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Abstract

Corrosion behavior of solution annealed high-carbon and low-carbon CoCrMo
wrought aloy, commonly used in medical joint implants, was investigated. The surface
passivation properties remained similar with and without the various solution anneal
conditions, while the rate of corrosion was lower for solution annealed high-carbon
CoCrMo. Corrosion was found to target phase boundaries and certain grain boundariesin
the high-carbon alloy. This preferential corrosion may be due to chromium depletion at
the boundaries, higher grain boundary energy as a function of the misorientation angle
between the neighboring grains, or both. These findings suggest that solution annealing
the high-carbon CoCrMo alloys may lower the implant’s rate of corrosion in vivo due to
the more corrosion-resistant microstructure.
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1 - Introduction

A variety of conditions, most notably osteoarthritis and rheumatoid arthritis, may
result in a patient’s need for prosthetic joint implants at hips and knees. Every year, as
patients live longer, demand is rising with and increasing number of diagnoses [1].
CoCrMo aloys are currently the leading materials for metal-on-metal implant bearings.
These alloys have a superior combination of properties including fracture toughness,
ductility, biocompatibility, strength, and corrosion resistance compared to UHMWPE,
alumina, titanium alloys, and combined ceramic, metal, and polyethylene systems|[2].

Despite the superior mechanical performance of the CoCrMo alloys, elevated
levels of cobalt and chromium cations have frequently been detected in the blood of
patients with implants comprised of this material [3]. These ions result from corrosion of
the alloys. Chromium and cobalt cations are known to form metal-protein complexesin
vivo, and these antigens elicit the hypersensitivity responses such as dermatitis, urticarial
vasculitis, metallosis, muscular necrosis, and a variety of other mild to severe medical
conditions [4].

Metal implant corrosion is controlled by both the thermodynamic driving forces
of the redox reactions which cause corrosion and the physical barriers which limit the
kinetics of corrosion [2]. Thereis both achemical driving force for oxidation and an
electrical driving force for separating the positive (metal cation) and negative (electron)
charges from one another during corrosion [2]. In the CoCrMo aloy system, the surface
barrier limiting the kinetics of corrosion isin the form of apassive oxide film [2]. The
formation and thickness of this chromium oxide film depend on the electric field across

the oxide, since reduction and oxidation processes occur as necessary to keep the electric



field strength constant [2]. It is generally accepted that in vivo, the Cr,O, passive filmis
2-8 nmin thickness[5].

The bulk microstructure and solution annealing properties of CoCrMo alloys are
well documented. The high-carbon alloys used in surgical implants consist predominantly
of a yCo FCC matrix phase [6, 7], with nanograin precipitates [8] of mixed ¢
intermetallic (CrgCoy) [7] and hard carbide phases to increase strength [6, 9]. At
solutionizing temperatures above 1150°C and below incipient melting temperatures of
about 1250°C [9], researchers achieved varying amounts of second phase dissolution [6,
9, 10]. The low-carbon alloys consist of the same matrix phase with no precipitate phases
[11]. As with all wrought alloys, solution anneal heat treatments for both low-carbon and
high-carbon CoCrMo are known to lead to grain coarsening.

While the thermal behavior of CoCrMo alloys has been explored thoroughly and
the phases have been well characterized, very little is known about any differencesin
corrosion behavior that these microstructural changes may cause. Here, the corrosion

properties of solution annealed CoCrMo wrought alloys are investigated.

