The characterization methods used herein examine the morphologies of CoCrMo grain bound-
aries from the millimeter scale to the nanometer scale. Various imaging techniques, combined
with diffraction methods and chemical analysis, provide insights into how metallurgy impacts

the localized corrosion behavior at grain boundaries.

2.2.1  Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is one of the most versatile and popular imaging meth-
ods available for examining the microstructural features of an alloy. An important capability of
SEM is its ability to resolve features on the micro- and nanoscale. In addition to its high spatial
resolution, SEM also has a large depth of field, which provides images with a three-dimensional
appearance, and as a result, much more information can be revealed from the specimen in com-
parison to optical microscopy methods. Typically, SEM is used for obtaining topographical im-
ages for microstructural analysis and basic chemical microanalysis in metal alloys.

Although SEM micrographs are generally very intuitive, the theory behind image formation
is crucial for interpreting these micrographs and appreciating the versatility of the instrument.
In the SEM, a fine high-energy electron beam scans across the surface of the sample and vari-
ous radiation signals are produced. The interaction between the electron beam and the atoms
within the sample generates secondary electrons, backscattered electrons, and characteristic X-
rays. These radiation products can then be collected by a detector. For the most common imaging
mode in the SEM, low-energy secondary electrons are emitted from the surface of the sample due
to inelastic scattering of the electrons by the atoms in the sample. The secondary electrons are
then collected by the Everhart-Thornley detector. The signal strength of the secondary electron
image is dependent on the angle between the sample and detector, so the formed images are
effective for characterizing the surface topography of the sample. Unlike optical microscopes or
transmission electron microscopes, no real image is formed in the SEM. Alternatively, images are

formed by scanning the electron beam in a raster pattern across the sample in synchronization



with the scanning beam in the cathode ray tube screen. Thus, the topographical information
shown in the formed image will represent the true and exact shape of the region of interest. The
fine scanning electron beam used for image formation also gives rise to the large depth of field

of the instrument.
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Figure 2: Schematic diagram showing the principal components of a typical scanning

electron microscope.

In addition to secondary electrons, backscattered electrons and characteristic X-rays are also
emitted from the sample. Backscattered electrons are produced by elastic interactions of the
electron beam with the nuclei of atoms and can be used to acquire compositional information
as the intensity of the signal varies with the atomic number of the scattering atoms. In other
words, heavier elements with higher atomic numbers will backscatter electrons more strongly.
Backscattered electron imaging will generate micrographs that show atomic number contrast.
Furthermore, backscattered electrons can form backscattered electron diffraction patterns that
can be used to identify the phases and crystallographic structures within the sample. Electron
backscatter diffraction and its role in this work will be discussed with more detail in Section
2.2.2. Lastly, characteristic X-rays are also generated by the interaction between the specimen
and the electron beam. A SEM equipped with energy dispersive X-ray spectroscopy can analyze
the X-ray signals and map the distribution of the elemental constituents of various regions of

interest such as microscale second-phase inclusions.
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For this study, SEM characterization was performed on the FEI Quanta ESEM operating at an
accelerating voltage of 30 kV. Various regions of the electrochemically corroded CoCrMo surface

were imaged at 300x to 600x magnification depending on the grain sizes in the particular regions.
2.2.2 Electron Backscatter Diffraction (EBSD)

As mentioned in Section 2.2.1, backscattered electrons are generated when the electron beam
interacts with atoms within the sample. These electrons, diffracted by the atomic layers in a
crystalline sample, can be detected by a specialized detector and generate diffraction bands called
Kikuchi lines. The EBSD detector is essentially a camera that records and digitizes the different
diffraction patterns generated from the different sites within the sample. For optimal results,
the detector is inserted into the SEM chamber and brought to within several millimeters from
the surface of the sample. Kikuchi lines are two-dimensional projections of the lattice planes
in the crystalline sample and provide the crystallographic orientation of grains. A collection of
Kikuchi lines is used to form electron backscatter diffraction patterns (EBSP). Oftentimes, these
EBSPs are compared to a database within a computer post-processing software that includes
crystallographic information for various phases. The Kukuchi lines are then indexed and phase
information and crystal orientations can then be extracted from the EBSPs.

EBSD is a relatively fast method for characterizing the crystal orientations over a large area. In
this study, a typical scan surveyed an area that was approximately 250 pm by 250 pm. The crystal-
lographic orientations of selected neighboring grains were characterized with a post-processing
software in order to determine the grain boundary structure. Orientational image mapping
(OIM) indicated the misorientation of the grain boundary interface and classified each boundary
according to the CSL model. OIM also determined the locations of boundaries that were not
previously observed in SEM imaging, such as low-angle grain boundaries, twin boundaries, and
other grain boundaries that were immune to corrosion.

