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Abstract

Ultra high molecular weight polyethylene (UHMWPE) submicron wear debris particles in total joint replacement (TJR) prosthesis
have been observed clinically to cause osteolysis. In this study, the formation of UHMWPE submicron wear debris was investigated by
modeling a nanoscale asperity on the surface of a CoCr femoral component of a total knee replacement (TKR) prosthesigNiging a Si
AFM commercial tip. Contact mode atomic force microscope (AFM) was used as a tribosystem to represent CoCr—-UHMWPE asperity
contactin TKR prostheses in order to evaluate nanoscale coefficient of friafiddanoindentation was used to understand the mechanical
response of the TJR prosthesis components. Moreover, the threshold for UHMWPE plastic deformation and subsequently wear as a function
of frictional and normal load at a nanoscale between CoCr alloy and UHMWRPE asperity-to-asperity contact was investigated.

Results from energy dispersive X-ray (EDX) analysis and back scattering energy (BSE) technique illustrated the presence of silicon
carbide (SiC) particles in the polished surface of a femoral component of total knee replacement (TKR) prosthesis. Sliding of the model
asperity on direct compression moulded UHMWPE for a total normal load range of 1-11 nN caused contact pressures ranging from 14 to
80 MPa which resulted in the dynamieat the interface of the nanotribocontact equal @223+ 0.01. Transients in frictional response of
the UHMWPE as a function of normal load range (17-340 nN) during sliding against the modeled CoCr asperity were observed. The first
transient in frictional force was observed at a normal load oft9hN, corresponding to a contact pressure of #46PMPa. The second
transientin the frictional force was observed at a normal load of£288nN corresponding to a contact pressure o618 MPa. Following
the second transition in frictional response for the normal load range selected, plowing of the UHMWPE surface by the hard asperity was
observed. This indicated that the deep scratches noticed in retrieved TJR prosthesis could be due to the abrasion from protruding hard
carbide asperities that exist within the cast CoCr alloy of TIR prosthesis. From this study it can be stated that the plastic deformation of
UHMWPE under multiaxial loading conditions (normal and shear) during sliding can be used to explain the initiation of failure of the
UHMWRPE insert in TJR prosthesis eventually leading to submicron wear debris generation.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction the size and disposition of the carbides within the alloy, and
particularly at the polished-bearing surfd&g.

Total joint replacement (TJR) prostheses consist of metal-  Since 1962, UHMWPE has been the principal material
lic and non-metallic components (mirror-finish cast cobalt used to replace damaged cartilage in total joint arthroplas-
chromium alloy or stainless steel or ceramic articulating ties [1,2,4]. The very long molecular chain structure of
on a metallic, ceramic or a polymeric ultra high molecu- UHMWPE results in extensive mechanical entanglements of
lar weight polyethylene (UHMWPE) counter components) the molecular chains, imparting relatively higher abrasion
[1,2]. In particular, CoCr alloy femoral components are used resistance compared to other polymeric-bearing biomaterials
in TJR prostheses because of their excellent wear resistancel5]. Additionally, abrasive resistance of polymeric-bearing
It has been suggested that CoCr alloys with higher carbonsurface can be increased by radiation cross-linking of the
composition may possess superior wear resistance due td&JHMWPE molecular chainfg].

Despite the many advantages of UHMWPE and its
* Corresponding author. Tel:1-864-656-5557; fax:-1-864-656-4466.  Widespread use for mechanical engineering applications
E-mail addressiaberge@ces.clemson.edu (M. LaBerge). [1,2,4,5] the generation of UHMWPE submicron wear
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debris, also termed as nanoscale wear debris, in TJR prosTable 1

theses has been of primary concérB]. The submicron Comparison of mechanical properties of silicon carbide, silicon nitride,
: .y cast CoCr alloy and UHMWPE

polyethylene wear particles have been observed clinically

to cause an inflammatory reaction leading to bone re- Material Modulus (GPa)  Hardness (MPa)
sorption (osteolysis) and device failufe,8]. As particles  sjjcon carbide (SiCY30] 240 245
accumulate in periprosthetic tissues, the cellular responsesilicon nitride (SgN4) [30] 310 204

may include the release of biochemical substances believedCast cobalt chromium (CoCt) 275+ 11.5 6.2+ 0.5

to be responsible for the development of cystic lesions that Yltra high molecular weight 229+ 01 0.07+ 0.01

polyethylene (UHMWPE)

a8Measured using a nanoindenter at a penetration depth of 500 nm
(MTS-Nanoinstruments, TN, USA).

may lead to the loss of fixation of the devi[&].

