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Abstract—Nanocrystalline and conventional Co–Cr~ASTM
F75! coatings were prepared by plasma spraying for poss
orthopedic implant applications. Scanning electron microsc
and transmission electron microscopy were used to study
macrostructure and microstructure of the resultant sprayed c
ings. The corrosion resistance was characterized by anin vitro
potentiodynamic anodic polarization technique in a pseu
physiological solution. The nanocrystalline coating has hig
porosity, lower corrosion current density, and less localiz
damage than that of the conventional one, demonstrating b
application potential for orthopedic implants. A change in t
atomic compositional difference between the grain interior a
the grain boundary, the presence of residual strain in the g
interiors, and a change in the repassivation kinetics are
cussed as possible explanations for the enhanced corrosio
havior observed. ©2001 Biomedical Engineering Societ
@DOI: 10.1114/1.1397790#

Keywords—Localized damage, Grain boundaries, Plas
spraying, Anodic polarization.

INTRODUCTION

Thermal sprayed coatings have been studied for
plication in medical fields, typically, in orthopedic an
dental prostheses.4,13,21Conventional prostheses are ma
of bioinert materials such as Ti–6Al–4V alloys or CoC
type alloys such as ASTM designated F75 alloys.21 Ther-
mal sprayed coatings lead to improvements in the m
rial properties of the bearing surface, diminishing t
wear of prosthetic devices.4 For prosthetic applications
the coating must have a high hardness, high porosity,
good adhesion to the prosthesis.21 Furthermore, therma
sprayed coatings must be biocompatible and remain
chanically stable following implantation.21 Recently,
thermal spraying of nanocrystalline coatings has attrac
considerable scientific and industrial interest due to
reported improvements in the properties, such as
creased hardness, strength, and ductility.3 In a previous
study, a nanocrystalline CoCr coating was succe
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fully prepared by plasma thermal spraying and an
crease in microhardness and porosity over
conventional counterpart was reported.16 The objective of
the present study is to investigate the corrosion beha
of a nanocrystalline CoCr coating for potential impla
applications.

EXPERIMENT

In the present study, gas atomized ASTM F75 C
based superalloy powders, with an average particle
of 88 mm, were mechanically milled in a methanol e
vironment. The milled powders were then sprayed on
substrates by plasma spraying~Sulzer Metco 7M spray
system! to generate nanocrystalline coatings. A detail
description of the process can be found elsewhere.16 For
the purpose of comparison, unmilled powders were a
sprayed to obtain a conventional coating. The morph
ogy of the as-sprayed coatings was observed usin
Philips XL 30 FEG scanning electron microscop
~SEM!. The grain size of the nanocrystalline powde
and coating were determined by the dark-field techniq
using a Philips CM20 transmission electron microsco
~TEM! operated at 200 keV. The milled powders to
analyzed by TEM were dispersed in methanol, depos
on carbon grid substrates, and allowed to dry in air. T
TEM sample for the as-sprayed coating was prepa
using dual-jet polishing. The average grain size of t
nanocrystalline powders and coating were obtained
measuring and averaging at least 100 grains.

The density of the coatings was determined accord
to ASTM B328—standard test method for density, o
content, and interconnected porosity of sintered me
structural parts and oil-impregnated bearings. This te
nique compensates for the open surface pores of pow
metallurgy parts when using the Archimedes method
determining density by first immersing the sample in
to seal any surface pores. The sample is weighed in
as received. It is then submersed in oil in a vacuu
retort at slightly higher than room temperature for
period of 4 h. The oil-impregnated sample is weighed
air. The oil-impregnated sample is next weighed in wa

f



ire
ke
al

ed

in

tro-
ten
cel
ec-

ion

nd
a

ce
irro
in

-
hol

ob
ss-

ic
tita
as

e
l %
g;

sity

cha-
ma-

of
to

at
g-
as a
n,
es-
rop-
e-
ing
-
de-
vi-

in
ine
or-

e
d
ble
t
ce

804 CHENG et al.
by suspending the sample in water from a fine w
attached to the beam hook of a balance while the bea
of water is supported over the balance pan by a sm
bridge. Finally, the density of the sample is determin
by

D 5 @A/~B 2 F !#Dw , ~1!

whereA5the mass of the oil-free sample in air,B5the
mass of the oil-impregnated sample weighed in air,F
5the mass of the oil-impregnated sample weighed
water, andDw5 the density of water.