A FEI Quanta ESEM equipped with an Oxford EBSD detector was used to acquire and index
EBSPs on the corroded CoCrMo sample surface. An accelerating voltage of 30 kV and a step size
of 0.6 um were used as these conditions provided sufficient signal and precision for OIM. The
acquired Kikuchi patterns were indexed using the commercially available Oxford AZtec EBSD
processing software. Using the Oxford Tango post-processing software, noise reduction was
performed in order to minimize the impact of surface roughness caused by corrosion. Also, the

misorientation of relevant grain boundaries was determined. The Brandon Criterion was used to
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Figure 3: Schematic diagram showing the experimental configuration for EBSD OIM

data acquisition.

classify the X, which is the ratio of coincident lattice sites to the two-dimensional crystal unit cell

area, of each identified CSL grain boundary.
2.2.3 White Light Interferometry

White light interferometry, also commonly known as 3D profilometry, is a fast and non-
destructive way to characterize surface topography. An interferometer is an optical device that
splits a light beam from a single source and then recombines the two separate beams to create
an interferogram. By analyzing this pattern, we can then determine the difference between the
two optical paths. A CCD camera is used to image the interferogram and the intensity data
is then digitized. In a typical 3D profilometer, an interferometer is combined with an optical
microscope to allow for higher resolution and more accurate measurements. Moreover, white
light interferometry is capable of characterizing rough surfaces with surface variations of up to
10 mm with a vertical resolution of approximately 3 nm. Depth measurements of corrosion pits
and crevices from the electrochemically corroded CoCrMo sample can be quickly and accurately

acquired via this surface characterization method. This technique was used to measure the width
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of corroded grain boundaries and depth of corroded regions with respect to the surrounding
surface, respectively.

A Bruker Contour GT-K 3D optical microscope equipped with a Mirau interferometer ob-
jective lens was used to quantify the surface topography of the corroded CoCrMo alloy. A
magnification of 40x was used to capture the profile of the corroded surface in a 2D projection
of approximately 250 um in length and 300 um in width. In total, 25 grain boundaries, 13 CSL
boundaries and 12 non-CSL boundaries, were characterized for their depth and width. For each
individual grain boundary, 15 to 20 depth and width measurements were collected. On average,
a single depth measurement was acquired per 0.5-1.0 pm along the boundary. Additionally, the
width of the corroded boundary was acquired by measuring the distance between the two edges
of the corroded crevice at the boundary. The means of the depth and width measurements and

also the range to the 95% confidence level were then computed.

2.2.4 Focused Ion Beam (FIB)

A dual-beam FEI Helios Nanolab focused ion beam (FIB) system was used to perform in situ
lift-out of TEM lamellae from CSL grain boundaries within the annealed CoCrMo alloy. The
FIB consists of a scanning electron imaging beam operating at 10 kV and 1.4 nA and a focused
ion milling beam orientated at 52° to the electron beam operating at 30 kV from 9.2 nA to 48
nA. Specific CSL grain boundaries of interest were identified from the EBSD OIM data. Using
the FIB system for TEM sample preparation, a cross section of the selected grain boundary was
then machined into an approximately 100 nm thick, electron-transparent TEM sample for further
analysis. The CoCrMo lamella sample was a cross section of the grain boundary, spanning 3-4 um
on either side of the boundary and going 4 um deep below the bulk surface. Six asymmetrically-
corroded CSL boundaries and one completely immune CSL boundary were prepared into TEM

lamellae samples.

2.2.5 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is one of the most effective characterization tech-
niques as it has the ability to form a fine probe for nanoscale characterization while simul-
taneously collecting crystallographic information with transmission electron diffraction (TED).
TEM is particularly effective for defect analysis in polycrystalline materials; for example, grain
boundaries, second phase precipitates, and dislocations can be observed. Unlike in the SEM, the

electrons pass through a thin, electron-transparent specimen, and the transmitted electrons are
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collected and focused onto a viewing component such as a CCD camera or a photographic film.
The TEM uses a series of electromagnetic lens to accelerate the electrons and focus the electron

beam onto a sample.
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Figure 4: Schematic diagram showing the principal components of a typical transmis-

sion electron microscope.

When a high-energy electron wave interacts with the specimen, some of the incident electrons
will transmit through while other electrons will be diffracted. As the electrons pass through the
sample, the objective lens focus the electrons to form a diffraction pattern. At the imaging plane

of the objective lens, the electrons form an image. By inserting an objective aperture at the focal
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plane of the objective lens, image contrast can be increased. The various imaging planes within
the TEM enable the collection of images from real space and reciprocal space.