Over the past 4 decades, the school of thought for the
submicron wear debris generation considering material re-
lated factors has been divided primarily into two major
sources: (1) classical adhesive, abrasive and third-body weardespite the prevailing modes of fluid and boundary lubri-
processes occurring in vivo; and (2) release of particles thatcation, a partial dry intimate asperity-to-asperity contact in
are inherent to the microstructure of UHMWPE. The first TJR prosthesis can be establisigé
paradigm of submicron wear debris generation was studied Nanometer scale asperity contacts are essential elements
from purely a mechanistic approach. The combined effort in microscopic models of macroscopic contacts as formu-
of in vitro joint simulation[9], finite element modeling and lated earlier by Bowden and Tabft4]. In each of these
numerical modeling studiefl0], elucidated the cause of areas, it is essential to understand the frictional response
different wear mechanisms in UHMWPE at a macroscopic of these contacts, particularly under combined normal and
scale defining the failure of the UHMWPE insert in TIR resulting shear loading at the interface of the various tri-
prosthesis. These studies attempted to define the cause dfosystems. Over the past decade, the damage thresholds
submicron wear debris by addressing the accumulationfor materials like mica, alkali halides, low density and high
of large amounts of plastic strain. It was suggested that density polyethylene were defined using AFM by measuring
large-scale deformations, texture evolution, fracture and sur-lateral force as a function of normal loétb—18]
face rupture within the surface region of UHMWPE compo-  Additionally, AFM was used to model plowing wear
nents over repeated cyclic motion could cause macroscopicmechanisms to help understand the scratch resistance of
failure in the material eventually leading to total failure of UHMWPE and subsequently the generation of nanoscale
the implant[7]. Although these studies provide insight to wear debris particles in TIR prosthe§l®,20] However,
wear processes in TJR prostheses, they do not explain thenone of these studies addressed the damage threshold and
initiating cause of the submicron wear debris generation. the result of plastic deformation of UHMWPE associated to

The second paradigm of submicron wear debris gen- surface wear. In order to explain the plastic strain accumula-
eration was studied from purely a materials approach. A tion, the assumptions of onset of plasticity have yet to be ex-
microscopic examination of the morphology of retrieved plored for UHMWPE in the context of TIR prosthefg4].
UHMWPE wear debris nanostructure was compared with  Inthis study, it was considered that the initial load-bearing
the morphology of virgin UHMWPE powder nanostruc- area in a total joint prosthesis is distributed over many of
ture, and the morphology of sectioned samples fabricatedthe nanometer scale asperity-to-asperity contacts. Hence,
from virgin UHMWPE powder. Despite the many possible the deformation and controlled wear process of direct com-
sources of submicron wear debris considered in these studpression moulded UHMWPE articulating against cast CoCr
ies, the initiating cause of origination of UHMWPE wear alloy of TIR prosthesis was studied by modeling an intimate
debris particles in TIR prosthesis was not addrefiskd?] asperity-to-asperity contact between the two articulating

Currently, there is a transition from continuum macroscale surfaces of TJR prosthesis using atomic force microscopy
to consideration of discrete asperity-to-asperity nanoscale(AFM). In addition, the precursors to the formation of poly-
contacf{13]. This may provide insight into the production of meric wear debris of a compression moulded UHMWPE
submicron wear debris, which eventually leads to failure of tibial insert were determined.
the UHMWPE surface of TJR prosthesis. During sliding be-  In this study, initially, the surface topography of surgical
tween the two contacting surfaces of a TIR prosthesis, mul-grade femoral and tibial components in a total knee replace-
tiple asperity contacts, adhesion-induced deformation, andment (TKR) prosthesis were studied in addition to the fric-
plowing of the surfaces by wear particles or hard asperities tional response of UHMWPE within and beyond its elastic
on the counter surface occur at the solid—solid interface. It is regime when in contact with a nanoasperity on the femoral
well documented that when two engineering surfaces comecomponent surface. Additionally, it was hypothesized that
into contact, plastic deformation may occur at the tips of the primary energy dissipation process (frictional work) of
asperities within the softer materigl4,15] The wear per-  UHMWPE is gross plastic deformation leading to plowing
formance of the relatively soft UHMWPE polymeric ma- during the asperity-to-asperity nanocontact of a cast CoCr
terial would be influenced by the surface characteristics of femoral component articulating against a direct compres-
its hard, cast CoCr metal counterpafable 1. Moreover, sion moulded UHMWPE insert. The threshold for plastic
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deformation and subsequently wear as a function of fric- scanning electron microscopy (SEM) (S-3500H, Hitachi Sci-

tional and normal load at a nanoscale between CoCr alloy entific Instruments, Japan) techniques with an electron beam

and UHMWPE asperity-to-asperity contact was also deter- energy of 15keV. The elemental composition and location

mined thereby defining the precursors to the formation of of the elements of cast CoCr alloy samples were investigated

polymeric wear debris. using energy dispersive X-ray (EDX) analysis and back scat-
tering energy (BSE) technique.

