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Hydroxyapatite coating on pretreated CoNiCrMo prosthesis®
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Abstract: In order to improve the quality of the bio-active coating on medical grade CoNiCrMo substrate,
hydroxyapatite( HA) coatings were produced via low-temperature dip-coating route on substrates treated using vari-

ous surface pre-treating methods. The surface and cross-sectional morphologies of HA coatings were observed by

SEM, as well as the bonding strength between coatings and substrates after different pre-treatments were character-
ized according to ASTM C633. The low-temperature HA dip-coating method with the substrate merely oxidized at
600 C can provide a high quality HA coating for CoNiCrMo, of which the bonding strength reaches (58 £5) MPa,
higher than that of the clinically used HA coatings on Tralloys produced via plasma spray route, as well as a HA
coating with full crystallinity and high phase purity, which is more irrvivo stable than plasma sprayed HA coating.
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1 INTRODUCTION

Co-alloys are important metallic medical mate-
rials for tribologically loaded knee, hip joints and
their fixation parts, as shown in Fig. 1, due to ex-
cellent mechanical, tribological and corrosion-
resistant properties'!. A bioactive ceramic coat-
ings, especially hydroxyapatite( HA) coating, on
metallic prostheses is a promising approach for im-
proving its osteoconductivity and bone-bonding
ability!*""

and other bioceramic coatings on metallic implants

Nowadays, some plasma sprayed HA

have been widely used in orthopaedic opera-
(1 Unfortunately, due to the ultra-high
temperature and cooling rate, the plasma spray

tions

coating technique induces a partial decomposition
of HA into the phases, e. g. TCP(Cas(P0O4)2) and
TTCP (Cas(PO4)20), which are less in vivo sta-
ble, and naturally lead to the early failure of the
[1 12, 17]

HA coating . Whereas, the low-temperature
coating techniques are beneficial to obtaining a
pure crystalline HA layer, which can provide a
longer duration for bio-degradation'" ' ', Re-
cently, a number of low-temperature coating tech-
niques, such as biomineralization in simulated body

fluid*™, solgel process'™'" ¥,

have been repor-
ted for synthesizing HA coatings on metallic sub-
strates, primarily for the purpose of enhancing os-
teoconductivity or bone bonding characteristics of
boneinterfacing implants with a longer life time.

However, the peeling of bioactive ceramic
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Fig. 1 Metallic knee prosthesis of CoNiCrMo alloy
for bone fixation and CoCrM o-femur
tribological loading

coatings from the metallic substrates can happen

treatment
[2]

even after heat during the low-

temperature coating process' ~, which restricts the
orthopaedic applications of bio-active coatings pre-
pared via low-temperature routes. The peeling
stress is generated along the interface between
coating and substrates due to the difference be
tween metals and ceramics in the coefficient of
thermal expansion( CTE), as well as the insuffi-

cient mechanical interlocking or chemical interac
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tion between the coating and the substrate!”™ '™ . So
an intermediate layer between metal and HA is
useful to improve the interfacial bonding condition
due to the effectiveness in CTE reduction'”™ .
Nowadays, alkali and heat treatments are found ef-
fective for producing the intermediate layer for the
subsequent HA coating on Ti, Ta alloys and stain-

(81 Although, Co-alloys are used as tri-

less steels
bologically loaded components and fixation parts in
close bone contact, the HA coating on Co-alloys,
especially improving the bonding strength using an
intermediate layer, are rarely reported.

In order to study the feasibility of various sur-
face pretreating methods to conventionally used

CoNiCrMo

treating conditions are applied in the present stud-

substrate, several substrate pre
y. Subsequently, the effect of intermediate layer is
assessed by observing the morphology and measur-
ing the bonding strength of the dip-coated HA lay-
substrate with

er on the and without pre

treatment.
2 EXPERIMENTAL

The CoNiCrMo substrates were mechanically
polished to a 1 Hm finish washed with acetone and
distilled water in an ultrasonic cleaner. The inter-
mediate layers on CoNiCrMo for HA coating were
produced by alkali treatments and oxidation pre
treatments. The alkali pre-treatments were per-
formed by soaking these substrates in 10 mol/L
NaOH at 60 C for 24 h'?; and Ca(OH): saturated
solution at 80 C for 36 h, which could be used to
provide a similar surface morphology with NaOH
treatment!'*' . After the alkali pre-treatment, the
substrates were gently washed with distilled water
and then dried at 40 'C for 24 h in air. In order to
avoid the degradation of CoNiCrMo at over
elevated temperature, the pretreated substrates
were successively heated to a moderate tempera-
ture, 600 C for 1 h at a slow heating rate of 5 C/
min, and then cooled to room temperature in the
furnace.

