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Abstract

CoCrMo alloys are used in hip and knee replacenthrggo their excellent long-term
survival rates. However, high failure rates haveently been observed associated with
adverse tissue reactions. CoCrMo alloy surfacegngadmicrostructural changes during
wear, including the formation @imartensite and, occasionally, a nanocrystallinéasa

layer. It is not clear whether these changes amefimal or detrimental to the performance of
the component. Thus, high-pressure torsion (HPE) evaployed to produce different grain
sizes and crystallographic structures in a CoCrNay and the corrosion and tribocorrosion
behaviour were critically investigated as a funetad grain size. The results reveal a
degradation of the corrosion resistance for the Idiid@essed samples. The contributions of
mechanical and corrosion material loss in tribazsion is also examined.
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1 Introduction

CoCrMo alloys have functioned as biomedical imgahtat have been extensively used in
total hip replacements and hip resurfacing treatsfam many years. These implants have
demonstrated excellent performance with severahigdengevities of more than two

decadeq[1]-[3]. For example, McKellop et al. [2] examined 21 rhetametal (MoM) hip



replacements using as-cast CoCrMo alloy and fobhatldne-third of them lasted for more

than 20 years.

The release of metal debris and ions has receatlgrhe a serious area of concern regarding
the use of CoCrMo alloy MoM hip replacemeptk-[6]. Consequently. the Medicines and
Healthcare Products Regulatory Agency (UK) andRbed and Drug Administration (US)
issued alerts on the use of all MoM hip replaces\enesulting in a sharp decline in the
demand for these implants. The reason behind thgoabhange in the survivability of MoM
implants is currently under debate with considexdbtus on the femoral head design.
However, it is clear that there is a direct relasgioip between the release of metal ions and
implant failure, thereby indicating the significante of corrosion in the performance of

these implants.

CoCrMo alloy surfaces undergo significant microstawal changes during wear due to their
low stacking-fault energy. These changes inclueéddhmation of mechanical twins, strain-
induced martensite, and, under specific conditiangnocrystalline subsurface laygr

[13]. Mechanical twinning and the formation of straihilced martensite are always
observed and are even periodically present inriti@ali surfaces whereas the nanocrystalline
layer has only been observed in some of these mt®[q], [11]. Rainforth et al. [8]

identified a 30—100 nm thick intermittent nanocayiete surface layer when they analyzed
site-specific cross-sections from high and low weagions of an MoM CoCrMo implant.
Fischer et al. [12] suggested the importance ottloéic creep (ratcheting) in the shear zone
in determining the wear debris formation. Namualefl4] demonstrated that a
nanocrystalline layer formed during wear possess@erior mechanical properties to that of
the starting surface. However, the nanocrystallager formation was associated with the
highest wear rates observed, and its superior méigroperties did not appear to be

associated with a reduction in wear rate. Howex&vorn surface structure comprising a thin



intermittent nanocrystalline layer with extensiveface transformation to martensite
microstructure exhibited an order of magnitude lowear rate than the thick nanocrystalline
layer. The difference in the wear rate was com@iddy differences in the extent to which a
tribolayer formed on the worn surface, with cleadence that the formation of a tribolayer
was associated with a reduction in wear rate.alt therefore not possible to differentiate the
effect of the tribofilm from the changes in surfamirostructure, such as the formation of a
nanocrystalline layer. Moreover, it is not clearetiter the formation of a nanocrystalline
layer is simply a material response to the weacgss or whether such dynamic changes
actually influence the wear rate. Certainly, theage been no systematic studies that look at

the effect of surface structure and grain sizehenwear behaviour.