2. Materials and methods 2.2. Determination of nanomechanical properties
of CoCr alloy and UHMWPE
2.1. Surgical grade CoCr alloy femoral component and
UHMWPE sample preparation procedure A nanoindentation feasibility study (MTS-Nanoinstru-
ments, TN, USA) was performed on CoCr alloy and
Packaged surgical grade commercial cast cobalt chromiumUHMWPE samples by mounting the respective samples
(CoCr) alloy (MaxiniM, Biomet INC., IN, USA) femoral ~ (CoCr alloy and UHMWPE) on two individual aluminum
component was sectioned into 5mad mmx 10mm sam-  stubs using cyanoacrylate adhesive (Permatex Brands
ples using a 420si wire electric discharge machine (EDM) & Technologies Inc., OH, USA). The indenter used for
(Spirit Machinery Inc., NY, USA). Ay-sterilized and pack-  nanomechanical property evaluation was a Berkovich di-
aged surgical grade commercial direct compression mouldedamond indenter[24]. Before nanoindenting the sample
UHMWPE tibial insert manufactured from Himont 1900 surfaces, 6061 aluminum was indented and the impres-
powder (MaxinTM, Biomet INC., IN, USA) was sectioned  sions inspected with an optical microscope to ensure that
to 7mmx 7mm x 5mm samples using a band saw (Delta the Berkovich tip was clean. Indenter tip calibration was
International Machinery Corp., PA, USA). The samples verified by indenting in fused silica. The constant displace-
were ultrasonicated for 10 min in 1% liquinB% solution ment rate method was used to evaluate the nanomechanical
[22] (ALCONOX Inc., NY, USA) followed by 40 min soni-  properties of the sectioned samfiks]. Each sample had a
cation in deionized water. The samples were then sonicatedmaximum of 10 indents at a penetration depth of 500 nm.
for an additional 40 min in 99.9% pure acetone (Aldrich, Hardness and compression modulus were calculated as an
WI, USA) and placed in a dessicator at room temperature average of the 10 indent3gble 1.
until used. The above stated cleaning protocol was used in
order to avoid the influence of contaminants such as grease2.3. Determination of nanoscale coefficient of friction,
when scanning the samples using an AFM. Hence, the tibial contact area and contact pressure of TIR prosthesis
insert was initially cleaned with an anionic liquid detergent
(liquinox™) followed by removal of the contaminants with The frictional force microscopy (FFM) mode was used to
deionized water. The final agent acetone facilitated in re- evaluate frictional load as a function of external applied nor-
moving the left over water molecules from the surface of mal load[26] and to determine the coefficient of friction™
the tibial inserf23]. The integrity of the bearing surface of atananoscale of an asperity-to-asperity contact of TIR pros-
the tibial insert and the prepared samples was preserved athesis. The /i’ of direct compression moulded UHMWPE
all times during cleaning. sliding against the $N4 AFM tip was obtained by load-
The relative difference in roughness between UHMWPE ing the contact within the elastic limit of the compression
and CoCr alloy samples was determined by evaluating moulded UHMWPE Tables 1 and R The frictional load as
the respective surface’s roughness averdjeé The ‘Ry’ a function of normal load in this study was acquired for ev-
and radius of curvature of asperities on areas rangingery 5% decrease in normal load by scanning the tip repeat-
from 5pm x 5pum to 25um x 25pm on UHMWPE and edly over a Jum line on the UHMWPE tibial surface. This
CoCr alloy samples was evaluated using an atomic force was accomplished by disabling the slow scan axis of the
microscope (AFM). A commercially available silicon ni- AFM piezo. The frictional and normal loads were recorded
tride (SgN4) square pyramidal tip attached to a ‘D’-type, until the tip retracted from the sample surface offering zero
‘V’-shaped cantilever with a nominal spring constant of frictional resistance. A scanning frequency of 2 Hz, which
0.03N/m (MSCT-AUNM, ThermoMicroscopes, CA, USA) is considerably lower than the frequency observed during a
was used. The areas were scanned at a frequency of 2.0 Hnormal gait cycle, was used when recording the frictional
using a 175wm x 175um piezo with ambient air as medium  load. Based on pilot studies performed no significant change
at a temperature of 2Z. Physiologically relevant medium in the frictional behavior was observed for higher scanning
was not used in this study in order to eliminate the influ- frequencies over a scan length of 1 mm. Moreover, scan-
ence of various macromolecules within the medium at the ning the sample at higher frequencies introduced extraneous