2 - Methods and Materials

Twenty cylindrical wrought CoCrMo alloy pins, 12 mm in diameter and 7 mm
thick, were obtained from the Rush University Orthopedics Center. Fifteen pins were of
high-carbon (HC) content and five pins were of low-carbon (LC) content, Co-27.63Cr-
6.04M0-0.7Mn-0.66Si-0.241C-0.18Ni-0.14Fe (wt%) and Co-27.56Cr-5.7M0-0.6Mn-
0.55Ni-0.38Si-0.19Fe-0.034C (wt%) respectively. Experimental conditions consisted of

solution heat treatments at 1150°C or 1230°C, for 2 or 24 hours, with no replicates (n=1)



for LC and three replicates (n=3) for HC. The low-carbon samples were included only for
general comparison, but it is generally accepted that LC CoCrMo alloys have both poorer
wear and corrosion resistance. Experimental conditions and replicates are summarized in
Table 1. All heat treatments were performed in a box furnace in an air atmosphere, and

surface oxides were removed mechanically using SiC grinding paper.

Table 1. Solution anneal heat treatments performed on CoCrMo samples

Samples Temperature Time Annealed
(°C) (h)

1LC,3HC - -

1LC,3HC 1150 2

1LC,3HC 1150 24

1LC,3HC 1230 2

1LC,3HC 1230 24

Specimens were prepared for microstructural characterization using a mechanical
polishing sequence of 9 um, 3 um, and 1 um polycrystalline water-based colloidal
abrasive solutions on Texmet polishing cloths. Specimens were then etched by a 2-5
minute immersion in a solution of 50 mL H,O and 50 mL HCI with 4 g of K;Ss05 as a
reagent. A Hitachi S3400 SEM was used to obtain micrographs of specimens before and
after electrochemical corrosion, using both secondary electron (SE) and backscattered
electron (BSE) detectors. An accelerating voltage of 20 kV was used with a probe current
of 70 pA.

After initial microstructural characterization, the surfaces of the samples were
ground and re-polished to a mirror finish in preparation for corrosion testing. A Zygo
white light interferometer (20x Mirau objective lens) was used to topographically image

the exposed surfaces prior to corrosion to ensure acceptable average surface roughness




values (less than 50 nm). Each sample was then incorporated into a 4-chamber
electrochemical cell as the working electrode (WE) with a graphite counter electrode
(CE) and SCL reference electrode, all connected to a potentiostat and PC with the Gamry
Electrochemical Analysis software. The corrosion cell was filled with 10 mL of bovine
calf serum (BCS) buffered to a basic pH 7.4 solution, and placed in a hot water bath
maintained at 37°C.

For each sample, the sequence of electrochemical tests began with a brief open
circuit potential test (OCP1) to ensure the circuit was set up correctly. A potentiostatic
test was then run, applying a constant cathodic potential to remove the passive film and
any proteins that may have adsorbed on the metallic surface [12], so that all samples
would have the same “starting point”. A longer open circuit potential test (OCP2) was
run before any corrosion was performed to determine the material’s Ec.

An electrochemical impedance spectroscopy (EIS) test was conducted to measure
impedance as a function of frequency. Results from this test were used to construct Bode
phase, Bode impedance, and Nyquist plots to qualitatively compare corrosion behavior.
These results were also used to construct equivalent circuits (ECs), modeling the
electrochemical system with a purely electrical circuit. For the ECs, a Randall’s circuit of
a solution resistance Ry in series with a polarization resistance R, and capacitance Cs in
parallel was used to model the properties of the electrolyte and the metal interface.

A potentiodynamic (cyclic polarization) test was performed to corrode the sample
and measure the current at each applied potential. The resulting potentiodynamic curves
were used to qualitatively compare the corrosion Kinetics as they relate to the passive

film. The corrosion potential Ecorr and the current density icorr at this potential were



approximated using the Tafel method. Lastly, another extended open circuit potential test
(OCP3) was performed to measure the open circuit voltage E, of the corroded sample

surface. Parameters for each test in this sequence are detailed in Table 2.

