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Corrosion Properties of Nanocrystalline Ce-Cr Coatings
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Abstract—Nanocrystalline and conventional Co—CASTM

F75 coatings were prepared by plasma spraying for possible
orthopedic implant applications. Scanning electron microscopy
and transmission electron microscopy were used to study the

macrostructure and microstructure of the resultant sprayed coat-

ings. The corrosion resistance was characterized biy afitro

potentiodynamic anodic polarization technique in a pseudo-
physiological solution. The nanocrystalline coating has higher
porosity, lower corrosion current density, and less localized

damage than that of the conventional one, demonstrating better

application potential for orthopedic implants. A change in the

atomic compositional difference between the grain interior and
the grain boundary, the presence of residual strain in the grain
interiors, and a change in the repassivation kinetics are dis-

Engineering, University of Miami, Miami, FL
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fully prepared by plasma thermal spraying and an in-
crease in microhardness and porosity over the
conventional counterpart was reportédhe objective of
the present study is to investigate the corrosion behavior
of a nanocrystalline CoCr coating for potential implant
applications.

EXPERIMENT

In the present study, gas atomized ASTM F75 Co-
based superalloy powders, with an average particle size

cussed as possible explanations for the enhanced corrosion be®f 88 um, were mechanically milled in a methanol en-

havior observed. €2001 Biomedical Engineering Society.
[DOI: 10.1114/1.1397790

Keywords—Localized damage, Grain boundaries, Plasma
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INTRODUCTION

Thermal sprayed coatings have been studied for ap-
plication in medical fields, typically, in orthopedic and
dental prosthesés:>?*Conventional prostheses are made
of bioinert materials such as Ti—6Al-4V alloys or CoCr-
type alloys such as ASTM designated F75 all®ySher-
mal sprayed coatings lead to improvements in the mate-
rial properties of the bearing surface, diminishing the
wear of prosthetic devicésFor prosthetic applications,
the coating must have a high hardness, high porosity, an
good adhesion to the prosthe$tsturthermore, thermal

sprayed coatings must be biocompatible and remain me-

chanically stable following implantatiott. Recently,
thermal spraying of nanocrystalline coatings has attracted
considerable scientific and industrial interest due to the
reported improvements in the properties, such as in-
creased hardness, strength, and ducfllily. a previous
study, a nanocrystalline CoCr coating was success-
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vironment. The milled powders were then sprayed on Ti
substrates by plasma sprayif§ulzer Metco 7M spray
system to generate nanocrystalline coatings. A detailed
description of the process can be found elsewh®for

the purpose of comparison, unmilled powders were also
sprayed to obtain a conventional coating. The morphol-
ogy of the as-sprayed coatings was observed using a
Philips XL 30 FEG scanning electron microscopy
(SEM). The grain size of the nanocrystalline powders
and coating were determined by the dark-field technique
using a Philips CM20 transmission electron microscope
(TEM) operated at 200 keV. The milled powders to be
analyzed by TEM were dispersed in methanol, deposited
on carbon grid substrates, and allowed to dry in air. The
TEM sample for the as-sprayed coating was prepared
using dual-jet polishing. The average grain size of the

dnanocrystalline powders and coating were obtained by

measuring and averaging at least 100 grains.

The density of the coatings was determined according
to ASTM B328—standard test method for density, olil
content, and interconnected porosity of sintered metal
structural parts and oil-impregnated bearings. This tech-
nigue compensates for the open surface pores of powder
metallurgy parts when using the Archimedes method of
determining density by first immersing the sample in oil
to seal any surface pores. The sample is weighed in air
as received. It is then submersed in oil in a vacuum
retort at slightly higher than room temperature for a
period of 4 h. The oil-impregnated sample is weighed in
air. The oil-impregnated sample is next weighed in water
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TABLE 1. Concentration of Hank’s solution.

Chemicals Concentration (g/l)
NaCl 8.00
CacCl, 0.14
KCI 0.40
NaHCO; 0.35
Glucose 1.00
NaH,PO, 0.10
MgCl,-6H,0 0.10
Na,HPO,-2H,0 0.06
MgSO,- 7H,0 0.06

by suspending the sample in water from a fine wire
attached to the beam hook of a balance while the beaker
of water is supported over the balance pan by a small
bridge. Finally, the density of the sample is determined

by
D = [A/(B — F)]D,,, 1)

where A=the mass of the oil-free sample in aB=the
mass of the oil-impregnated sample weighed in Eir,
=the mass of the oil-impregnated sample weighed in
water, andD,,= the density of water. (b)