A typical experiment in the TEM requires a combination of diffraction patterns and images
and cross-referencing these results to draw definitive conclusions. As mentioned before, an
electron beam is accelerated through a thin specimen and multiple diffracted beams and the
transmitted beam are found at the bottom surface of the specimen. When the electrons are
travelling through the sample, each atom within the sample plays a role in scattering the beam.
Only for specific crystallographic directions as defined by the crystal planes are the scattered
electron waves in phase. When two diffracted waves are in phase, the constructive interference
of these waves will result in a strong reflected beam. From fundamental diffraction principles,
the difference between the two pathlengths must be an integer multiple n of the wavelength
A for constructive interference. From crystallography, we define the pathlength difference as a
function of the interplanar spacing dnx; and the angle 0 relative to the incident beam. This
results in Bragg’s law:

dhi1sind = nA (1)

As shown, we observe strong diffracted beams when certain crystal planes are oriented at the
appropriate angle relative to the incident beam. This angle is also equivalent to the angle be-
tween the diffracted and transmitted beams. Understanding electron diffraction is crucial for
interpreting TEM images and the different imaging modes in the TEM.

Images are formed by the transmitted electrons and diffracted electrons. By inserting an ob-
jective aperture, the diffracted electrons exiting the sample can be filtered, thus preventing them
from contributing to the image. This is how a bright field (BF) image is formed. In contrast, spe-
cific diffracted beams can be selected by the objective aperture in order to form a dark field (DF)
image. Since diffraction contrast is the primary contributor for contrast in crystalline samples,
BF and DF imaging are rather useful for examining microstructures and defects.

A Hitachi 8100 TEM operating at 200 kV was used for BF, DF, and TED. TEM was used to
analyze the structure of CSL grain boundaries of different corrosion severity. BF imaging and
TED were used to examine the presence of nanoscale carbide precipitates at these selected grain
boundaries. A JEOL 2100F TEM operating at 200 kV was used for high resolution imaging of the

carbide nanoparticles at the grain boundaries.
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2.2.6 Scanning Transmission Electron Microscopy (STEM)

The scanning transmission electron microscopy (STEM) is a very powerful instrument capa-
ble to high-resolution imaging and nanoscale analysis. The STEM is similar to the SEM, as the
electron beam is also focused by a series of lenses to form a fine electron probe at the specimen.
The electron probe is scanning the sample in a raster pattern. The scattered electrons are detected
by STEM detectors that are placed after sample. In the STEM, the size of the electron probe con-
trols the spatial resolution of the instrument. Commonly, the probe sizes in modern STEMs are
at the atomic scale and atomic resolution images and high-resolution elemental analysis can be
readily done. However, electromagnetic lenses suffer from inherent imperfections, in particular
spherical and chromatic aberrations. Aberrated electron beams will not be properly focused at
the appropriate probe position, thus decreasing the spatial resolution of the microscope. In or-
der to remedy this problem, many modern STEMs are equipped with aberration correctors that
account for the aberrations within the lenses. As a result, these state-of-the-art microscopes offer
superior spatial resolution.

The highest resolution images containing the most information are formed by the transmitted
electrons. Similar to the conventional TEM, the STEM is capable of acquiring BF images via a BF
detector. STEM also uses the annular dark field (ADF) detector, which only collects the scattered
electrons over an annulus at a high angle. ADF imaging provides diffraction contrast and some
sensitivity to atomic number (Z) as different elements will appear at varying intensities. To
further improve the Z-contrast in images, a high-angle annular dark field (HAADF) detector can
be inserted to collect the electrons that scatter by a higher angle than in ADF mode. At high-
angle conditions, the elastic scattering of the atoms within the sample depends significantly on
the atomic number. Additionally, diffraction contrast is suppressed and elemental composition
changes can be more clearly observed with HAADF imaging.

Similar to SEM, STEM also generates characteristic X-ray signals that can be collected and
analyzed in order to characterize the elemental compositions in a region of interest. Since STEM
operates at a much higher accelerating voltage and the samples are thin, spatial resolution is
significantly better as the electron beam is scattered less by the sample. However, the beam-
specimen interaction volume is also much smaller in STEM so the X-ray count rates will be lower.
At higher magnifications, samples can potentially drift. The TEM EDS processing software is

capable of correcting the sample drift and stabilizing the image so the maps will not be distorted

14



and the features can be accurately interpreted.