Table 2. Electrochemical corrosion testing sequence and parameters

Test Parameter Value
OCP1 Total time (s) 180
Stability (mV/s) 0
Sample period (s) 0.1
OCP2 Total time (s) 1800
Stability (mV/s) 0
Sample period (s) 0.1
Potentiostatic Initial E (V) vs. Eret -0.9
Initial time (s) 600
Final E (V) -0.9
Final time (s) 0
Sample period (s) 1
Limit | (mA/cm?) 25
Open circuit E (V) -0.232233
EIS DC Voltage (V) vs. E,c O

AC Voltage (mV ms) 10
Initial frequency (Hz) 100000
Final frequency (Hz) 0.005

Points/decade 10

Open circuit E (V) -0.367033
Cyclic Polarization (Potentiodynamic) Initial E (V) vs. Ee -0.8

Apex E (V) vs. Eet 1.8

Final E (V) vs. E -0.8

Forward scan (mV/s) 2

Sample period (s) 0.5

Reverse scan (mV/s) 2

Apex | (mA/cm?) 25

Open circuit E (V) -0.367033
OCP3 Total time (s) 1800

Stability (mV/s) 0

Sample period (s) 0.1

After corrosion testing, samples were removed and all components in the setup
were rinsed and sterilized ultrasonically in 70% 2-propenol for 10 minutes, followed by
deionized water for 10 minutes. Samples were then dried in a stream of nitrogen gas. The
Gamry Echem Analyst software was used to fit the impedance data to the equivalent
circuit and to calculate Ecorr and icorr from the potentiodynamic curves. White light

interferometry scans were taken again after electrochemical tests to calculate average



surface roughness measurements and SEM was used as an additional characterization

tool for the corroded surfaces in SE imaging mode.

3 - Results
3.1 - Metallurgy and Microstructural Characterization

Solution anneals generally resulted in dramatic grain coarsening of various
degrees, dependent on carbon content, anneal time, and anneal temperature, for both LC

and HC CoCrMo wrought aloys.

o

Figure 1. SEM micrograph of HC wrought CoCrMo aloy (no heat treatment); FCC matrix grains are ~ 4
pum in diameter while second phase (intermetallic and carbide [8]) regions are 0.5-1 um in diameter.

For the HC wrought CoCrMo aloy, matrix grains were found to be on the order
of 4 um in diameter with smaller second phase regions precipitated mostly at the matrix
grain boundaries, as seen in Figure 1. The matrix grains had numerous twin boundaries,

known to be caused by stacking faults that arise during the hot working and cold working



processes used to get the material to the wrought state [8]. These stacking faults result in
twinning more frequently when there is alower stacking fault energy, leading to higher
work hardening rates [13].

After asolution anneal at 1150°C for 2 hours, substantial grain coarsening
occurred, which can be seen in Figure 2a. Stacking faults were still present even after the
anneal was performed, and no significant second phase dissolution was observed. Figure
2b shows further grain coarsening in the HC CoCrMo samples after a 24-hour solution
anneal at 1150°C. Again, stacking faults and twinning are still present (unlike grains of
thissizein as-cast CoCrMo aloys) in the grains, but partial carbide dissolution is

observed.

Figure 2. SEM micrographs of HC CoCrMo after (a) 1150°C/2h/water solution anneal (matrix grains ~ 20
um in diameter, second phase regions ~ 1-3 um in diameter) and (b) 1150°C/24h/water solution anneal
(matrix grains ~ 150 um in diameter, partially dissolved second phase regions ~ 1-3 um in diameter).

An even more dramatic grain coarsening was observed in HC CoCrMo wrought
alloy samples that were subject to 1230°C heat treatments (Figures 3a-b). Furthermore,
partial second phase dissolution was observed as early as 2 hours into the 1230° solution
anneal, as demonstrated in Figure 3a. However, even after 24 hours of solution anneal

(inset of Figure 3b), there were still afew second phase regions remaining. Thisisin



accordance with Clemow & Danidl’ s findings, in which it took aslong as 48 hours at a

solution anneal temperature to achieve complete carbide dissolution in some cases[9].

Figure 3. SEM micrographs of HC CoCrMo aloys after (a) 1230°C/2h/water solution anneal (matrix grains
~ 55 um in diameter, partially dissolved second phase regions ~ 3 um in diameter), and (b)
1230°C/24h/water solution anneal (matrix grains ~ 500 um in diameter, inset: partially dissolved second
phase regions ~ 0.5 um in diameter).