Another important factor is the effect of dynamianges to the surface structure on
corrosion resistance. Studies investigating thieemice of crystal structure on the corrosion
resistance of Co-based alloys have shown thateadewtred cubic (FCC) crystal structure
exhibits better corrosion resistance than hexagadonak-packed (HCP) crystal structyae],
[16]. Thus, alloying element that stabilises the FGGcstire would be expected to improve
the corrosion resistance. Zhang et al. [17] stuthectcorrosion resistance of CoCrMo alloy
in 2 wt% HSO, with different crystal structures and observedftetint open circuit
potential (OCP), but identical anodic behaviour,ldoth the FCC and HCP structures within
the passive and transpassive regions. However dd@pnstrated that the precipitationoof
or Mo-rich phases, or both, on the grain bound&th® HCP structure produces a
heterogeneous microstructure that may functiorrefeential sites for oxide breakdown in
the transpassive region. In addition, they notited, despite the important role of Cr in
forming the oxide layer in the passive region, Mieively inhibits the dissolution in the

transpassive region by attaching to the outernaystriof the oxide film. However, the



influence of grain size and crystallographic stuoeton the corrosion resistance of CoCrMo

alloys in a protein containing solution has notrbsefficiently documented.

There are several comprehensive stufigl [19] on the means by which the synergism of
mechanical loading and electrochemical reactioftsence mechanical wear and corrosion
rates. It has been confirmed that between 22 aftd &dhe damage in different biological
media is rationalised by this synergism which diedemonstrates the importance of this

effect.

It is clear that there has been no study lookingateffect of grain size on wear and
corrosion, where the grain size is systematicdlgnged in the starting surface.
Accordingly, the objective of the present reseasdio investigate the corrosion and
tribocorrosion behaviour of a CoCrMo alloy in a siated biological fluid where the grain
sizes and crystallographic structure had been @thhy processing before the testing. The

effects of grain size and phase constitution age @lentified.

2 Experimental

2.1 Material and preparation

An as-cast low carbon CoCrMo alloy rod (10 mm ditame with the chemical composition
outlined in Table 1, was sliced into ~1.5 mm-thiligks in preparation for processing by
high-pressure torsion (HPT). Both sides of the sliskre ground in a standard manner with a
4000 emery paper finish to ensure perfectly pdrsitees. The final thickness of the samples

after grinding was ~0.8 mm.



Tablel

Chemical composition of the as-cast low carbon GagCalloy rod

Element Co Cr Mo Mn C Fe Si Ni

wit% 64.91 27.48 5.25 0.45 >0.05 0.32 0.42 0.16

The processing by HPT was performed at room tenyoerasing the equipment described
elsewhere [20]. Specifically, each disk was plaicea depression on the upper surface of a
lower massive anvil and the anvil was then brougiwards so that the disk was also
contained within a similar depression on the loswgface of a massive upper anvil. A
pressure of 6.0 GPa was applied to the disk wiHdtwver anvil rotated at a speed of 1 rpm
so that the disk was subjected to torsional stRétent results have shown that the speed of
the anvil rotation has minimal effect on the midrostures produced by HPT [21]. This type
of processing is termed quasi-constrained HPT Iss;aince the anvils are not touching
during processing, a small portion of the matesaqueezed outwards between the two
anvils [22]. In the present experiments, processire alloy was performed through a total
number of revolutions, N, of one and five turnsughCast-CoCrMo, HPT1, and HPT2 are
used for the as-cast (unprocessed), 1-turn HPTepsed, and 5-turns HPT processed
samples, respectively.

After processing by HPT, the samples were groundpartished in a standard manner with 1
pm diamond and SilcoTM finishing to ensure an optisuaface finish. Stylus profilometry
(Diktak, Veeco) was used to measure the surfacghmess of the samples after polishing,
which was less than 10 nmy Rr all starting surfaces.

The two HPT processed samples (HPT1 and HPT2)rendg-cast CoCrMo sample (Cast-

CoCrMo), all with identical dimensions, were mouhie resin with a piece of graphite rod



(5 mm diameter) attached to the back of the santplesake them suitable for the corrosion

and tribocorrosion cells.
2.2 Crystallographic structure

The crystal structures of all samples were analyséty Cu K radiation A = 1.54184 A) X-
ray diffraction (XRD, Bruker D2 Phaser) anfl 2 30—60°. The relative amounts of FCC
(fF°9 and HCP () phases were estimated by measuring the integiratensities of the
(200)ccand (1@1)nc” XRD peakslsss andIliCE | respectively. The weight fraction of the

HCP phase was calculated using the Sage and Gitbawndila [23]:

IHCP

fHCP(Wt%) — 1011 1
HCP FCC
Lo1111:5 60

The microstructure of the Cast-CoCrMo sample wadyaed using the ion channeling
contrast technique in focused ion beam (FIB, FEAQa 200 3D SEM/FIB, the
Netherlands). The HPT1 and HPT2 samples were atlysing the electron channeling
contrast imaging technique in a scanning electramascope (SEM, InspectF 50, FEI, the

Netherlands).