nanoscale contact of the AFM tip and sample surface. noise into the recorded data, a characteristic of AFM. Hence,
Qualitative topographical analysis of areas ranging ap- a suitable frequency of 2Hz was used when scanning the
proximately from 25wm x 20pum to 600um x 400pm of UHMWPE sample using a cantilever with a nominal spring

polished surface of cast CoCr alloy was performed using constant of 0.03 N/m.
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Table 2
Experimental parameters used to study friction coefficient and wear characteristics of a nanotribological contact in TIR prosthesis
Parameter (units) FFM using a cantilever with a spring constant of
0.028 + 0.003 N/m 2.1N/m
Cantilever ‘D'-type, ‘V'-shaped ultralever ‘D’-type, ‘V'-shaped microlever
Radius of curvature (nm) 40 45
Total normal load N’ (N) 1-11 17-340
Contact areaA’ (m?) 5x 107 to 1 x 10716 9x 107 to 6 x 10716
Contact pressureP’ (MPa) 14-80 209-552
Friction coefficient i’ 0.22 +£ 0.01 -

The ‘u’ was calculated by converting the electric signals allowed between the two-modeled nanoscale surfaces in or-

of normal load Ny’ and resulting frictional loadF,’ from der to prevent any irreversible deformation of the polymeric
volts ‘V' to corresponding units of force in Newtonsl". surface due to the high normal stiffness of the cantilever.
The normal load and frictional load on the sample were de- After the contact between the two surfaces was established,
termined by evaluating the normal spring const&gt and the frictional resistance offered by the UHMWPE surface

the proportionality constant' for a ‘V’-shaped, ‘D’-type was recorded for every 5% increase in normal load. The
cantilever. The proportionality constant for lateral load con- normal load was increased in an attempt to understand
version was determined by using the ‘wedge method’ and the contribution of plastic and gross deformation of the
SrTiOs crystal with well-defined tilted planes of (101) and polymeric surface due to multiaxial loading (normal and
(103) mesoscale SrTgxrystal (WITEC, Ulm, Germany)  frictional resistance) at the modeled contact.
[26]. The data obtained from the friction test using a cantilever
Normal spring constant of the cantilever was evaluated with a nominal spring constant of 2.1 N/m was divided
based on thermal fluctuations of the cantilever despite itsinto reversible UHMWPE deformation and irreversible
limitations like other existing method27]. The radius of UHMWPE damage. The contact area and contact pressure
curvature of the tip before and after frictional load measure- for reversible UHMWPE deformation was determined sim-
ment was studied using the SrEQ@rystal. Since the pro- ilar to that described irfBection 2.3 The contact area and
duced traces were images of the scanning tip, the tip radiuspressure for the irreversible region was determined by divid-
of curvature was found by fitting a parabola to the apex of ing the normal load by the projected contact area obtained
each section plot of the topography image. The following from tip geometry and measured wear track ddpf.

equation was implemented in evaluating at the modeled A scanning frequency of 2Hz was used to perform the
nanocontact of TIR prosthesis: friction test. In addition to the reasons statedsiection 2.3

Fy x ¢ the use of 2 Hz as scanning frequency facilitated in observing
h = N T x o X 10°9 1) the abrupt changes in friction at the contact of the AFM tip

) ) ] _and the UHMWPE sample when using a cantilever with a
The contact area was determined in terms of the tip radlus,spring constant of 2.1 N/m.

applied normal qud, adhesive forces and elastic properties ¢ higher normal loads, a piece-wise linear regression
of the surfaces using Johnson-Kendall-Roberts (JKR) the-j,qe| was used to understand the occurrence of transitions
ory [28]. The elastic modulus of UHMWPE ands8iz are i frictional load determined at some value of normal load
shown inTable 1 A Poisson’s ratio of 0.3 was assumed for ‘Nyi’ defined as the point of discontinuifi29]. The Ny’
SiaN3 and 0.45 for UHMWPE. The contact pressure was de- y5ye chosen by iterations was that which provided the mini-
termined by dividing the normal load with the contact area m,m sum of squares error. The linear regression model used
calculated Table 2. to determine the validity of the sudden transitions in the

) ] frictional measurement, as a function of normal load was as
2.4. Onset of plastic deformation at a nanometer scale follows (Fig. 1):

using AFM as a tribosystem
_ Y =ap+ a1 x X1+ (1 — B1) x (Nvi — X1)