For the LC CoCrMo wrought alloy, matrix grains were also found to be on the
order of about 4 wm with many stacking faults and twinned regions throughout, as
evidenced in Figure 4. However, no second phases were present, asistypical and

expected of low-carbon CoCrMo wrought alloys [11].

20.0kV 11.3mm x2.50k SE
Figure 4. SEM micrograph of LC CoCrMo alloy (no heat treatment); matrix grains are ~ 4 um.

The solution anneals of the low-carbon alloy (Figures 5-6) yielded more dramatic

grain coarsening than in the high-carbon alloy (Figures 2-3), due to the lack of second



phases affecting grain boundary mobility. Aswith the solution anneal effects on the
wrought HC CoCrMo, grains coarsened more with longer anneal times and with the
higher anneal temperature. A summary of the resulting grain sizes for all the heat

treatmentsis givenin Figure 7 and Table 3.

Figure 5. SEM micrographs of LC CoCrMo alloys after (a) 1150°C/2h/water solution anneal (grain size ~
100 um), and (b) 1150°C/24h/water solution anneal (grain size ~ 175 um).

20.0kV 11.8mm x40 SE 4/27/2011

Figure 6. SEM micrographs of LC CoCrMo alloy after (a) 1230°C/2h/water solution anneal (grain size ~
200 pm), and (b) 1230°C/24h/water solution anneal (grain size ~ 600 um).

Table 3. FCC matrix grain size of solution annealed HC and L C wrought CoCrMo alloys

Heat Treatment L ow-Carbon High-Carbon

No heat treatment 3pum—=5pm 3pum—=5pm
1150°C/2h/water 50 pm — 150 um 10 pm - 40 pm
1150°C/24h/water 100 um — 250 pm 50 um —200 pm
1230°C/2h/water 100 um — 300 um 30 um —80 um
1230°C/24h/water 200 pm — 1000 ym 200 pm — 800 um




Figure 7. Summary of matrix grain coarsening in CoCrMo alloys over annealing time, by carbon content
and anneal temperature.

3.2 — Electrochemical Tests

Data from open circuit potential tests, cyclic polarization (potentiodynamic) tests,
and impedance spectroscopy were useful in assessing the corrosion behavior and passive
film properties of the wrought and solution annealed CoCrMo alloys.
3.2.1 — Open Circuit Potentials

Open circuit potentials are one measure used to determine the potential at which
the anodic and cathodic corrosion reactions cancel one another out. These values indicate
ametal’ s tendency to corrode in the given electrolyte.

Figures 7a-c indicate that while there may not be asignificant differencein E,,
between different heat treatments and different levels of alloy carbon content, the
corroded samples exhibited alower “tendency” to corrode than their uncorroded

counterparts.

10



Figure 7a-c. Open circuit potentials of solution annealed HC and LC CoCrMo wrought alloys (a) before

corrosion and (b) after corrosion. (¢) E.. had a positive difference after corrosion for each heat treatment.

3.2.2 — Impedance and Equivalent Circuit
Bode impedance plots were constructed to compare the passive film kinetics
between samples, as seen in Figure 8. On the |eft side of the graph (lower frequencies),

higher impedance values and a steeper slope would imply that the passive film is more

11



successful at limiting corrosion. However, the results show that there is no significant

difference in passive film kinetics between experimental anneal conditions.

Figure 8. Bode impedance plot of solution annealed HC CoCrMo. The spike in impedance |Z| at 0.01 Hz
for the 1150°C/24h/water solution anneal is experimental error which commonly occurs at very low
frequencies and does not have any implications on the passive film strength.

In Figure 9, Bode phase plots were also used to compare the passive film strength.
A broader range of frequencies with a high phase angle would imply a stronger passive
film, so in this respect the 1230°C/24h/water solution anneal may have resulted in a
weaker passive film.