The corrosion behavior was studied using an elec
chemical method that incorporates a computerized po
tiostat. A single-compartment, three-electrode glass
was employed along with a Pt wire as the counterel
trode and a saturated calomel electrode~SCE! as the
reference electrode. The electrolyte was Hank’s solut
~composition shown in Table 1! and its pH was adjusted
to 7.0060.05 with sodium bicarbonate. Conventional a
nanocrystalline CoCr-coated specimens were used
working electrodes. To eliminate the effect of surfa
roughness, the CoCr electrodes were polished to a m
finish. The working electrodes were initially immersed
the solution to stabilize them for a period of 1 h and then
the potential was scanned between2600 and 1500 mV
with a scanning rate of 10 mV/s for 130 cycles. Follow
ing the corrosion studies, the specimen surface morp
ogy was observed by SEM.

RESULTS AND DISCUSSION

Figure 1 shows the backscattered electron images
tained from the SEM analysis performed on the cro
section areas of the as-sprayed conventional~a! and
nanocrystalline~b! coatings. No discernable macroscop
differences between the coatings are evident. Quan
tive measurement of the density of the coatings w
determined following ASTM B328. The porosity of th
nanocrystalline coating was determined to be 9.6 vo
as compared to 4.5 vol % for the conventional coatin
however, the reader should note that only one den

TABLE 1. Concentration of Hank’s solution.

Chemicals Concentration (g/l)

NaCl 8.00
CaCl2 0.14
KCl 0.40
NaHCO3 0.35
Glucose 1.00
NaH2PO4 0.10
MgCl2•6H2O 0.10
Na2HPO4•2H2O 0.06
MgSO4•7H2O 0.06
r
l

-
l

s

r

-

-

-

sample was measured for each coating. Several me
nisms have been recently proposed to explain the for
tion of pores during thermal spraying. The presence
porosity in thermal sprayed coatings is closely related
the thermal, fluid flow and solidification conditions th
are present. As a result, the solidification of the impin
ing spray droplets on a substrate can be considered
series of individual events: impingement, deformatio
and solidification. Coating porosity depends on the pr
sure induced on the surface of the substrate during d
let impingement.24 Studies have shown that porosity d
creases with increasing particle velocity and increas
temperature.24 A high droplet temperature before im
pingement, created by a short spraying distance,
creases the porosity level due to improved filling of ca
ties by the molten particles. The observed increase
porosity of the coating generated using nanocrystall
powders is thought to be attributed to the irregular m
phology of the powders, which leads to a large volum
fraction of interstitial cavities during impingement an
deformation. This suggestion is consistent with availa
results from other investigations.15 The porosity presen
in the nanocrystalline coatings is expected to influen
the physical properties of the coatings.5,10,14,18,30

FIGURE 1. Cross-sectional backscattered SEM images of
conventional „a… and nanocrystalline „b… coatings.
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805Nanocrystalline Co–Cr Coatings
Figure 2 shows TEM bright-field, dark-field, an
selected-area diffraction~SAD! pattern micrographs tha
reveal the grain size of the nanocrystalline CoCr powd
prior to thermal spraying. Figure 3 shows the TE
bright-field, dark-field, and SAD pattern micrograp
that reveal the grain size of the nanocrystalline Co
coating. The individual ‘‘dark spots’’ indicate grains i
the bright-field image as do individual ‘‘bright spots’’ i
the dark-field images. The ring pattern in the SAD p
terns is typical of nanocrystalline materials. The a
milled powder has an average grain size of 12 nm. Af
thermal spraying, the resultant coating has an aver
grain size of 21 nm. This minimal grain growth is n
unexpected, considering the particle thermal history d
ing plasma spraying. During the flight from powd
feeder to the target, the powder particles are acceler
and heated by the flame, which has a temperature as
as 15,000 K.8 Under this environment, the feedstock pa
ticles ~even WC, with a melting point of 3073 K! are
usually molten~depending on the particle size! due to
the heat transfer from the flame to the particles.7,20,21