A JEOL 2100F TEM operating at 200 kV in STEM mode was used for ADF imaging and
EDS chemical analysis. The JEOL 2100F had a 1 nm probe size, and allowed for EDS line scans
across carbide precipitates for minimal noise. EDS results from this microscope is processed
through the Inca software. STEM was also performed on the JEOL ARM200CF with a windowless
EDS detector to perform high-resolution EDS mapping for four selected CSL boundaries. The
aberration-corrected JEOL ARM200CF provided a probe size of 0.13 nm. The maps were collected
from an area, roughly 300 nm by 300 nm, that encompassed the grain boundary and carbides.
EDS maps were acquired for approximately 15 minutes from each area of interest in order to
acquire sufficient signal for high-resolution chemical analysis. The acquired EDS maps were
analyzed using the Oxford AZtec TEM processing software. Only Co, Cr, and Mo concentrations
were considered in the chemical quantification as other minor alloying constituents demonstrated

very little or no change across various features within the characterized area.

3 Results and Discussion

3.1 Corrosion in Coincident Site Lattice Boundaries

Grain boundaries are fundamental planar defects
within polycrystalline materials and their proper-
ties can largely impact a material’s bulk mechani-
cal properties. Certain special orientations between
two neighboring grains result in coinciding lattice
points at grain boundaries. It is generally understood

that these geometrically special CSL grain bound-

aries have enhanced mechanical properties due to the - %
um |
small grain boundary interfacial energies associated : (> We—

with these interfaces. In CoCrMo alloys, we observe Figure 5: Preferential corrosion with

referential corrosion of varying degrees of severit . . .
p ymg deg y varying degrees of corrosion severity

in different grain boundaries (Figure 5). From gen- in a CoCrMo alloy.
eral observations, highly-ordered twin boundaries
with low interfacial energies are completely immune from corrosion attack; while, high-energy

grain boundaries with fewer coincident lattice points are more susceptible to corrosion. How-
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ever, the grain boundary interfacial energies do not monotonously increase with the degree of
lattice coincidence, designated by X. Additionally, certain CSL boundaries are partially or asym-
metrically corroded, suggesting that these orientations are more resistant to corrosion attack in
comparison to general high-angle grain boundaries. Further studies in CSL grain boundaries are
necessary to elucidate the role of grain boundary structure on the corrosion susceptibility, and

ultimately, the performance of CoCrMo alloys.

3.2 Coincident Site Lattice (CSL) Model

3.2.1 Previous Studies

The effect of grain boundary misorientation on the intergranular corrosion behavior has
been studied previously in steels and Ni-Cr alloys by determining if low-angle grain bound-
aries or CSL grain boundaries are more corrosion resistant than randomly-oriented high-angle
grain boundaries. As first proposed by Watanabe (21), grain boundary engineering increases the
proportions of low-energy CSL grain boundaries in order to enhance the strength and ductility
of metal alloys. One of the early successes of grain boundary engineering is shown in high-
performance Ni-Cr alloys as increasing the frequency of low-Z grain boundaries with thermo-
mechanical processing decreased the bulk intergranular corrosion susceptibility of the material
(15). There are several ways to alter the grain boundary character distribution and produce a mi-
crostructure with improved properties, of which twinning-related grain boundary engineering
is the most well-known. X3-related CSL grain boundaries generate other low-Z boundaries and
consequently, disrupts the interconnected random grain boundary network.

As observed in Ni-Cr alloys (15, 22) and steels (23), the proportion of CSL grain bound-
aries and also the resistance to intergranular corrosion increased by raising the proportion of
the X3-related CSL grain boundaries via various thermomechanical treatments. Similar observa-
tions have been made in CoCrMo alloys. Annealing has been shown to shift the grain boundary
character distribution by increasing the number of CSL boundaries. Furthermore, various an-
nealing temperatures and times have been tested by observing the roughness of the surface after
electrochemical corrosion.

Low-X grain boundaries have low corresponding interfacial energies due to the small dis-
tortions of atomic bonds, resulting in small free volumes. With this understanding, it is also
pertinent to study the effect of CSL grain boundaries on grain boundary sensitization, notably

the nucleation and growth of carbide precipitates. The influence of grain boundary structure on
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sensitization and subsequent intergranular corrosion was studied by Palumbo et al. for nickel
alloys (24). Geometrically-special CSL boundaries have been found to inhibit the depletion of
soluble Cr in the vicinity of the grain boundary and therefore resist the sensitized condition for
enhanced corrosion resistance (15). The size and spacing of the intergranular M,;C¢ carbides
were dependent upon the characteristics of the grain boundary. Smaller carbides were found at
23-related CSL grain boundaries, and larger carbides were found at 7 and 221 boundaries, sug-
gesting that their energies were not appreciably lower than those of randomly oriented bound-
aries (25). Furthermore, crystalline defects have been shown to affect the formation of chromium
carbides. Grain boundaries with intrinsic dislocations along the boundaries acted as sinks for
solutes, allowing chromium carbides to readily form, thus altering the chemistry of the surface
oxide. Intergranular boundary defects were shown to serve as preferential sites for passivation
film depletion and with increasing sensitization; as a result, the potential required for initiation
corrosion at these sites was reduced (24).