Impedance vector data was broken down into the real and imaginary components,
and Nyquist plots were created (Figure 10a-b) in an attempt to compare the corrosion
resistance of the passive films. These plots are in the form of semicircle arcs, which
would be complete and intercept the Z' axis again if the impedance were measured at low

enough frequencies. Higher arcsresult in higher Z' intercepts, which relate to the

12



polarization resistance, a quantity which indicates the material has better passive film
corrosion resistance. These plots indicate that the weaker (or lack of) solution anneals
may have adlightly stronger passive film in both the HC and LC CoCrMo wrought

alloys. Thisis consistent with the results seen in the Bode phase plots (Figure 9).

Figure 9. Bode phase plots of solution annealed HC CoCrMo. All solution anneals had similar phase angle
properties with the exception of the 1230°C/24h/water experimental condition.

(@)

13



(b)
Figure 10. Nyquist plots of solution annealed (a) HC and (b) LC CoCrMo wrought alloy

Finally, the impedance data was fitted to a Randall’s circuit. The solution
resistance R, values for all samples were very similar, as was expected since the
electrochemical cell setups all used the same pH 7.4 buffered BCS. The polarization
resistance R, was also similar across all experimental conditions as seen in Figure 11,
indicating the differences seen in the Bode phase plots and Nyquist plots may not be

statistically significant.

Figure 11. Polarization resistance R, of fitted equivalent Randall’s circuit for solution annealed HC and LC

CoCrMo wrought alloys.
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Figure 12. Capacitance C; of fitted equivalent Randall’s circuit for solution annealed HC and LC CoCrMo
wrought aloys.

The equivaent circuit’s capacitance C; also did not show any statistically
significant variation across experimental anneal conditions, as seen in Figure 12.
However, there may be atrend for lower C; values for the 24-hour solution anneals. In an
electrical circuit, alower capacitance refers to less charge accumulating on the plates of
the capacitor. Similarly, in the electrochemical setup, alower equivalent capacitance
refersto less total charge (metal cation and electron) transfer across the CoCrMo-BCS
interface, and thus, less corrosion.

3.2.3 Potentiodynamic (Cyclic Polarization)

An applied DC potential was applied from -0.8V to 1.8V to corrode the samples,
and the resulting current was measured. Current density was calculated from this, taking
the exposed sample area of the working electrode to be 0.38465 cm?. Potentiodynamic
curves were constructed in Figures 13-14.

These curves indicate that for all solution anneals (as well as in the absence of
heat treatments), the HC CoCrMo alloys (Figure 13) have the same passive zone from

about -0.25V to 0.5V, again indicating that their passive film kinetics do not vary with

15



length or temperature of solution anneal. Figure 14 shows a similar response for most
solution annealed LC CoCrMo aloys, with the exception of the 24-hour 1150°C heat
treatment. Thisis assumed to be experimenta error, asit does not follow the typical
corrosion behavior of any CoCrMo aloy, and is attributed to proteins from the BCS

adsorbing onto the sampl€’ s surface during the cyclic polarization test.

Figure 13. Potentiodynamic curves for solution annealed HC CoCrMo wrought alloys.

Themain dip in current density in the potentiodynamic curvesis also analyzed for
the important corrosion parameters E.,, and i,,. The approximated corrosion potential
E., valuesfor each experimental anneal condition are summarized in Figure 15. These
values show no statistically significant difference across heat treatments, as is commonly

the case in cyclic polarization tests on CoCrMo biomedical alloys. However, for the

16



shorter solution anneals, the low-carbon samples all had lower E_,, values, indicating that

they may have had a higher tendency to corrode.

Figure 14. Potentiodynamic curves for solution annealed LC CoCrMo wrought alloys.