The corrosion behavior was studied using an electro-
chemical method that incorporates a computerized poten-FIGURE 1. Cross-sectional backscattered SEM images of
tiostat. A single-compartment, three-electrode glass cell conventional (a) and nanocrystalline  (b) coatings.
was employed along with a Pt wire as the counterelec-
trode and a saturated calomel electrd@®&CE as the
reference electrode. The electrolyte was Hank’s solution
(composition shown in Table)land its pH was adjusted  sample was measured for each coating. Several mecha-
to 7.00+0.05 with sodium bicarbonate. Conventional and nisms have been recenﬂy proposed to exp|ain the forma-
nanocrystalline CoCr-coated specimens were used astion of pores during thermal spraying. The presence of
working electrodes. To eliminate the effect of surface porosity in thermal sprayed coatings is closely related to
roughness, the CoCr electrodes were polished to a mirrorthe thermal, fluid flow and solidification conditions that
finish. The working electrodes were initially immersed in  are present. As a result, the solidification of the imping-
the solution to stabilize them for a perioﬂbh and then |ng spray drop|ets on a substrate can be considered as a
the potential was scanned betwee®00 and 1500 mV  series of individual events: impingement, deformation,
with a scanning rate of 10 mV/s for 130 cycles. Follow- and solidification. Coating porosity depends on the pres-
ing the corrosion studies, the specimen surface morphol-syre induced on the surface of the substrate during drop-

ogy was observed by SEM. let impingement* Studies have shown that porosity de-
creases with increasing particle velocity and increasing
RESULTS AND DISCUSSION temperaturé® A high droplet temperature before im-

pingement, created by a short spraying distance, de-

Figure 1 shows the backscattered electron images ob-creases the porosity level due to improved filling of cavi-
tained from the SEM analysis performed on the cross- ties by the molten particles. The observed increase in
section areas of the as-sprayed conventiof@l and porosity of the coating generated using nanocrystalline
nanocrystallingb) coatings. No discernable macroscopic powders is thought to be attributed to the irregular mor-
differences between the coatings are evident. Quantita-phology of the powders, which leads to a large volume
tive measurement of the density of the coatings was fraction of interstitial cavities during impingement and
determined following ASTM B328. The porosity of the deformation. This suggestion is consistent with available
nanocrystalline coating was determined to be 9.6 vol % results from other investigatior}3.The porosity present
as compared to 4.5 vol % for the conventional coating; in the nanocrystalline coatings is expected to influence
however, the reader should note that only one density the physical properties of the coatirtys,418-30
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Figure 2 shows TEM bright-field, dark-field, and .4
selected-area diffractiofSAD) pattern micrographs that '
reveal the grain size of the nanocrystalline CoCr powders
prior to thermal spraying. Figure 3 shows the TEM
bright-field, dark-field, and SAD pattern micrographs
that reveal the grain size of the nanocrystalline CoCr
coating. The individual “dark spots” indicate grains in
the bright-field image as do individual “bright spots” in
the dark-field images. The ring pattern in the SAD pat-
terns is typical of nanocrystalline materials. The as-
milled powder has an average grain size of 12 nm. After
thermal spraying, the resultant coating has an average
grain size of 21 nm. This minimal grain growth is not
unexpected, considering the particle thermal history dur-
ing plasma spraying. During the flight from powder
feeder to the target, the powder particles are accelerated o
and heated by the flame, which has a temperature as high ) o (a)
as 15,000 K Under this environment, the feedstock par-
ticles (even WC, with a melting point of 3073 )Kare
usually molten(depending on the particle sizelue to
the heat transfer from the flame to the particié%?:
Therefore, it is significant that after such a high-
temperature exposure, the grain size remains relatively
unchangedi.e., 21 nm, as compared to the grain size of
conventional coatings. Although the grain size of the
conventional coating was not determined, based on re-
lated studies, a lower boundary on the grain size would

be expected to be on the order of tens of microns, based * N . Sl

on the starting powder size of 88m.!® The ability to ¢ g “."

retain a nanometric grain size might be related to the W, y ' V et o
rapid heating during flight and rapid cooling when im- \ ’ 05\, '. ? .
pinging the substrate. For the spraying distance of 0.1 m s o .
used in the present study, the estimated exposure time to i3 ‘- ‘ I <. -
the plasma flame is less thanx30™* s2® The short L~ .ﬂ@@m]
exposure time to high temperature and rapid solidifica- Ey. ! g ——

tion upon impinging the cold substrate are likely to have
limited grain growth in the coating. An additional factor,
which might contribute to limited grain growth, is the
presence of secondary phases in the milled powders. In a
previous study, it was reported that {0 formed in the
milled CoCr powders® In related studies, significant
improvements in the thermal stability of nanocrystalline
Al alloys have been achieved through timesitu forma-
tion of fine dispersoids during cryogenic high-energy
milling, also known as cryomilling’?® In addition, re-
cent work in this research group has shown that nanos-
cale dispersoids also exist in cryomilled nanocrystalline
Ni (Refs. 11 and 1band Fe—Al(Ref. 9 powders, gen-
erating a thermally stable microstructure. These second-
phase particles formed during the mechanical milling
process are theorized to impede grain growth through
Zener pinning’