It is known that heat treatments, carbide size and location, and grain boundaries are all factors
in formation of the protective chromium oxide film, and therefore dictate the corrosion resistance
of a metal. The sensitization was often demonstrated through accelerated corrosion testing, and
then measured through electrochemical potentiokinetic tests and visual analysis of the corroded
surface (26, 27). By observing corroded grain boundaries and microscale carbides with severe
corrosion around them with light microscopy or SEM, a metal was concluded to be sensitized.
The observed corresponding chromium depletion zones were tens to hundreds of microns in
size. Assessment of grain boundary sensitization and carbide precipitation behavior on different
grain boundary orientations, completed mostly in steels, did not use advanced characterization

methods for chemical analysis.

3.2.2 Limitations

A noted issue with the CSL model is that the distribution of coincident lattice points is
anisotropic. It is necessary to consider grain boundary plane orientation before accounting for
deviations from CSL orientations. For example, certain sections of a £25 CSL boundary may have
a higher density of coincident lattice sites than other sections of much lower CSLs (28). It is also
possible that boundaries of the same X have different distributions of coincident lattice points,
resulting in different interfacial energies. This makes classifying the corrosion susceptibility

exclusively with the geometrical parameters of CSL grain boundaries imprecise and problematic.
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One of the limitations of the CSL model is that there are different sets of criteria used to

classify whether a grain boundary is a CSL boundary or not. The Brandon criterion (29):
AOmax = 150):*1/2 (2)

is one of the most commonly used criterion to categorize individual boundaries based on crystal-
lographic parameters, especially in automated orientation mapping with EBSD. This simple for-
mula accounts the maximum deviation from exact coincidence conditions (measured in degrees)
for a specific CSL match and consequently separates ‘special’ grain boundaries from general

grain boundaries. The more restrictive Palumbo-Aust criterion:
ABpax = 15°275/6 (3)

is supported by experimental evidence such as transmission electron microscopy (TEM) studies
and electrochemical etching experiments that pertain to the corrosion and cracking susceptibility
of several metals and alloys. Approximately 97% of the low-X grain boundaries classified using
the Palumbo-Aust criterion were found to demonstrate ‘special” corrosion-resistant behavior (24).

In literature, the CSL model is the most commonly invoked for classifying different grain
boundary structures. However, the effects of CSLs on corrosion properties have large varia-
tions across multiple studies. Several studies indicate that CSL grain boundaries are extremely
resistant to intergranular corrosion and that a material can be engineered to be more corrosion re-
sistant by creating a network of these geometrically-special CSL boundaries (30, 24). In contrast,
other studies have concluded that almost all CSL boundaries are prone to corrosion cracking and
that the X~ parameter is inadequate to determine the susceptibility of grain boundary corrosion
(31). Some studies find a correlation between grain boundary energy and intergranular corrosion
properties (12, 32). However, such relationships are not always consistent. Consequently, varia-
tions in grain boundary energy with misorientation angle cannot be used exclusively to predict
all of the grain boundary properties necessary to model intergranular corrosion.

The varying rigor of the classification criterion also led to many different interpretations
regarding the validity of CSL models. Experimental work conducted by Gertsman and Bruemmer
have found that most CSL boundaries, with the exception of Z3 twin boundaries, are susceptible
to varying degrees of intergranular corrosion cracking (31). They concluded that other chemical
factors such as precipitation and segregation at grain boundaries, in addition to the geometrical

parameters of grain boundaries, are necessary to determine corrosion susceptibility. Despite its
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prevalent use across grain boundary research, the link between the X parameter and the physical

properties of the boundary has been questioned in a few studies (33, 34).
3.2.3 Experimental Results

From SEM imaging and EBSD analysis, it was abundantly clear that preferential intergranular
corrosion had occurred (Figure 6-7). All of the identified twin boundaries were immune to
corrosion attack, while corrosion crevices of various sizes formed at certain CSL boundaries.
Almost all general high-angle grain boundaries and high-X CSL boundaries were corroded. EBSD
scans and 3D profilometry show that there was some relation between the corrosion depth of

grain boundaries and their geometry given by the degree of lattice coincidence. 57 out of the 96