Figure 15. Corrosion potentia E,, for solution annealed CoCrMo wrought alloys

17



Current density i, was amore useful parameter in comparing corrosion
properties among the experimental conditions, demonstrated in Figure 16. All solution
anneals resulted in adramatically lower current density, indicating a lower rate of
corrosion. This data also confirms previous findings on the generally higher corrosion

rates of LC CoCrMo alloys[14].

Figure 16. Current density i, at corrosion potential for solution annealed CoCrMo wrought alloys
3.3 White Light Interferometry and SEM After Corrosion

Topographic maps (Figures 17a-b) of the non-solution annealed HC CoCrMo
alloy did not reveal any details about any selective corrosion behavior, but only that the
surface was very rough after corrosion. These white light interferometry images are
unable to provide much details since this method has alimit on lateral resolution [15].
SEM micrographs revealed in Figure 17c¢ that the corroded region consists of numerous
spherical corrosion pits on the order of 1-3 um in diameter. Since these corrosion pits are
larger than the second phases and almost as large as the grains themselves, it is not

possible to directly tell from these resultsif corrosion has any preferential behavior in HC
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CoCrMo wrought alloys in the absence of solution annealing. Additionally, it seemsthe

second phases were removed from the surface during corrosion.

Figure 17. Corroded HC CoCrMo wrought alloy without solution anneal: white light interferometry (a)
topographic view and (b) perspective view, and (¢) SEM micrograph of surface.

The 1150°C/2h/water solution annealed HC CoCrMo wrought alloy’s
interferometry images (Figure 18a-b) after corrosion demonstrated that this surface is less
rough than the corroded alloy without any solution annealing (Figure 17a-b). However,
the grains again are too fine, even at an average of ~20 um, to show any direct evidence
of corrosion targeting any grain boundaries. SEM imaging of this corroded sample
revealsin Figure 18c that these corrosion pits are the same spherical dips 1-3 umin size.
These micrographs also reveal that the (now enlarged) second phase regions are still
present after corrosion, but these phases appear to be surrounded by corrosion pits. Itis

likely that corrosion does target phase boundaries, and not the second phases themselves.
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Thisisin contrast to Montero-Ocampo et al.’s conclusions that corrosion targeted the

second phases themselves [16].

* Second phases

Figure 18. Corroded HC CoCrMo wrought alloy after 1150°C/2h/water solution anneal: white light
interferometry (a) topographic view and (b) perspective view, and (¢) SEM micrograph of surface.

Specifics of corrosion behavior were seen more easily in the 1150°C/24h/water
solution annealed HC CoCrMo alloy. The grainsin this experimental condition were
large enough to be seen readily in an optical microscope, and white light interferometry
scans in Figures 19a-b show that there are both spherical corrosion pits within matrix
grains and preferential corrosion at some grain boundaries. Furthermore, SEM images of
the corroded surface (Figure 19c) demonstrate that some grain boundaries are corroded
very heavily and others not at all. Preferential grain boundary corrosion in HC CoCrMo
alloys has been documented previously [16], but there was no mention of some grain
boundaries corroding more than others. It is probable that the corrosion pits not at the

grain boundaries are at the phase boundaries of the second phase precipitates.
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_ Preferentially corroded
grain boundaries

Grain boundaries with
- no preferential corrosion

» Corrosion pits within grains

Figure 19. Corroded HC CoCrMo wrought alloy after 1150°C/24h/water solution anneal: white light
interferometry (a) topographic view and (b) perspective view, and (c) SEM micrograph of surface.

Similar corrosion behavior was seen in the corroded surfaces of the
1230°C/2h/water solution annealed HC CoCrMo, shown in Figures 20a-c. Corrosion
specifically attacked some of the grain boundaries, as well as phase boundaries at the
second phases which resulted in corrosion pits within the matrix grains. More spherical
corrosion pits are seen near the grain boundaries in this solution anneal condition, which
corresponds to the lower degree of second phase dissolution for the 1230°C/2h/water heat
treatment (Figure 3a) than for the 1150°C/24h/water heat treatment (Figure 2b).