Therefore, it is significant that after such a hig
temperature exposure, the grain size remains relativ
unchanged~i.e., 21 nm!, as compared to the grain size
conventional coatings. Although the grain size of t
conventional coating was not determined, based on
lated studies, a lower boundary on the grain size wo
be expected to be on the order of tens of microns, ba
on the starting powder size of 88mm.15 The ability to
retain a nanometric grain size might be related to
rapid heating during flight and rapid cooling when im
pinging the substrate. For the spraying distance of 0.1
used in the present study, the estimated exposure tim
the plasma flame is less than 531024 s.28 The short
exposure time to high temperature and rapid solidifi
tion upon impinging the cold substrate are likely to ha
limited grain growth in the coating. An additional facto
which might contribute to limited grain growth, is th
presence of secondary phases in the milled powders.
previous study, it was reported that Co3O4 formed in the
milled CoCr powders.16 In related studies, significan
improvements in the thermal stability of nanocrystalli
Al alloys have been achieved through thein situ forma-
tion of fine dispersoids during cryogenic high-ener
milling, also known as cryomilling.17,25 In addition, re-
cent work in this research group has shown that nan
cale dispersoids also exist in cryomilled nanocrystall
Ni ~Refs. 11 and 15! and Fe–Al~Ref. 9! powders, gen-
erating a thermally stable microstructure. These seco
phase particles formed during the mechanical milli
process are theorized to impede grain growth throu
Zener pinning.9

Figure 4 shows the corrosion current density of
single conventional and a single nanocrystalline coat
for the first sweeping cycle. Only one sample of ea
d
h

-

o

a

-

-

FIGURE 2. TEM bright field „a…, dark-field „b…, and SAD pat-
tern „c… images of nanocrystalline CoCr powders.
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806 CHENG et al.
was tested; however, each sample was put through
eral hundred cycles to generate Fig. 5. It is apparent
the nanocrystalline coating has a lower corrosion curr
density ~;20%! than that of the conventional coating
Figure 5 shows the current density at 500 and 1500
as a function of sweeping cycle. At a lower polarizati
potential, the current density is low; however, it can s
be observed that the nanocrystalline coating is more

FIGURE 3. TEM bright-field „a…, dark-field „b…, and SAD pat-
tern „c… images of nanocrystalline CoCr coating.
-
t

-

rosion resistant. At a higher potential, this difference
much more obvious. The corrosion current density
the nanocrystalline coating at 1500 mV is about 80%
that of the conventional coating during the entire swe
ing test, demonstrating a better corrosion resistance.

The current density shown in Figs. 4 and 5 represe
the average dissolution rate of the coating materia
These data alone do not precisely describe the corro
properties of polycrystalline solids since localized corr
sion can lead to premature part failure. In fact, localiz
degradation is a decisive factor in many component f
ures caused by a corrosive environment. Hence, to c
acterize the overall resistance against environmental
tack, it is also necessary to assess the degree
localization of corrosion damage. This can be done
SEM surface observation. Figure 6 shows the morph
ogy of the conventional and nanocrystalline coatings
ter the first sweeping cycle. Large differences can
observed in the corrosion pattern of the different co
ings. In the conventional coating, the corrosion appea
to be concentrated at the grain boundaries whereas
interior of the grains remained relatively unchanged. It

FIGURE 4. Corrosion current density of conventional and
nanocrystalline coatings during the first sweeping cycle.

FIGURE 5. Current density at 500 and 1500 mV as a function
of sweeping cycle.
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807Nanocrystalline Co–Cr Coatings
important to note that the grain boundary and prior p
ticle boundary are the same for the conventional coat
Also, the large grain size of the conventional coati
allows resolution of grains at this magnificatio
whereas, the grains of the nanocrystalline coating are
small to be resolved by SEM. The intergranular cor
sion associated with grain boundaries is considered to
one of the most critical localized damag
mechanisms.1,29 For the nanocrystalline coating; how
ever, the corrosion is relatively uniform and no obvio
localized corrosion was evident. In a recent study, Vin
gradov et al. reported that an ultra-fine-grained copp
showed a more homogenous corrosion than that of
conventional polycrystalline material.27 In their report;
however, the average corrosion rate of ultrafine cop
was reportedly higher than that of the conventional co
terpart. The observed lower average corrosion den
and corrosive response render the nanocrystalline C
coating more attractive for practical applications in co
parison with the conventional polycrystalline counterpa
the latter was observed to be susceptible to locali
intergranular corrosion.