Figure 6: Individual grains were mapped using their crystallographic orientation and

CSL grain boundaries can be identified from the crystallographic data.

non-twin CSL grain boundaries examined exhibited some form of corrosion resistance and 31 of
these grain boundaries are above X11, which has been previously determined as a threshold for
corrosion resistance (5). In addition, it has been determined that 100% of grain boundaries below
211 did not corroded more than 0.60 um in depth. Beyond 235, corrosion depths of greater than
1.0 um were observed.

These results agreed with our previous understanding of corrosion susceptibility in CSLs,
as low-X grain boundaries with low interfacial energies were resistant to corrosion, and high-Z
boundaries with higher energies were severely corroded. However, grain boundary interfacial
energies do not necessarily monotonically increase with X as shown by certain CSL boundaries
such as 217 and X25 boundaries did not fit into the predictive model. This suggested that grain
boundary interfacial energies could be used to approximate but not adequately explain corrosion

susceptibility in CoCrMo alloys.
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Figure 7: (A) 3D measurements of the surface profile are mapped and used to de-
termine corrosion severity. (B) A 3D reconstruction of the sample area via the 3D
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Figure 8: Interfacial energies associated with different lattice configurations in CSL

grain boundaries could be used to estimate corrosion susceptibility.

In order to estimate the interfacial energies of CoCrMo CSL grain boundaries, molecular
dynamics calculations for face-centered cubic (fcc) CSL grain boundaries in pure aluminum,
nickel, and copper were used (35). Since CoCrMo alloys have a metastable fcc matrix, a scaling
factor, determined from the calculated solid state surface energies of the main alloying elements,
was applied. The corrosion depth plotted with respect to the grain boundary interfacial energies

of CSL boundaries confirmed that higher energy boundaries with lower lattice coincidence were
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more susceptible to corrosion (Figure 8).

3.3 Grain-Boundary Assisted Corrosion

As mentioned in the introduction, grain bound-
ary sensitization occurs in CoCrMo alloys with the
nucleation and growth of carbide precipitates and
the localized chromium depletion near the bound-
aries. Contrary to observations from steels and Ni-
Cr alloys, the chromium depleted zones were much
smaller and less intense in the annealed CoCrMo
alloy. Initial TEM imaging of corroded CSL grain
boundaries revealed faceting caused by the second
phase carbides, with these sensitized boundaries ap-
pearing wavy and irregular (Figure 9). In contrast,
boundaries immune to corrosion were clean with
very small or no carbides. These interfaces were also

almost completely straight (Figure 10).  For all six

Figure 9: BF TEM showed that the

corroded X13 grain boundary was

faceted by carbides.

Figure 10: The immune Y17 grain boundary was straight without deviations and did

not show carbides. TED patterns of the two neighboring grains confirmed the pres-

ence of a grain boundary.

partially corroded boundaries, chromium carbides were dotted along the grain boundaries. From
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Figure 11: BF TEM image of lens shaped carbides (indicated by arrows) at a partially

corroded >25 grain boundary.

BF TEM images, nanoscale carbide precipitates of approximately 50-100 nm in length and 10-20
nm in width were observed (Figure 11). Moreover, the chromium carbides were lens shaped, and
were aligned epitaxially with the grain on the concave side of the carbides.

HAADF imaging combined with high-resolution EDS mapping revealed the different car-
bide morphologies. Most carbides had the same lens shape as previously observed in BF TEM;
however, selected lower energy CSL boundaries contained thin and plate-like carbides. This
suggested that the grain boundary structure had some control over the morphology of the car-
bide precipitates, but the exact mechanisms behind this have yet to be studied. A representative
high-resolution EDS map shows the lens shaped chromium carbide at the grain boundary of the
CoCrMo alloy (Figure 12). The clearest EDS signals showed the primary elements of the alloy,
Co, Cr, and Mo as maps and with a quantized chart from key regions in Table 2. The area around
the carbide contained a chromium depletion zone where the chromium composition was reduced
around the carbide and along the grain.

For another carbide map in Figure 13, we observed a Cr-depleted zone along the grain bound-
ary in between the two carbides. The three carbides were of ~50 nm and the depleted zone was
seen for ~10 nm on either side of the carbide. For the four samples examined in high-resolution

EDS scans were taken along 2-5 carbides of each sample, the carbide composition, matrix com-
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Figure 12: The chromium-depleted zones surrounding carbides are quantified with

EDS mapping. Spectra were acquired at the sites represented by the circles. Scale
bars are 50 nm.