Samples annealed at 1230°C/24h/water corroded in a similar manner with some
grain boundaries selectively attacked (as seen in Figure 21c). Fewer corrosion pits were
present than for HC samples with any other solution anneal conditions (Figures 21a-c),
most likely dueto the partial carbide and intermetallic dissolution seen after this heat

treatment.
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Figure 20. Corroded HC CoCrMo wrought alloy after 1230°C/2h/water solution anneal: white light
interferometry (a) topographic view and (b) perspective view, and (c) SEM micrograph of surface.

Figure 21. Corroded HC CoCrMo wrought alloy after 1230°C/24h/water solution anneal: white light
interferometry (a) topographic view and (b) perspective view, and (c) SEM micrograph of surface.
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All low-carbon CoCrMo samples corroded very differently from their high-
carbon counterparts. The LC CoCrMo wrought alloy without any solution annealing did
not exhibit any preferential corroding, as seen in Figures 22a-c. There were afew
corrosion pits present, but far less than for the non-solution annealed HC CoCrMo
(Figure 17¢), and these are attributed to the proteins in the BCS bringing about occasional
corrosion pits on the surface. Any variations in topography seen in Figures 22a-b were
very minor (afew hundred nanometers) compared to topographic variations seen in the
HC samples at phase boundaries and select grain boundaries, and did not seem to
correlate with any microstructural features on the LC wrought CoCrMo such as grain

boundaries.

Figure 22. Corroded LC CoCrMo wrought alloy without solution anneal: white light interferometry (a)
topographic view and (b) perspective view, and (¢) SEM micrograph of surface.

When the LC CoCrMo samples were solution annealed at 1150°C for two hours,

the corrosion behavior was similar to the non-solution annealed low-carbon alloy.
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However, in this case, it can be seen that the slight differences in topography (Figures
23a-b) were at the twin boundaries in the grains, as seen in Figure 23c. There was no
preferential corrosion at grain boundaries or at the twin boundaries themselves, but this
indicates that electrochemical corrosion may affect certain orientations of grainsin
different ways. Again, these differences in topography were on the order of afew

hundred nanometers.

Figure 23. Corroded LC CoCrMo wrought alloy after 1150°C/2h/water solution anneal: white light
interferometry (a) topographic view and (b) perspective view, and (c) SEM micrograph of surface.

A 24-hour solution anneal at this same temperature (1150°C) yielded similar
behavior for the LC CoCrMo wrought aloy with no preferential corrosion at grain
boundaries, but slightly more corroded areas at certain grain orientations, as seen by the
visible twinning in Figures 24a-b. Other features visible on the surface (Figure 24c) were
attributed to the effect from proteins in the BCS. The 1230°C/2h/water solution anneal ed

LC CoCrMo alloy corroded in the same manner (Figures 25a-C).
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Figure 24. Corroded LC CoCrMo wrought alloy after 1150°C/24h/water solution anneal: white light
interferometry (a) topographic view and (b) perspective view, and (¢) SEM micrograph of surface.

Figure 25. Corroded LC CoCrMo wrought alloy after 1230°C/2h/water solution anneal: white light
interferometry (a) topographic view and (b) perspective view, and (c) SEM micrograph of surface.
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Finally, the 1230°C/24h/water heat treated low-carbon CoCrMo exhibited some
pitting after corrosion (Figures 26a-c), which was most likely caused by the proteins
present in the electrolyte. Again, a slight topographic variation was seen across twin
boundaries, presenting evidence that grain orientation may influence the amount of

corrosion occurring at a given region.

Figure 26. Corroded LC CoCrMo wrought alloy after 1230°C/24h/water solution anneal: white light
interferometry (a) topographic view and (b) perspective view, and (c) SEM micrograph of surface.