Inspection of the available scientific literature reve
that there is limited fundamental information on the co
rosion mechanisms that are active in nanocrystalline
terials. In one of very few studies available, it wa

FIGURE 6. Surface morphology of conventional „a… and
nanocrystalline „b… coatings after corrosion test.
r

-

shown that nanostructured materials produced by e
trodeposition may have enhanced corrosion propertie
comparison with both their crystalline and amorpho
counterparts.26 Moreover, polarization studies of elec
trodeposited nanocrystalline Ni~Ref. 22! and Ni–P
alloy23 revealed no improvement or even degradation
corrosion properties. The electrochemical behavior o
mechanically alloyed copper with nanometric grain s
has been recently studied.6 It was found that enhance
corrosion resistance can be achieved in the nanost
tured state. The authors attributed this enhancemen
corrosion properties to the large fraction of the interfa
boundaries and argued that with a decrease in grain s
the amount of triple boundaries will increase, which w
have the ability to hinder the evolution of a corrosio
crack. This interpretation is, however, unlikely becau
usually grain boundaries significantly facilitate localize
dissolution of a material.1,19,29

It is well known that the aqueous corrosion of a me
is an electrochemical reaction that requires both oxi
tion ~anodic dissolution! and reduction~cathodic reac-
tion!. The anodic and cathodic sites can be characteri
by their equilibrium potentials,Ea and Ec , respectively.
The presence of surface irregularities such as gr
boundaries stabilize discrete anodic and cathodic site
that corrosion is confined to a specific area, i.e., becom
localized. The thermodynamic driving force for corrosio
is equal to the difference in equilibrium potentials
anodic and cathodic sites:

DE 5 Ea2Ec . ~2!

The larger the value ofDE, the higher the corrosion
current. It has long been recognized that grain-bound
structure plays a key role in intergranular corrosi
mechanisms.1,19,29 Usually, the grain boundary has
higher energy than the interior of the grain; therefore
functions as an anodic site while the interior functions
a cathodic site~shown in Fig. 7!. The higher the grain-
boundary energy, the higher the susceptibility to int
granular damage. Therefore, it is not surprising that

FIGURE 7. Schematic diagram showing grain interior and
boundaries as cathodic and anodic sites, respectively.
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808 CHENG et al.
the conventional CoCr coating, the corrosion occur
primarily in the grain-boundary region.

The role of grain boundaries in nanocrystalline ma
rials on corrosion behavior needs to be addressed c
fully, though it is precisely the large amount of grai
boundary area that often promotes many of the uni
properties of these materials. An explanation for the
hanced corrosion behavior of the nanocrystalline coa
found in this research is not precise at this time; there
three possibilities. The first is that with a decrease
grain size, the atomic compositional difference betwe
the grain interior and the grain boundary caused
atomic segregation is strongly reduced because of
increase in the volume of the grain boundary. Since
equilibrium potential is related to the chemical compo
tion of materials,2 the decrease in the compositional d
ference between the grain interior and the grain bound
will result in a decrease in the difference between th
equilibrium potentials, leading to a low corrosion ra
and a uniform corrosion pattern.

The second factor which might contribute to the o
served enhancement in corrosion resistance is the p
ence of residual strain in nanocrystalline materials.12 In
cryomilled nanocrystalline materials, the grain interior
often heavily deformed; the crystalline lattice is distort
with residual strain. This also may shift the equilibriu
potential of the grain interior,Ec , to the anodic domain
and thus decreaseDE, and consequently, decrease t
intergranular dissolution. The third possible explanat
for the enhanced corrosion resistance observed in
research is that the high relative grain-boundary-rela
volume of metal of nanocrystalline materials drama
cally influences the repassivation kinetics of these ma
rials.
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