2.3 Nanomechanical properties

Nanoindentation (Micro Material Vantage, UK) wagddo examine the mechanical
properties of the starting surfaces. A sphericaiaind indenter (20m radius) was used to
construct the indentation stress-strain curve aedsure the indentation compressive yield
stresspy. The partial unload function was used where thifion consisted of 40
successive cycles each of which included loadirmsecond, holding for one second, and
partial unloading to half of the load in a secohle indentation began with a 0.3 mN load
which was incrementally increased to a maximum @800 mN. Twelve separate

indentations were performed in a 2 x 3 grid withub® distance between every two



indentations and the averagesmfwas calculated. A standard Berkovich indenter aiss
used to measure the indentation hardness (H) anehdldulus of elasticity (E) of the three
materials. For this measurement, a standard trageddoad function was used. The function
consisted of loading in 5 s to a 30 mN load, hajdor 5 s, and unloading in 5 s. A grid of 5
x 5 indentations was obtained to calculate theageeof H and E. The distance between
every two indents was 10n. All nanoindentation tests were repeated on tHiéerent

samples to ensure a good reproducibility.

2.4 Corrosion characterisation

The samples were immersed in freshly prepared atedilbody fluids. Newborn bovine calf
serum (First Link (UK) Ltd.) was diluted and bu#erto a 25% (v/v) solution in an aqueous
solution of phosphate-buffered saline (Sigma-AldyidJltrapure water (Alfa Aesar) was
used in the preparation of the solution to yiekblution with a protein content of 15.8 g/L
which is within the range of normal protein contanthe human body fluid of healthy
humans|24], [25]. The pH of the solution was 7.4 and the tempeeatfithe tests was 3T.
Corrosion and tribocorrosion studies were perforimgdsing a corrosion and tribocorrosion
cell. This was a traditional three-electrode cethva saturated calomel electrode (SCE) as
the reference electrode RE, a platinum wire asthmter electrode, and with the tested
material as the working electrode. The cell alsh d&eater and temperature sensor to
control the test temperature. The volume of theveas~100 mL. The cell was connected to
a Bruker UMT Multi-Specimen Test System to conthd temperature and record the normal
and lateral forces (Fx, Fz respectively) and theffaoent of friction COF in the
tribocorrosion testing. The cell was also connetbed VersaSTAT 3F

potentiostat/galvanostat (Princeton Applied RedgddSA) to control the potential.



The potentiodynamic curve for all samples was olgtifrom -0.25 V vs OCP to 0.7 V vs
RE at a scan rate of 0.5 mV/s. Corrosion paramsters as the corrosion current density
(icor), cOrrosion potential (&), and anodic and cathodic slop@g &ndp,, respectively) were
calculated using CView software. All potentiodynaraurves were repeated on three

different samples with good reproducibility.

25 Work procedurefor tribocorrosion testing

Reciprocating sliding wear tests were conducteal all-on-plate configuration which
conformed to ASTM G133. The counterpart was an alarball with 5 mm diameter and
99% purity (Oakwade Ltd., UK) with the ball usedaasinert counterface. The load was 0.5
N which produced a mean initial contact pressured®0 MPa. A high initial contact
pressure was deliberately selected to ensure aletarpmoval of the robust chromium

oxide from the surface at the beginning of the m@bThe wear track was located at a
position on the sample at least 2 mm from the ediotavoid the lower hardness region in the
centre of the HPT-processed samp#&$, [27]. All tribocorrosion tests were conducted at a
temperature of 37C in the same simulated body fluid as used in treosion testing. Tests
were undertaken using reciprocating motion wittrake length of 2 mm at 5 Hz which

gives a linear sliding speed was 20 mm/s. For nbaahalts the gait speed is typically up to 1
m/s for walking which, when considering the dimensi of the femoral head and the
extension during walking, equates to a speed &&@m/s (depending on a number of
factors such as male vs female, size of the indalidnd now active). Therefore, the selected
speed is at the lower end of the normal gait sjpegavithin the normal range. The testing

time was 3 h giving at total of 54000 cycles.