Tr_]e response of UHMWEE at higher norrr‘1ayl loads was xXo+ Xo x 8 @)
studied using a N4 AFM tip attached to a ‘V’-shaped,
‘A’-type ultralever (ULNC-AUNM, ThermoMicroscopes, where,N,; is the point where transition in frictional load
CA, USA) with a nominal normal spring constant of occurred;s the shift, if any, between the two linear lines;
2.1 N/m. The procedure for acquiring frictional response of «g the intercept for linear regression linedy the slope for
UHMWPE as a function of normal load was identical to that linear regression line 3¢ the intercept for linear regression
stated when loading the contact within the elastic regime line 2; 81 the slope for linear regression line 2. SAS V8.0
of UHMWPE (Tables 1 and R Initially, no contact was  was used to solve and define the values of the individual
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Fig. 1. Piece-wise linear regression mog29].

parameters in the linear regression model (SAS Institute Inc., of radii of curvature 25—-75 nm of the nanoscale asperities
NC, USA). of cast CoCr femoral component. The radii of curvature of
commercially available SNy tips typically ranges from 10
to 100 nm[18]. This similarity in asperity size demonstrates
the validity of using the AFM tip as a model asperity. The
measured radius of curvature ogBj tip, using the SrTi@Q

The geometry and elemental composition of the asperi- crystal used in this study was approximately 40 [26].
ties on the CoCr femoral component was compared to the  Areas of surgical gradg-sterilized direct compression
geometry and elemental ComDOSition of the AFM tlp SEM moulded UHMWPE Samp]es ranging fronuﬁ] X 5Mm
micrographs of CoCr femoral component revealed scratchesto 25,um x 25um revealed scratches and mould imperfec-
cast imperfections and micrometer asperities and pits ontjons and micrometer asperities on the UHMWPE surface
the mirror like polished surface of CoCr alloy femoral com-  (Fig. 4). The 'Ry’ parameters evaluated at four different re-
ponent surfaceMig. 2). AFM topographical scans of cast gjons for each of the three scan areas on the same sample
CoCr surface also showed craters, pits, peaks and scratche§yrface of the UHMWPE insert are shown Table 3 A
(Fig. 3). In any given SEM micrograph, the darker regions student'st-test with a significance level of 0.05, revealed a
corresponded to low atomic weight elements and the lighter sjgnificant difference inRy’ between cast CoCr and com-
regions corresponded to high atomic weight elements. EDX pression moulded UHMWPE at each individual scan area
along with spot analysis on each contrasting image corre- (Taple 3. The ‘Ry’ of the CoCr femoral component surface
sponded to a single element as shown in the back scatteringyas significantly higher than the UHMWPE tibial compo-
energy micrographsHg. 2). The black regions corre-  nent surface over the scanned area rangepon 5 um to
sponded to silicon carbide (SiC) while the dark gray regions 25, m x 25um (Table 3.
were chromium carbide (CrC), and any other region besides The normal spring constant of the ‘D’-type, ‘V’-Shaped

black and dark gray was predominantly an alloy of Co and cantilever measured using thermal fluctuation method was
Cr (Fig. 2). The range of the maximum width of the silicon

carbide asperities was approximately 2l and therange  1pe 3

of maximum width of the chromium carbide asperities was Roughness averag& (n = 4) for cast CoCr alloy and direct compres-
approximately 2—m. Although the modulus of elasticity = sion moulded UHMWPE

of SisNg is less than the modulus of SiC, but of the same scanned area ‘Ry’ cast CoCr ‘Ry’ direct compression P valué

3. Resaults

order of magnitude, the hardness of the two materials is ap-(pm?) alloy (nm) moulded UHMWPE (nm)

proximately the sameT@ble ). The 'Ry’ determined using  625.0 31.1+ 4.2 15.3+ 1.6 0.0018
AFM for four different regions on the same sample surface 100.0 26.6+ 5.5 126+ 7.3 0.0007
of the femoral component are shown Table 3 Section 25.00 209+ 6.9  9.05£39 0.0004

analysis on the AFM topography scans revealed a range 2Significance levek 0.05.
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Fig. 2. Scanning electron microscopy (SEM) micrographs (15keV, at different magnifications: A, B, C, D) of cast cobalt chromium alloy. The gontrastin
image of white, grey, black was obtained using back scattering energy technique (BSE). Black spots—silicon carbides (notice several regmns of sili
carbide on the polished cast cobalt chromium surface); grey spots—chromium carbide; and any other region—an alloy of chromium and cobalt. The cas
imperfections, microasperities, pits and scratches, regions of chromium exclusively and several regions of silicon carbide embedded fremmthe poli

grit of silicon carbide can be noticed.

250 nm

Fig. 3. Atomic force microscopy scans of cast CoCr alloy femoral component of (M&xifmiomet Inc., IN, USA) total knee replacement prosthesis.
The surfaces were scanned using a silicon nitride AFM tip, ‘V’-shaped, ‘D’-type microlever with a normal spring constaf2&# @.003 N/m
(ThermoMicroscopes, CA, USA).