In order to verify the effect of intermediate
a HA dip
coating procedure was necessary. Ca(NOsz)2 °

4H,0 and (NH4)2HPO,4, at a Ca/P ratio of 1. 67,

were used as the precursors of HA sol for dip

layer produced by pretreatments,

coating. The sol was aged and washed with dis-
tilled water until the pH value of waste water was
neutral. The substrates with and without pre
treatment were dip-coated in HA sol at a withdraw
rate of 4 mm/s, dried at 150 C for 15 min and
heated at 500 C for 15 min at the heating rate of 5
C/min. All coating procedures were repeated 10
times in order to obtain a considerable thickness.
Grazing incident XRD was used to identify the

phase purity of the dip-coated HA on different
pre-treated CoNiCrMo substrates. Then the mor-
phologies of HA coatings were also studied using
scanning electron microscopy(SEM) method. The
improving effects of pre-treatments were evaluated
using SEM images by comparison of the crack and
pore features in the HA coatings on the substrates
The bonding

strength of the HA coatings on different intermedi

with and without pretreatment.

ate layers were measured after the adhesion testing
standard ASTM C633. The coated substrates were
fixed onto a pair of testing bars of d11 mm X 60 mm
by araldite glue on a V-shaped block with a uniaxi-
al pressure of 40 MPa. And the tensile tests were
carried out with a material testing machine.

3 RESULTS AND DISCUSSION

Fig. 2 shows the grazing incidence XRD pat-
tern of the dip-coated HA layers on the umr
pretreated, alkali pretreated and merely oxidized
substrates, which were detected as monophase full
crystallinity HA. The monophase full crystallinity
HA is much more in-vivo stable than TCP, TTCP
as well as amorphous calcium phosphate phases,
the decomposition products of plasma sprayed HA
coating resulting from the ultra-high temperature
L, 12, 17]

and cooling rate . The morphologies of the
substrates with or without pretreatments were ob-
served using SEM, as displayed in Fig. 3, respec

tively.
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Fig.2 Grazing incidence XRD pattern
of HA coating

The HA coating on the untreated CoNiCrMo
substrate ( Fig. 3(a)) is full of the networks of
long crack, which is attributed to the great differ-
ence of CTE between HA ceramic and metallic
substrate. Whereas the HA coatings on the alkalr
treated substrates (Figs. 3(b) and (¢)) show a dif-
ferent morphologies, less and smaller cracks. It
suggests that the alkali pretreatments are effective
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Fig.3 SEM images of HA dip-coatings on untreated CoNiCrMo substrate( a),
10 mol/ L. NaOH treated and 600 ‘C heated substrate(b), saturated Ca(OH): treated and
600 C heated substrate(c), and merely oxidized substrate(d)

to improve the quality of HA coating on CoNi-
CrMo substrate. As reported previously!”, a
mountainlike morphology, with the height of 175
~ 189 nm, was obtained on the surface of CoNi-
CrMo substrate after the alkali pre-treatment of er
ther 10 mol/ L. NaOH at 60 C for 24 h or saturated
Ca(OH) 2 solution at 80 C for 36 h, succeeded with
oxidation at 600 C. By comparison of Figs. 3(b)
and (c), the HA coating on Ca(OH)2 pretreated
substrate is better than that on the NaOH pretrea
ted one, in both crack length and density. Al
though, the alkali pretreatment can improve the
quality of HA coating on CoNiCrMo substrate, the
alkali pretreatments need a great amount of alkali
chemicals, which could be harmful to the environ-
ment. Furthermore, the post treatment of the
waste alkali solution will result in extra expenses
as well as further pollutions.