Testing was performed under OCP and at a —0.9 hodat potential. According to G119

ASTM standard, the total material loss T is defiasdhe wear rate under OCP conditions;



the material wear rate without corrosion interatildy should be determined for a specimen
polarised one volt cathodically with respect tgsEHowever, it is experimentally observed
that 1 V cathodic polarisation vgdz in the studied system causes a degradation in the
solution and heavy adsorption of protein on théasar of the CoCrMo alloy which may
affect the results of the current study. Thus, Mdathodic potential was chosen to reduce
this effect. The influence of cathodic potentialtbe adsorption of protein on the corrosion
and tribocorrosion behavior of CoCrMo alloys in glated body fluid has previously been
studied [28], [29]. No hydrogen evolution was olveerunder the used cathodic potential.
During the OCP tests the loading and rubbing wppdied after waiting for 30 min for the
OCP to become stabilised. During cathodic testimg potential was applied for 30 min for
the cathodic current to be stabilised followed dgding and rubbing. All tribocorrosion tests
were repeated on two different specimens and sketeies on the same specimen and
generally exhibited good reproducibility. The stardlerror of mean was used to calculate

the error bars.

A 3D optical microscope (Bruker, Contour GT, USAdswsed to determine the wear
volume. Examination of the alumina ball after abts showed intact counterfaces and
therefore the wear of the contour body was nouthet! in the wear rate analysis. A series of
images were taken along the wear track and comhoggther to give precise and
statistically meaningful wear volumes from the wieacks. The specific wear rate, K, in

mm*/N-m was calculated using the standard relation&fip

K:a 2

where V is the wear volume of material loss in ?nmis the normal load in N, and d is the

total sliding distance in m.



The total material loss rate, T, stated in mm/yedribocorrosion testing can be expressed as

[31]:
T = W + Cw 3
WC = WO + AWC 4

where W andC,y represent the material loss due to mechanical amdicorrosion,
respectively, in tribocorrosion, y¥s the mechanical wear calculated from the westrueder
cathodic potential and¢@s the rate of corrosion material loss in the absesf wear. In
practice, G is essentially negligible for passive metals alfmya because it is extremely
small Cy = ACyw). The wear rate (T, W in mm/year can be calculated using the following
equation [32]:

8760V
tSA

Wear rate (mm/yr) =

where SA is the surface area of the wear track athe test time. In this equation, the
constant 8760 is the number of hours in a y&®f; is the change in wear rate due to
corrosion (in mm/yr) andCyy is the change in corrosion rate due to wear (inyear).ACyy,

is represented by:
ACy = kiWTtM 7

where |y is the flowing current from the wear track durnudpbing, k is a constan8.7 x
1073 mm-glIA-cm-year), M is the equivalent weight (24.17 glnawidp is the density (8.5

glcnt).

The mean driving force for this material loss unither OCP testing conditions is the galvanic
couple that forms between the depassivated suffeear track) and the passivated surface

(the remaining surface). The galvanic coupling nhedggested by Vieira et al. [33], and

10



applied to different materials by Papageorgiou lsligthler [34], was used to calculate the

current flow from the wear tradl,,.) as the following:

A
. (Ecorr_Emt+ac_bc lOg( AV;t))
logi,: = o 8

where,E,; is the sliding potentialj, andb,. are the Tafel constants calculated from the
cathodic branch of the potentiodynamic curve [88HA,,, andA,, are the surface areas of

the wear track and the passive surface, respegtivel
3 Results
3.1 Characterisation of the surfaces

Fig. 1 shows the XRD patterns for the Cast-CoCrMBT1, and HPT2 samples. The
dominant phase in the as-cast sample (Cast-CoCGeM&)C, with ~28 wt% HCP present.
The weight fraction of the HCP phase increasedlta®%6 in the samples processed by HPT
for 1 turn which is indicated by the increasingeimgity of the (101)ycp peak and the
decreasing of (2083c peak. The microstructure of the HPT2 sample isidatad by the

HCP phase (77%).
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—— Cast-CoCrMo
— HPT1
— HPT2

FCC (111)
HCP (0002)
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Fig. 1. XRD patterns for the Cast-CoCrMo, HPT1, and HPamgles. The wt% HCP

significantly increases with the number of turn$4®fT processing.