Figure 4 shows the corrosion current density of a

single conventional and a single nanocrystalline coating FIGURE 2. TEM bright field (a), dark-field (b), and SAD pat-
for the first sweeping cycle. Only one sample of each tern (c) images of nanocrystalline CoCr powders.
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FIGURE 3. TEM bright-field (a), dark-field (b), and SAD pat-
tern (c) images of nanocrystalline CoCr coating.
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FIGURE 4. Corrosion current density of conventional and
nanocrystalline coatings during the first sweeping cycle.

rosion resistant. At a higher potential, this difference is
much more obvious. The corrosion current density for
the nanocrystalline coating at 1500 mV is about 80% of
that of the conventional coating during the entire sweep-
ing test, demonstrating a better corrosion resistance.
The current density shown in Figs. 4 and 5 represents
the average dissolution rate of the coating materials.
These data alone do not precisely describe the corrosion
properties of polycrystalline solids since localized corro-
sion can lead to premature part failure. In fact, localized
degradation is a decisive factor in many component fail-
ures caused by a corrosive environment. Hence, to char-
acterize the overall resistance against environmental at-
tack, it is also necessary to assess the degree of
localization of corrosion damage. This can be done by
SEM surface observation. Figure 6 shows the morphol-
ogy of the conventional and nanocrystalline coatings af-
ter the first sweeping cycle. Large differences can be
observed in the corrosion pattern of the different coat-
ings. In the conventional coating, the corrosion appeared
to be concentrated at the grain boundaries whereas the
interior of the grains remained relatively unchanged. It is

was tested; however, each sample was put through sev-
eral hundred cycles to generate Fig. 5. It is apparent that
the nanocrystalline coating has a lower corrosion current
density (~20%) than that of the conventional coating.
Figure 5 shows the current density at 500 and 1500 mV
as a function of sweeping cycle. At a lower polarization
potential, the current density is low; however, it can still
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be observed that the nanocrystalline coating is more cor- of sweeping cycle.
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FIGURE 5. Current density at 500 and 1500 mV as a function
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FIGURE 7. Schematic diagram showing grain interior and
boundaries as cathodic and anodic sites, respectively.

shown that nanostructured materials produced by elec-
trodeposition may have enhanced corrosion properties in
comparison with both their crystalline and amorphous
counterpart$® Moreover, polarization studies of elec-
trodeposited nanocrystalline NiRef. 22 and Ni—-P
alloy® revealed no improvement or even degradation of
corrosion properties. The electrochemical behavior of a
mechanically alloyed copper with nanometric grain size
has been recently studiédt was found that enhanced
corrosion resistance can be achieved in the nanostruc-
: tured state. The authors attributed this enhancement of
(b) corrosion properties to the large fraction of the interface
boundaries and argued that with a decrease in grain size,
the amount of triple boundaries will increase, which will
have the ability to hinder the evolution of a corrosion
crack. This interpretation is, however, unlikely because

. . . H H i ,19,29

ticle boundary are the same for the conventional coating. dissolution of a materid: _

Also, the large grain size of the conventional coating !t iS well known that the aqueous corrosion of a metal
allows resolution of grains at this magnification, IS an electrochemical reaction that requires both oxida-

whereas, the grains of the nanocrystalline coating are tootion (anodic dissolution and reduction(cathodic reac-
small to be resolved by SEM. The intergranular corro- tion). The anodic and cathodic sites can be characterized
sion associated with grain boundaries is considered to bePY their equilibrium potentials, andE., respectively.
one of the most critical localized damage The presence of surface irregularities such as grain
mechanism&2® For the nanocrystalline coating; how- Poundaries stabilize discrete anodic and cathodic sites so

ever, the corrosion is relatively uniform and no obvious that corrosion is confined to a specific area, i.e., becomes

localized corrosion was evident. In a recent study, Vino- !0calized. The thermodynamic driving force for corrosion

gradov et al. reported that an ultra-fine-grained copper IS €qual to the difference in equilibrium potentials of

showed a more homogenous corrosion than that of the@nodic and cathodic sites:

conventional polycrystalline materi&l. In their report;

however, the average corrosion rate of ultrafine copper AE = E.—E. . )

was reportedly higher than that of the conventional coun- a e

terpart. The observed lower average corrosion density

and corrosive response render the nanocrystalline CoCrThe larger the value ofAE, the higher the corrosion

coating more attractive for practical applications in com- current. It has long been recognized that grain-boundary

parison with the conventional polycrystalline counterpart; structure plays a key role in intergranular corrosion

the latter was observed to be susceptible to localized mechanism$:*°?° Usually, the grain boundary has a

intergranular corrosion. higher energy than the interior of the grain; therefore, it
Inspection of the available scientific literature reveals functions as an anodic site while the interior functions as

that there is limited fundamental information on the cor- a cathodic sitg'shown in Fig. 7. The higher the grain-

rosion mechanisms that are active in nanocrystalline ma-boundary energy, the higher the susceptibility to inter-

terials. In one of very few studies available, it was granular damage. Therefore, it is not surprising that in