Additionally, it is noticeable that the HA
coating on the directly oxidized CoNiCrMo sub-
strate presents a crack-free morphology, which
looks better than the HA coatings on the sub-
strates with alkalrtreatment and without any
treatment. The reasons for such a phenomenon can

be concluded as the well crystallized oxide CoO
layer on the oxidized CoNiCrMo substrate as
shown in Fig. 4, which could greatly reduce the
CTE difference between HA layer and CoNiCrMo

substrate. The topographic images of the as
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Fig. 4 Grazing incidence XRD pattern of
CoNiCrMo substrate merely oxidized at 600 C
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polished CoNiCrMo substrate and the substrate
merely oxidized at 600 C are illustrated in Fig. 5,
which show the peak-like surface of untreated
CoNiCrMo substrate is replaced with a thick layer
of oxidization product after oxidization at 600 C.
In brief, the crack densities of the HA coat-
ings decrease along the sequence of no pre
treatment, NaOH pretreatment, Ca( OH )2 pre
treatment and direct oxidation. Among these

methods, direct oxidation is an environment

friendly method, which doesnt need any special

0 pmi Opm
(a)

chemical reagent and produce any harmful by-product.

Furthermore, the cross sections of the HA
coatings were also observed by SEM, as shown in
Fig. 6, which exhibit a similar result with the mor-
phology observations. In the HA coating on the
untreated CoNiCrMo substrate, there are a lot of
vertical and parallel cracks. Whereas only several
pores are found in the HA coating on the directly
oxidized substrate. The coating quality of the cross
section varies with the same sequence as the results

of morphological observation in Fig. 3.

(b)

Fig. 5 AFM topographies of as polished CoNiCrMo substrate(a) and
substrate merely oxidized at 600 C(b)

HA coating

 Co C]"‘MO‘—'
substrate

CoNiCrMo
substrate

Fig. 6 SEM images of cross section of HA dip-coatings on untreated CoNiCrM o substrate( a),
10 mol/ L. NaOH treated and 600 ‘C heated substrate(b), saturated Ca(OH): treated and
600 C heated substrate(c), and directly oxidized substrate(d)
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The measured bonding strengths of HA coat-
ings on the substrates treated under different trea-
ting conditions are plotted in Fig. 7. The bonding
strengths of the HA coatings on the pretreated
substrates increase with the same sequence of the
coating qualities. Direct oxidation provides the
highest average boding strength, whereas NaOH
treatment results in the lowest value. The average
bonding strength of the HA coating on substrate
merely oxidized at 600 C reaches (58 *£5) MPa,
higher than the reported values of the plasma
sprayed HA coatings on Tralloys' ™. Further
more, according to the proposed standards, the
shear strength should be 22 =29 M Pa and the mini-
mum tensile strength should be 51 MPa for the
[ 18]

clinically available HA coating This suggests
that the HA solgel coating route with a direct oxi-
dation pre-treatment is suitable for providing a
coating bonding strength higher than that of plas-
ma spray coating route for CoNiCrMo substrate,
the high crystallinity and phase purity of HA coat-
ing, which is more irrvivo stable than those pro-

duced via plasma spray route.
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Fig.7 Measured bonding strengths of
HA coatings on CoNiCrMo substrates
under different pretreating conditions

It is noticeable that there is an abnormal value
measured with the samples of untreated condition.
The measured bonding strength of the HA coating
on the untreated CoNiCrMo substrate was a little
bit higher that that of NaOH sample. Such an ab-
normal result could attribute to the morphological
features of HA coating. There are a lot of crack
network along and within the HA coating on the
untreated substrate, which could be the penetrat-
ing channels for the epoxy resin to fill into during
the gluing process under a pressure up to 40 M Pa.
Naturally, the epoxy network reinforced HA coat-
ing is believed to be able to provide a higher bond-
ing strength.

4 CONCLUSIONS

1) The surface pre-treatments are effective for
improving the quality of HA coating on CoNr
CrMo. The crack-eliminating effects of pre-treat-
ments can be ranged decreasingly as direct oxida-
tion at 600 C, alkali pre-treatment by saturated
Ca(OH)2+ oxidation at 600 C, as well as alkali
pretreatment of 10 mol/L NaOH + oxidation at
600 C.

2) According to ASTM C633 tests, the bond-
ing strength of the HA dip-coating on CoNiCrMo
substrate merely oxidized at 600 C reaches (58 £
5) MPa, which is higher than that of the clinically
used HA coatings on Tralloys produced via plasma
spray route.

3) The HA dip-coating on CoNiCrMo sub-
strate merely oxidized at 600 C is of full crystallin-
ity and high phase-purity, which is more inrvivo
stable than those produced via plasma sprayed HA
coating.

4) The direct oxidation pre-treating method
can produce a best coating quality and highest av-
erage bonding strength among these surface pre
treating methods, more importantly, which is also
an environmentally friendly and cost-saving route.
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