Table 2: EDS quantification of key regions in Figure 12

(at%) Co | Cr | Mo
Matrix 63.5 | 32.0 | 4.5
Carbide 48.1 | 46.0 | 5.9
Cr-depleted zone | 69.9 | 27.3 | 2.8

position, and depleted zone compositions were quantified from the respective spectra.

100 nm

Figure 13: High-resolution EDS mapping was also able to show the chromium-

depleted regions between two chromium carbides and ~10 nm from the carbides.

At the second X25 boundary observed in the data set, a change in carbide morphology was

observed. Instead of the conventional lens shape, the carbides appeared thin and plate-like
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(Figure 14). Although some observed carbides at this boundary reached 100 nm in length, the
maximum widths were only 10 nm. Furthermore, EDS mapping indicated that the chromium
depletion was only 2 at% about 2.5 at% less depletion when compared to the X13 boundary

Interestingly, the carbides were aligned in the same direction, suggesting that there was a
preferential growth direction. This X25 boundary had a smaller corrosion depth in comparison
to the aforementioned X13 boundary and also other X25 boundaries. It can be inferred that there

was a slightly smaller interfacial energy, which altered the sizes of the carbide precipitates as

well as the amounts of Cr depletion.

Figure 14: Flat plate-like carbides observed in EDS maps of a X25 boundary. Scale

bares at 100 nm.

Table 3: EDS quantification of key regions in Figure 14

(at%) Co | Cr | Mo
Matrix 66.8 | 31.1 | 2.1
Carbide 54.3 | 42.6 | 3.1
Cr-depleted zone | 68.4 | 29.4 | 2.2

For the Y17 sample with carbides smaller than 50 nm, the chromium depletion, which was
the difference between the matrix chromium composition and the chromium composition along
the grain boundary, was approximately 1.5 at%The size of carbide hit a threshold where a true
chromium depleted zone was not able to form, and left that grain boundary immune to corrosion

attack.

3.4 Crevice Corrosion

The compositional depletion and the energy gain from removing the boundary provides the

driving force for the initial attack at the grain boundary, but this does not fully explain the
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experimental data. The dissolution rates for crevices and pits have been long linked to kinetic
Waulff models that show the shape of a corrosion crevice is dependent on individual dissolution
rates along various directions (36). In our alloy, we have the dissolution rate down the boundary
which affects the depth, and the dissolution rate normal to the boundary which affects the width.
If the local energy terms caused by sensitization were the only driving force, the attack would be
straight down the boundary and approximately as wide as the width of the chromium depletion
zone. This, however, was not the case. The width of the attack was orders of magnitude larger
than the measured depletion zone. Hence, once attack has initiated at the boundary a second
mechanism has to take over the dissolution process.

During crevice corrosion, oxygen diffusion is restricted by the small crevice opening. The
limited concentration of oxygen causes an anodic imbalance as the cathodic reactions in the
crevice are inhibited. Cathodic reactions at the bulk surface can continuously maintain the anodic
reactions in the crevice through the transport of electrons and ions. Under these conditions,
metal dissolution occurs readily and metal ions are released as a result. Hydrolysis of the metal
ions will reduce the pH of the crevice solution, creating a highly acidic and stagnant micro-
environment. Crevice corrosion initiates when the pH and chloride ions in the crevice solution
disrupt the passivation layer. At this point, the rate of anodic reactions increases, further lowering
the pH of the crevice solution while elevating the influx of anions into the crevice. Consequently,
the metal deteriorates rapidly inside the crevice, leading to structural damage to the bulk alloy.

Evidence for crevice corrosion can be found in the crevice width-depth data (Figure 15).
Overall, the widths of the corroded boundaries were 2-5 times larger than the depths. The non-
CSL boundaries fell on the lower end of this range, while CSL boundaries typically had the
larger width to depth ratios. As reflected in the EDS mapping data, the chromium depleted
zones contained the area approximately 10-20 nm adjacent to the carbides, suggesting that the
regions affected by sensitization were extremely localized. In CoCrMo alloys, grain boundary
sensitization initiates a crevice of varying depths, depending on the density of carbides and the
magnitude of Cr depletion.

Next, crevice corrosion initiated in these crevices, resulting in runaway corrosion. The crevices
corroded laterally to a few microns and stopped as the anodic reactions inside the crevices were
quenched. Chromium ions must come from the surface in order to proceed with crevice corro-
sion, yet if this reaction is quenched, the corrosion will stop.