0.028 4+ 0.003 N/m. The constant multiplication factay’ with normal spring constant of. 028+ 0.003 N/m provided

for frictional force unit conversion was equal t0.49 + a linear relationship between normal load and the result-
1.95nN/V. The maximum external normal load range for ing frictional force. The i’ determined from the slopes of
which the maximum frictional loads, contact areas and pres- the best-fit lines (frictional force versus normal load) was
sures measured is shown Trable 2 Using a cantilever  0.224+ 0.01 (Fig. 5, Table 2.
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250.0 nm

125.0 nm

10 x 10 pm 0.0 nm

Fig. 4. Atomic force microscopy of direct compression moulded UHMWPE insert of (M2%ijrBiomet Inc., IN, USA) total knee replacement prosthesis.
The surfaces were scanned using a silicon nitride AFM tip, ‘V’-shaped, ‘D’-type microlever with a normal spring constaf2&#f @.003 N/m
(ThermoMicroscopes, CA, USA).
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Fig. 5. A representative plot of friction force observed as a function of increase in external normal load for each test using ‘D’-type, ‘V'-shidge can
with a normal spring constant of @8-+ 0.003 N/m.

The dependence of frictional load on normal load was  Examination of the surface followed by friction testing
non-linear at higher normal loads when the response of theusing the cantilever with 2.1 N/m spring constant revealed
UHMWPE surface was studied using a cantilever with a damage on the moulded UHMWPE. The run-in of the hard
nominal normal spring constant of 2.1 N/m as shown in SisN4 asperity into UHMWPE formed a wear track with
Fig. 6. The frictional load was observed to be linear with  UHMWPE material around the wear track. In addition, more
normal load increase over the three individual regions ‘A’, material at the leading edge and the trailing edge of the
‘BC’ and ‘D’. At certain normal loads given by parame- wear track was noticed~{g. 7). The width and depth of the
ter ‘Ny1’ and ‘Ny2’ (positions B and C), a sudden transi- wear track seen on UHMWPE surface as a result of loading
tion in frictional load was noticedrig. 6). The transitions  (using a cantilever with a nominal normal spring constant
in frictional loads were noticed at approximately the same of 2.1 N/m) were 300 nm and 150 nm, respectively.
external normal loads for subsequent tests over different re-
gions on the same sample surfaéég( 6). An increase in
frictional force was observed for the first transient in fric- 4. Discussion
tional force at a normal load of 19% 9 nN contributing to
a maximum contact pressure of 4620 MPa. The second When two engineering surfaces come into contact with
transient in frictional force was observed at a normal load each other, surface roughness causes an initial contact to
of 288+ 13 nN contributing to a maximum contact pressure occur at discrete regions. The sum of all these areas of dis-
of 518+ 13 MPa. crete contact regions or junctions formed by the asperities



1152 S.P. Ho et al./Wear 253 (2002) 1145-1155

0.25

o Experiment — Linear Fit

0.2 al =0.0005 £ 0.0001

a2 =0.0006 + 0.0001
a3 =0.0013 + 0.0004

Ny1=198+9nN
N,2=288 + 13 nN

*

ot

wn
T

g
S
N
=
g
-
=
=
2
g 01
St
=
0.05
Nvl Nv2
0 1 1 1 1 1
0 50 100 150 200 250 300 350

External Normal Load (nN)

Fig. 6. A representative plot illustrating the observed friction transients as a function of increase in external normal load using ‘A’-typped’-sh
cantilever with a nominal spring constant of 2.1 N/m. The average normal Mad Kl,2) corresponding to a friction transient and average slopegs (
az, a3) for three tests/ = 3) are specified.