Fig. 2 gives ion channelling contrast images foste&20CrMo and the electron channeling
contrast images for the HPT1 and HPT2 surfaces.aVheage grain size measured by the
linear intercept method is 74n for the Cast-CoCrMo sample. The microstructuréhef
HPT1 sample exhibits a mixture of ultrafine graamsl nanocrystalline structures but the

imaging of the HPT2 sample reveals a fully nandeliise structure.

Fig. 2. lon channelling contrast image for the Cast-CoCddmple and electron channelling

contrast imaging for the HPT1 and HPT2 samples.
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3.2 Mechanical properties

The mechanical properties of the as-cast (Cast-MolCand HPT processed (HPT1 and
HPT2) CoCrMo alloy samples were examined using imalemtation. Fig. 3 shows a typical
example of the indentation stress-strain curveshieiCast-CoCrMo, HPT1, and HPT2
samples. The curves were used to calculate th&iahiadentation compressive yield stress,
oy. In the indentation stress-strain curve, thre@mhehtion regimes are identified based on
the relationship between the mean contact preg¢pgy@nd the indentation compressive
yield stressd¢y). Whenp,, < 1.1cy, the material is elastically deformed. Whgp = 1.1cy,
first yielding occurs at 0.5a below the surfacerf(eian contact theory). Whehlc, <

Pm < Coy, the material deforms plastically but is surrouhdg elastically deformed
material [36]. Thus, this point is called the iaityielding @) [36], [37]. The constant (C) is a

material and indenter geometry dependent factor.

Fig. 4 shows the mechanical properties for Castt®mCHPT1, and HPT2. There is a
noticeable enhancement in the mechanical propetitee HPT-processed samples. H and
oyincrease continuously with the numbers of turnéeHPT processing and this is
associated with the formation of ultrafine grainsl manocrystalline structures for HPT1 and
HPT2, respectively. The value of E slightly decezhfor the HPT-processed samples,

probably due to the change in the crystallograptractures of these samples.

13
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Fig. 3. A typical example of the indentation stress-stiairves for the Cast-CoCrMo, HPT1,

and HPT2 samples.
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Fig. 4. The mechanical properties of all samples.
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3.3 Corrosion investigation

The potentiodynamic polarisation curves and thaltesf the Tafel extrapolation method for
the Cast-CoCrMo, HPT1, and HPT2 samples are showmgi 5 and Table 2. The corrosion
current density {br) linearly increased for Cast-CoCrMo, HPT1 and HPHBwever, the
passive current density lemained unchanged for Cast-CoCrMo and HPT1 bubérd a 9-
times increase for the HPT2 sample. There was gufgiant change in & for the three

samples tested in the simulated body fluid at 37 °C

Cast-CoCrMo
— HPT1
— HPT2

log i (A/lcm?)

B e e R L L R HE LI
-0.8 -06 -04 -02 00 0.2 04 06 0.8

Potential (V vs. SCE)

Fig. 5. Potentiodynamic curves for the Cast-CoCrMo, HPiid dPT2 CoCrMo alloy

samples in the biological fluid at 3T.

Table?2

Corrosion parameters calculated using the Tafehprtation method for the Cast-CoCrMo,

HPT1, and HPT2 CoCrMo alloys tested in the simualdtedy fluid at 37C
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Sample Ecorr icorr BC Ba | p CR

(V vs. (nAlem?)  (mv) (mV) (MA/cm?)  (mmlyr)
SCE) x10™
Cast- -0.41 24528 164 136 2.14t0.02 2.34
CoCrMo
HPT1 -0.35 89.4:11 187 161 2.1+0.03 8.53
HPT2 -0.46 164£15.5 258 154 18:0.86  15.6

3.4 Tribocorrosion behaviour

All of the results of the tribocorrosion tests un@P and cathodic potential are
summarized in Table 3 and 4, respectively. Figvégthe sliding potential as a function of
time for the Cast-CoCrMo, HPT1 and HP3§@mples in the simulated body fluid at°&7
under OCP conditions. For all samples, the potkstidted cathodically by ~125-150 mV

when rubbing started.