The surface roughness seen in the white light interferometry scans was quantified
and plotted against solution anneal time as seen in Figure 27. For the LC CoCrMo alloy
(green triangles and purple crosses), the roughness caused by corrosion decreased slightly
with increased anneal time and higher solution anneal temperature. The HC CoCrMo
alloy (blue diamonds and red squares) had similar effects, but higher roughnesses at each

point.
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Figure 27. Surface average roughness from corrosion

4 - Discussion

4.1 — Corrosion Resistance and Passive Film Behavior

Open circuit potential tests and extrapolated values of the corrosion potential E,,,,
demonstrated that carbon content and the solution annealing did not affect the tendency
of the CoCrMo alloysto corrode. Thisis, in part, due to the success of the passive filmin
remaining an effective kinetic barrier both in the absence and presence of various
solution anneals.

Thereis, however, asignificant decrease in the corrosion rate seen in the solution
annealed aloys. Additionally, even though solution annealing results in various degree of
second phase dissolution, the high-carbon CoCrMo wrought alloy still exhibits better
corrosion resistance than its low-carbon counterparts, indicating that the dissolved carbon

in the yCo matrix still playsacrucia part in the superiority of the HC alloy.
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4.2 - Preferential Corrosion

The high-carbon alloys exhibited preferential corrosion at phase boundaries and at
matrix grain boundaries. This may explain the reduced corrosion rates for solution
annealed HC CoCrMo, since once the corrosion pits begin to form, the surfaceis
unpassivated, removing the main kinetic barrier for corrosion. Montero-Ocampo et al.
also observed preferential grain boundary corrosion in HC cast CoCrMo alloy, but did
not observe any grain boundaries which were not preferentialy corroded [16]. This study
highlights the phase boundary corrosion seen next to the carbide and intermetallic phases,
aswell asthe lack of targeted corrosion at certain grain boundaries.

Multiple authors reported Cr-segregation at phase and grain boundaries of
CoCrMo dloys[17, 18], and this chromium depletion may explain the preferential
corrosion seen at the phase boundaries. However, thisis not the main mechanism
explaining the preferential corrosion at the grain boundaries of the HC CoCrMo.
Chromium depletion at grain boundaries has been observed in both high-carbon and low-
carbon CoCrMo [18], and preferential grain boundary corrosion was only seen in the
high-carbon alloys. Additionally, all grain boundaries exhibit chromium segregation, and
not all grain boundaries experienced preferential corrosion.

Therefore, it ismore likely that grain boundary corrosion depends on the relative
orientations of the adjacent grains. The mild variation in corrosive attack seen in the low-
carbon alloys at twinned regions suggests that corrosion is sensitive to the
crystallographic orientation. Grain boundaries themselves are a separate phase and are
essentially a distorted section of the lattice, afew unit cells across as seen in Figure 28. In

other metallic materials, preferential inter-grain corrosion was also observed at some
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grain boundaries, and authors have determined that thisis due to the misorientation angle
dependence. Similarly, HC CoCrMo may have a threshold misorientation angle between
grains at which the grain boundary is susceptible to preferential corrosion. This may be

due to higher energies at grain boundaries with a higher misorientation angle. [19-21]

Figure 28. General structure of grain boundaries

For this reason, future work includes EBSD analysis of the HC CoCrMo surfaces
after corrosion to verify if the misorientation angle is indeed correlated to the degree of
grain boundary corrosion. EELS across the grain boundaries and phase boundaries will
also be conducted to determine the degree of chromium depletion across the grain

boundaries for the various solution anneals.

5 - Conclusions

Solution annealing CoCrMo results in a lower corrosion rate without affecting the
passive film’s properties as a kinetic barrier to corrosive processes. This lower corrosion
rate is attributed to the effects of grain coarsening and second phase dissolution that occur
upon annealing, since the grain and phase boundaries suffer more preferential corrosion.

The grain boundaries which are not corroded are most likely due to a low misorientation
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angle between the adjacent grains. These findings suggest that HC CoCrMo with coarser

grains (and potentially even single-crystal CoCrMo) and dissolved second phases might

be a superior materials choice for medical implants, as these may better resist corrosion.
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