constitutes the real area, which is a small fraction of the In this study, BSE and EDX techniques revealed the
apparent area of contaf30]. Abrasive wear is a function  presence of carbides in cast CoCr alloy components of TIR
of surface roughness, increasing with an increase in surfaceprosthesis. One of the goals of this study was to define if
roughnesg30]. The high Ry’ of the cast CoCr alloy sur- the SgN4 AFM tip serves as a reasonable nanoscale as-
face (Table 3 Figs. 2 and Bwas indicative of the presence perity model for TIJR prosthesis. Based on the results, first,
of several peaks. Each peak by itself may be considered asa similarity in dimension between the radii of nanoasperi-
a nanoasperity on the cast CoCr surface sliding against aties measured on the surface of CoCr and th&\HIAFM
relatively lower Ry’ UHMWPE surface, thereby establish- tip was verified, validating the use of the AFM tip as a
ing a nanoscale tribocontact within the TJR prosthesis. This model asperity in terms of size. Secondghyi, like the
study elucidates the frictional characteristics at the interface carbide asperity protrusions on the CoCr component pol-
of one such nanotribocontact by using an AFM as a valid ished surface, is a relatively chemically inert ceramic. The
tribosystem to represent the nanocontact in TIR prosthesisinterfacial chemistry does not likely play a significant role
Because the initial contact involves a hard elastic asperity in the largely mechanical deformation modes observed in
on the cast CoCr alloy surface sliding against a soft com- this study. Third, the difference in elastic modulus between
pression moulded UHMWPE, the mechanics at the inter- SiC, SgN4 and CoCr has virtually no effect on the tribo-
face of the nanocontact is understood from an elastic—plasticlogical response, since the key parameter governing elastic
point of view. As stated earlier by others, during contact contact behavior is the combined modulus of the two sur-
of elastic—plastic bodies under normal loads, the surface isfaces, which will be primarily determined by the modulus
deformed elastically, with the maximum shear stress occur- of UHMWPE. Finally, SiC and 3$N4 share similar hard-
ring, some distance below the center of the contact regionness valuesTable 1) and while CoCr is substantially softer
[14,15] The hypothesis of this study was that asperities in than either by a factor of approximately 40, the hardness
the form of hard inclusions on the cast CoCr polished sur- of UHMWPE is yet two orders of magnitude smaller than
face sliding on a softer UHMWPE surface under multiaxial that of CoCr. The evolution of plastic deformation will
loading conditions, damage the interface by plastic defor- be largely governed by the hardness of the UHMWPE.
mation of UHMWPE causing abrasive wear, and therefore, These facts confirm the use of38j tip as a valid model
generating UHMWPE submicron wear debris. to represent and simulate asperity nanocontact between
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Fig. 7. AFM scans of UHMWPE before and after testing showing ploughing wear track produced at the interface of the tribocontact due to loads placed
on the ‘A’-type, ‘V’-shaped cantilever with a nominal spring constant of 2.1 N/m.

a cast CoCr alloy and UHMWPE components of TJR  The normal and resulting frictional loads at the nanocon-
prostheses. tact define the elastic or plastic mechanical response of the
The evolution of the SiC particles observed on the pol- softer material. The total normal load range of 1-11nN
ished surface of CoCr alloy of TJR prosthesis is two-fold. caused contact pressures ranging from 14 to 80 MPa which