Fig. 7 shows the specific wear rate (K) for thetd@asCrMo, HPT1 and HPT&amples tested
under OCP and cathodic potential. All samples atddbvalues of K one order of magnitude
less under the cathodic potential compared to u@dH? testing conditions. Interestingly,
HPT1 and HPT2amples exhibited the same K as the Cast-CoCrMeglsaah the cathodic
potential despite having superior mechanical priggerUnder OCP testing conditions, K
was ~20% greater for HPT1 and ~11% less for HPT2pawed to the as-cast alloy (Cast-

CoCrMo sample).

16



1 —— Cast-CoCrMo
02571  HpPT1

1 ——HPT2
-0.30

-0.35
-0.40

-0.45

Potential (V vs. SCE)

-0.50

-0.55—_ ‘w"mku"%“h\.q‘ "‘

-0.60

0 2 4 6 8 10 12 14 16
Time (ks)

Fig. 6. Sliding potential as function of time for the G&iCrMo, HPT1, and HPT2 CoCrMo

alloy samples in the simulated body fluid at°&%
Table3

Results of tribocorrosion testing for the Cast-QdGrHPT1, and HPT2 CoCrMo alloy

samples in the simulated body fluid at°®” and under the OCP

Sample COF  V SA K T Egigng 109 (Aw/Ao)

mm®  mm*>  mm¥Nm  mmiyr (mV)

x10™ x10°
Cast- 0.19 3.99 0.384 3.690.23 30.14 —480 -2.6
CoCrM
0
HPT1 0.2 4.64 0.412 451+0.22 3.280.09 -588 -2
HPT2 0.18 3.54 0.462 3.28:0.16 2.230.09 -585 —2.22

6
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be ac OCP Ecorr  lwt Cw AW,

(mV) (MV) pA/cm®  mmiyr  mmlyr

0.33 -1.65 -350t12 410 8.4 0.08 2.26

036 -1.5 -31216 -350 35.92 0.34 2.19

0.46 -1.77 -450t14 -460 44.33 0.42 1.14

Table4

Tribocorrosion testing results for Cast-CoCrMo, HRIhd HPT2 CoCrMo alloy samples in

the simulated body fluid at 3€ and —0.9 V cathodic potential

Samples COF \Y SA K Wo
mm°x107 mm*  mm%N mx107 mmly

Cast- 0.21 4.9 0.21 4.54+0.46 0.6&0.054

CoCrMo

HPT1 0.2 54 0.21 5+0.24 0.750.042

HPT?2 0.19 4.6 0.12 4.26+0.29 0.6%0.045

18



—=— OCP

5.0x10°° — —e— Cathodic
4.0x10°
€ 3.0x10°
prd
o
IS
= 2.0x107®
o2
1.0x107°
— i
0.0 T T T T T
Cast-CoCrMo HPT1 HPT2
Sample

Fig. 7. Specific wear rate (K) for the Cast-CoCrMo, HPatd HPT2 samples at OCP and

cathodic potential

Further investigation into the contributions tdotcorrosion are shown in Fig. 8. The
corrosion contributior€y, or ACy, since they are proposed to be equal for passatalsnand
alloys, increase almost linearly for Cast-CoCrM®&TH and HPT2. However, the
contribution of the pure mechanical wear,Was almost constant, showing no correlation
with crystallographic structure or grain-size. Madues ofAW:demonstrated a slight
decrease between the Cast-CoCrMo and HPT1 sangtilesdd by ~50% decrease for the

HPT2 sample.
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Fig. 8. Contributions to material loss in the tribocormstests for the Cast-CoCrMo, HPT1,

and HPT2 samples.
3.5 Wear scar morphology

The wear scar morphology for all tests are showkign 9. At the OCP, the worn surfaces of
the Cast-CoCrMo samples are etched in such a vedyt microstructure is revealed. This
is possibly due to the corrosive-abrasive wear meism under these conditions. Abrasive
ploughing grooves are also observed on this wear 8¢ the cathodic potential, the
ploughing abrasion mechanism for Cast-CoCrMo agpabe dominant, with no evidence
of micro-cutting which potentially indicates an ehse of wear debris trapping in the wear
scar. The wear scars of the HPT1 and HPT2 speciatdhe cathodic potential appear
similar to those of the Cast-CoCrMo sample understime potential with a few relatively
deep grooves at HPT2. Under the OCP, the HPT1 &Rt$pecimens exhibited the same
corrosive-abrasive wear mechanism as the Cast-CoGevhple. The HPT1 and HPT2
samples displayed an increase in the extrudedmatan lines on the wear scar and these

are associated with an increase in the amousHH€P (Fig. 1).
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Fig. 9. SEM images of the worn surfaces of the Cast-CoCiMRI'1, and HPT2 samples at