FIGURE 6. Surface morphology of conventional (a) and
nanocrystalline (b) coatings after corrosion test.
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spraying of zirconia-reinforced hydroxyapatite composite
coatings on titanium. |. Phase, microstructure, and bonding
strength.J. Mater. Sci.: Mater. Med8:193 and 201, 1997.

. ; X SDeporter, D. A., P. A. Watson, R. M. Pilliar, M. Pharoah, D.
rials on corrosion behavior needs to be addressed care- Smith, M. Chipman, D. Locker, and A. Rydall. A prospec-

fully, though it is precisely the large amount of grain- tive clinical study in humans of an endosseous dental implant
boundary area that often promotes many of the unique partially covered with a powder-sintered porous coating: 3- to
properties of these materials. An explanation for the en- 64-yea_r resultsint. J. Oral Maxulofa_c. Implantsl10:87, 1996.
hanced corrosion behavior of the nanocrystalline coating Flked'm’ 0., H. S. Cao, C. Meunier, and E. Gaffet. Prepara-
. . - . A ion of nanocrystalline copper by hot and cold compaction:
found in this research is not precise at this time; there are  characterization of mechanical and electrochemical proper-
three possibilities. The first is that with a decrease in ties. Mater. Sci. Forumg43:269—272, 1998.
grain size, the atomic compositional difference between "Hantzsche, H. In: Proceedings of the 7th International Metal
the grain interior and the grain boundary caused by Spraying Conference, London, U.K., 10—14 September 1973,
atomic segregation is strongly reduced because of the Eﬁgerlgﬁ 16, Abington, Cambridge, England: Welding Insti-
increase in the volume of the grain boundary. Since the 8Heir’nann, R. B. Plasma-Spray Coating: Principles and Appli-
equilibrium potential is related to the chemical composi-  cations. New York: VCH, 1996, p. 19.
tion of materials, the decrease in the compositional dif- ®Huang, B., R. J. Perez, and E. J. Lavernia. Grain growth of

ference between the grain interior and the grain boundary nanocrystalline Fe—Al alloys produced by cryomilling in lig-

the conventional CoCr coating, the corrosion occurred
primarily in the grain-boundary region.
The role of grain boundaries in nanocrystalline mate-

will result in a decrease in the difference between their

uid argon and nitrogenMater. Sci. Eng., A255:124-132,

equilibrium potentials, leading to a low corrosion rate 10y, pert S, F., S. J. Morrison, and J. J. Klawitter. Tissue

and a uniform corrosion pattern.
The second factor which might contribute to the ob-

reaction to three ceramics of porous and nonporous struc-
tures.J. Biomed. Mater. Re$:347, 1972.

. h . . 11 5; H :
served enhancement in corrosion resistance is the pres- Jiang, H. G., M. L. Lau, and E. J. Lavernia. Grain growth

ence of residual strain in nanocrystalline materfalin

behavior of nanocrystalline Inconel 718 and Ni powder and
coatings.Nanostruct. Mater10:169, 1998.

cryomilled nanocrystalline materials, the grain interior is 125i3ng "H., M. Rule, and E. J. Lavernia. On the applicability

often heavily deformed; the crystalline lattice is distorted
with residual strain. This also may shift the equilibrium
potential of the grain interioi., to the anodic domain,

and thus decreasAE, and consequently, decrease the
intergranular dissolution. The third possible explanation

of the x-ray diffraction line profile analysis in extracting
grain size and microstrain in nanocrystalline materials.
Mater. Res.14:549, 1999.

BKhor, K. A., C. S. Yip, and P. Cheang. Post-spray hot iso-

static pressing of plasma sprayed Ti-6Al-4V/hydroxyapatite
composite coatingsl. Mater. Process. Technal1:280, 1997.

for the enhanced corrosion resistance observed in this4Klawitter, J. J., and S. F. Hulbert, Application of porous
research is that the high relative grain-boundary-related ceramics for the attachment of load bearing internal orthope-

volume of metal of nanocrystalline materials dramati-

cally influences the repassivation kinetics of these mate-

rials.
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