These particles can arise from the SiC polishing grit par- defined the 4’ of the nanotribocontact in TJR prosthesis to
ticles used for obtaining a mirror finish on the contacting be 022+ 0.01 (Table 9. The steady-state dynamic coeffi-
surface of CoCr components and/or carbides within the al- cient of friction at the nanoscal@nano measured was com-
loy and its surface in order to increase its wear performance parable to the macroscal@macro When sliding cast CoCr
[31]. However, the presence of these particles enables themalloy against extruded UHMWPE in dry di82]. However,
to act as hard nanoasperities initially establishing a nanocon-at the macroscale, the presence of a lubricant separating the
tact with the soft compression moulded UHMWHH(s. 2 contact between CoCr and UHMWPE decreased the value
and 3 Tables 1 and Rin TJR prosthesis. of ‘ macro approximately to a minimum of 0.03 and a max-
The choice of the ranges of normal load and contact areaimum of 0.11 as was observed by oth¢38,34] The low
yield different types of interactions between the two contact- normal loads facilitated in establishing low contact pressures
ing surfaces. At low normal loads, elastic forces are dom- and contact areas, explaining the linearity in reversible en-
inant and adhesive forces play a significant role. At high ergy loss of the material at the interface of the nanocontactin
normal loads, the hard contacting asperities on the polishedTJR prosthesisHig. 5. Because UHMWPE is a semicrys-
surface of CoCr could penetrate the soft UHMWPE possibly talline material, the reversible mechanical response at each
causing an abrasive action leading to an increase in the over-externally placed normal load could be caused by amorphous
all friction measurement and a decrease in adhesive forcesand crystalline phases over a scan length pfrl However,
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it should be understood that if the frictional response of the by a steady linear frictional load increase for an increase in
material for every increment in normal load over the same external normal load defined by region ‘D’.
region of sliding is not acquired within the fatigue limit of State-of-the-art polishing techniques are used for the sur-
UHMWPE, then it is likely that one may capture a transi- gical grade CoCr components that are used in TJR prosthe-
tion in frictional response. This is due to the failure of the sis. It has been shown that the resulting surface finish, which
UHMWPE caused by repeated sliding of the harder asperity contains scratches of quantifiable widths and depths, affects
of cast CoCr alloy which, is explained below. the wear performance of the implant. However, retrieved im-
At some critical normal load, the combination of normal plants from patients were found to have numerous scratches
and resulting shear loads (multiaxial loading) exceed the of greater width and depth than those created during man-
yield strength of UHMWPE causing permanent deformation. ufacturing[7]. Such scratches have also been achieved in
The use of a cantilever with a higher nominal spring constant simulations. In these simulations, permanent deformation
of 2.1 N/m compared to 0.03 N/m accelerated the initiation normally occurs at the tips of intimate asperity contacts
of permanent or irreversible damage at the interface of the within the softer materia[14,18] This irreversible phe-
nanocontact. The choice of a stiffer cantilever facilitated in nomenon can occur at each of these contact regions. From
applying normal loads ranging from 17 to 340nN with a a macroscopic point of view, plastic strain is built into each
contact pressure corresponding to 209-552 MR&IE 9. contact causing the material to flow. Upon repeated sliding,
FromFig. 6, below a normal load of 200 nN (region ‘A’),  this large-scale irreversible deformation leads to the loosen-
a steady linear behavior of frictional load was observed. It ing of wear particles at the nanotribocontact of the material.
could be argued that within this region, the deformation of  In this work, the run-in of the harder asperity into the sur-
UHMWPE, as was noticed using the lateral force mode of face of the softer component was understood by the process
Nanoscope E, was predominantly within the elastic limit of plastic deformation and by ploughing of the harder asper-
once again justifying that the reversible energy loss was theity into the softer material. The plastic flow of the material
contributing factor to the measuregd’ of TIR prosthesis. causes the formation of a wedge-shaped grooved by displac-
A similar normal load was observed by Niederberger et al. ing the polymeric material from the center of the loading
[17], when testing high density polyethylene and low density path to the sidesHig. 7). Accumulation of this material over
polyethylene under loading conditions specified as above.repeated cycles could eventually detach and cause the for-
As the normal load was increased, the contact pressure in-mation of loose submicron wear particles in TIR prosthesis.
creased until the plastic zone in the subsurface reached the The presence of carbides in the polished surface of a
surface and began to embrace the counterpart (point ‘B’). femoral component and the frictional response of UHMWPE
The deformation in the material caused an increase in con-at the interface of the nanotribocontact can lead to surface
tact area corresponding to an increase in angular twist of abrasion from protruding hard carbides that exist within the
the cantilever explaining the observed sudden jump at pointcast CoCr alloy of TIJR prosthesis. In addition, it can be
‘B’ and the significant increase in slope of region ‘BC’ over stated that the plastic deformation of the material under mul-
region ‘A’ (Fig. 6). tiaxial loading conditions (hormal and resulting shear) dur-
The sudden jump in friction at ‘B’Kig. 6) and the sig- ing sliding can be used to explain the initiation of failure of
nificant increase in slope of regions ‘BC’ over ‘A’ could the polymeric material in TJR prosthesis eventually leading
be explained in terms of strain softening of the polymer to submicron UHMWPE particle generation.
[7] occurring upon application of shear load at an ambient
temperature which is above the glass transition temperature
of UHMWPE (Ty ~ —120°C) [35]. Strain softening can 5. Conclusions
occur due to deformation of the amorphous phase on the
UHMWPE surface before deformation in crystalline lamel-  This study demonstrated the frictional characteristics at
lae is observed, or could be a combination of deformations the nanointerface of TIR prosthesis by using an AFM as
observed within both phases or between the two phasesa valid tribosystem. A similarity in dimension and me-
of the polymer. This transition seen in frictional force at chanical properties between SiC nanoasperities measured
a certain normal load can be associated with molecular on the surface of CoCr and $8l4 AFM tip allows the
movement of polymeric chains due to elastic deformation, use of a contact mode AFM as a test bed to represent
slip, kinking, melting, twinning, recrystallization or phase and simulate asperity nanocontact between a cast CoCr
transition thus realigning the nanostructure and redefining alloy and UHMWPE components of TJR prosthesis. The
its physical and mechanical properties resulting in an al- evolution of the silicon carbide particles observed on the
tered frictional response as explained by oth&536—39] polished surface of CoCr alloy of TIR prosthesis can arise
The UHMWPE region in contact with the nanoasperity from the SiC polishing grit particles and/or carbides within
changes from elastic to elastic plastic followed by plastic the alloy and its surface in order to increase its wear per-
behavior, which is defined by region ‘BC’. At point ‘C’  formance. However, the presence of these particles enables
the drop in friction could be associated with removal of the them to act as hard nanoasperities initially establishing a
material from the run-in or break-in sliding region followed nanocontact with the soft compression moulded UHMWPE.
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