OCP and cathodic potential.




4 Discussion

Different grain sizes and crystallographic struetuof the CoCrMo biomedical grade alloy
were successfully produced by processing using HR&.microstructure was a mixture of
ultrafine grains and nanocrystalline structurestfier HPT1 sample compared with a fully-
nanocrystalline structure for the HPT2 sample (E)gAs the numbers of turns in HPT
processing increased, the crystallographic stredtansformed from FCC-dominated to

HCP-dominated structures (Fig. 1).

The potentiodynamic investigation revealed a degjirad in the corrosion resistance of the
CoCrMo alloys for the HPT1 and HPT2 samples conp#rehe Cast-CoCrMo sample.
Based on earlier reports, the larger grain boundangity that exists in ultrafine grains and
nanocrystalline structures facilitates more oxidel@ation sites and consequently faster
growth rates for metallic materigld8]-[41]. The finer grain size increases the corrosion rate
by enhancing the surface activity for active metalsereas it improves the formation of the
surface oxide layer for passive metals and all8%$. [However, this does not necessarily
correspond to an improved corrosion resistancelfaafine-grained and nanograined passive
metallic materials. For example, it was reportet #n important reason for enhancing the
passivation ability of nanograined 316L austerstainless steel is the increase in the
diffusion rate of charged species across the pasém [39] and this indicates a less
protective ability of the oxide layer. A linear nease ind, for Cast-CoCrMo, HPT1 and
HPT2 is possibly because of forming a less regstixide layer on the finer-grained

CoCrMo alloy, but this needs further investigation.

There is a discrepancy in the literature regardhegcorrelation between grain size and wear
resistance. Purcek et al. [42] demonstrated tleatise of equal-channel angular pressing for

pure titanium led to a substantial increase imtleehanical properties while retaining an
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adequate ductility, but with zero effect on the iesistance. Furthermore, a negative effect
of ultrafine grains on the wear resistance was ported43], [44] where this was attributed
to the tribochemical reaction and the synergidfiect between oxidative and abrasive wear
which effectively masks any improvement in the natbal properties. By contrast, other
researchers have reported that severe plasticrdafion produces considerably finer grain
sizes and thereby gives an enhanced wear resid@noemmercially pure titaniurf#3], and

an Al-Cu alloy[44].

A fundamental assumption was made that the applicaf the cathodic potential reduces
the contribution of corrosion and the synergisnwieein corrosion and mechanical wear in
tribocorrosion to a minimum. Based on this assuomptihe results in the present
investigation (K at cathodic potential (Fig. 7) ang (Fig. 8)) suggest that neither the grain
size nor the crystallographic structure has an ahpa the mechanical wear resistance of
CoCrMo alloys in a simulated body fluid sliding &gt an alumina ball. However, in
practice the effect of applying the cathodic patmin the solution chemistry and

consequently to the tribological system behavitwougd be taken into consideration.

Some researchejs], [45] have reported that the application of a cathodiemtial in a
protein containing solution leads to the adsorptiba thicker proteinaceous layer on the
surface of the CoCrMo alloy compared to that testeder the OCP and passive potential.
This observation was attributed to the electrocleahreduction of the bovine serum albumin
which was reported to influence the tribocorrods@haviour of the CoCrMo alloy [29]. The
adsorbed proteinaceous layer may provide, undeettesting conditions, the same
tribological conditions regardless of the matemtrostructure. The formation of a
proteinaceous layer on the worn surfaces of therlo®iomedical grade alloy under the

same working conditions (cathodic potential andepthsting conditions) used herein was
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also observed [46]. This layer may form and squeezeinder the effect of cyclic contact

events.