Other crevice trends can also be used to explain other observations. As seen in the TEM im-
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Figure 15: Depth and width measurements collected from 3D profilometry show that
widths of the corroded grain boundaries are approximately 2-5 times larger than its
corresponding depth. The arrows represent the range of measurements along the

boundary.

ages, the carbides were irregularly spaced along the grain boundaries. With local grain boundary
nucleation followed by crevice corrosion, there would be fluctuations in both the depth and width
corrosion driving forces, depending on the local density of carbide precipitates. As confirmed in
the depth-width data, almost all boundaries had large local fluctuations in the width and depth,
represented by the arrows showing the ranges of each data point (Figure 15). Differences in
carbide concentrations were observed for corroded CSLs and non-CSLs, with partially corroded
CSLs containing smaller and fewer carbides. On the other hand, severely corroded CSL bound-
aries contained higher densities of larger carbides. Due to a larger density of carbides and larger
Cr depletion, it is expected that non-CSL boundaries had a larger driving force down the bound-
ary, resulting in bigger corrosion depths. Indeed, this was reflected in the width-depth data, as
non-CSLs generally had lower width to depth ratios. Non-CSLs corroded down to 3 pm, with
widths from 3-5 um. CSL boundaries, on the contrary, only corroded to about 1 pm, with widths
from 2-5 pm.

Profilometry clearly showed that the driving force due to sensitization had a lesser effect on
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Figure 16: Schematic of the crevice cross-section illustrates that (A) non-CSL bound-
aries corroded more vertically as driving force due to sensitization is greater in com-

parison to (B) CSL boundaries.

CSL boundaries, as they had fewer and smaller carbides, which were characterized via nanoscale
chemical analysis. By combining grain boundary sensitization and crevice corrosion, the depth
and width driving forces for corrosion can be correlated to understand the corrosion behavior of
CoCrMo grain boundaries, and the nanoscale experimental data can be effectively linked to the

microscale observations.

4 Conclusions and Suggestions for Future Work

CoCrMo grain boundaries were studied in order to understand how different grain bound-
ary properties impact the corrosion performance of the alloy. Coincidence site lattice geometry
and chemical composition at the boundary were correlated to the localized corrosion proper-
ties. Using TEM and high-resolution EDS mapping, it was shown that higher magnitudes of
chromium depletion and larger carbide precipitates scaled with increasing grain boundary inter-
facial energy. Additionally, it was also determined that there was a 2-6 at% of Cr depletion at
CSL grain boundaries. The magnitude of chromium depletion was correlated with the geome-
try and interfacial energy of the boundary. The carbide precipitates ranged from 50-100 nm in
length and 10-20 nm in width. 3D profilometry of the corroded surface morphology revealed
that crevice corrosion had occurred at the crevices initiated by grain boundary sensitization. The
crevice widths were 2-5 times larger than the crevice depths. Cr depletion provided a driving
force for crevice initiation, which was observed from the crevice depth measurements. The an-
odic reactions inside the crevice, accompanied by a highly acidic micro-environent, provided the

driving force for rapid metal dissolution. The crevices corroded laterally to a few microns and
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stopped once the anodic reactions inside the crevices were quenched. Multiscale analysis of cor-
roded CoCrMo grain boundaries showed that grain boundary sensitization initiated the attack
and crevice corrosion then took over the dissolution process.

With new insights regarding how annealed CoCrMo alloys corroded, further processing mod-
ifications can be performed on these alloys for to achieve higher in vivo performance. Thermo-
mechanical treatments, which combine annealing heat treatments with slight mechanical strains,
can further increase the proportions of low-Z CSL boundaries. By providing a slight compressive
strain to the surface of CoCrMo alloys, CSL boundaries will become prevalent at the surface,
while the bulk of the alloy will remain the same as before. This ensures that the top surface
will be highly resistant to corrosion initiation, minimizing the onset of runaway crevice corro-
sion, and the alloy will still maintain its excellent mechanical properties. The microstructures
resulting from these thermo-mechanical treatments and the corrosion performance of the treated
CoCrMo alloys will need to be extensively studied before these new processing methods can be
applied to future biomaterials.

Finally, computational studies to calculate the grain boundary interfacial energies of CoCrMo
CSL boundaries would be desirable. With these energy values, minimal threshold values for
the density of CSLs can be used to determine whether the CoCrMo alloy will corrode. This
knowledge can further clarify the processing modifications required in order to manufacture
high performance alloys. As a result, the engineering and design of new and more corrosion

resistant CoCrMo alloys would be attainable.
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