Under the present OCP testing conditions, wheresmn and mechanical wear occur
concurrently, the change in corrosion due to w&@yy, increased in the order Cast-CoCrMo,
HPT1, and HPT2. This increase is expected in vieth@larger numbers of nucleation sites
and the faster growth rate of the oxide layer fierfiner grain size structures. By contrast, the
noticeable reduction in the change in wear duetmsion, AW, between Cast-CoCrMo and
HPT2 enhanced the total tribocorrosion behaviouhefalloy. The slight decreaseAfv;
between Cast-CoCrMo and HPT1, despite the condiliedeecrease in the grain size (Fig. 2),
strongly suggests that the grain size has onlyall sffect on this tribocorrosion contribution
under these testing conditions. Instead, the infteeof increasing concentration of the HCP
phase was more significant, particularly betweed HBnd HPT2. The results also suggest
that a certain amount of the HCP phase is requiredder to cause a significant decrease in
AW¢. In this case, 51 wt% HCP phase gave no signifidaorease, whereas a decrease was
observed for 77 wt% HCP phase. This finding agva#s other result$47], [48] where the
wear rate of self-mated CoCrMo alloys decreasdati@$iCP phase increased in such a way
that the lowest and highest wear rates were actievel CP-HCP and FCC-FCC mating,

respectively.

Mechanical grain refinement for CoCrMo biomedicaddg alloy is always associated with
increasing the wt.% of HCP causing a significarpact on the corrosion and tribocorrosion

behaviour of this alloy as shown in Fig. 10.
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Fig. 10. A schematic diagram shows the effect of numbeufs of HPT processing on the
grain size and HCP wt.% and consequently of casroand tribocorrosion behaviour of
CoCrMo biomedical grade alloy.

The practical failure of CoCrMo alloys as orthopasdmplants has been associated with the
release of metallic iong]-[6] but the results of the present study clearly sti@at/the

corrosion contributioCyy increased linearly for Cast-CoCrMo, HPT1, and HFARther,

the corrosion rate at static conditions for theataystalline CoCrMo alloy is much higher
than that for as cast alloy (Fig. 5 and Table 2ud it is concluded that the formation of
ultrafine grains and nanocrystalline structuresasbeneficial for these implants despite the

overall general improvement in the tribocorrosi@méwviour of the alloy.

5 Conclusions

1. The microstructure of the as-cast CoCrMo alloy pesed by HPT was a mixture of
ultrafine grains and nanocrystalline structuresrattturn of processing. However, the

structure of the material became fully nanocrystalbfter 5 turns of processing. The
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weight fraction of the HCP phase increased withniln@bers of turns in HPT
processing.

. The corrosion resistance r the CoCrMo alloy deteriorated for the samples
processed by HPT.

. The change in corrosion rate due to w&@y, increased as the numbers of turns in
HPT processing increased due to an elevation isuhace activity of the finer grain
sizes. However, the change in wear rate due tosiomAW.: decreased slightly
between the Cast-CoCrMo and HPT1 samples but gignify decreased between the
HPT1 and HPT2 samples which was attributed toribeease in the HCP phase
weight fraction. As a result, the HPT2 sample etbbthe lowest total material loss.
. Despite the overall improved tribocorrosion resistg the results of this research
reveal a detrimental influence in forming ultrafigeains and nanograins on the
surface of the CoCrMo alloy in orthopaedics implapplications because they serve
to increase the change in corrosion due to weattandorrosion rate at static
conditions.

. The mechanical wear ydid not change with grain size or phase contens iBh
because of the change in the electrolyte due teodat polarisation. Cathodic
polarisation increases the adsorption of proteithersurfaces and thereby provides
the same tribological conditions for the surfaaagardless of the microstructure and

phase constitution of the alloy.
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Highlights

» HPT was employed to produce different grain sizes and crystallographic structures for
CoCrMo biomedical grade alloy.

» Corrosion and tribocorrosion behaviour were investigated for various samples.

* Thecorrosion resistance of CoCrMo alloy degraded and the wear accelerated
corrosion increased for HPT processed samples.

» The corrosion accelerated wear enhanced for the nanocrystalline microstructure of
CoCrMo dloy.
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