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ABSTRACT: CoCrMo alloys have involved substantial considerations as orthopedic implants due to their
extraordinary biocompatibility and reliable mechanical behavior and properties. Though, comparable to additional
bioinert metallic implants, CoCrMo alloys displays reduced bioactivity. So, it does not improve direct chemical
bonding with host bone tissue that can lead to the implant failure. Consequently, the request of bioactive coatings
on the metallic implants is essential in order to attain adequate bioactivity. Further, the request of coatings
significantly reduces the rate of corrosion of metallic implant and so the release of toxic metallic ions into the
nearby tissue. Hydroxyapatite (HA) coatings on the metallic implants have showed decent fixation to host bone
and enhanced bone ingrroth into the implant. HA is the generally manufactured from both Calcium (Ca) and
Phosphate (P) to produce (Ca10(PO4)6(OH)2) that used as a base material for covering mineral embeds because
of its incredible biocompatibility and comparable the synthesis and structure to sclerous tissues of the human
body. HA coatings on CoCrMo (F75) alloy substrates have been produced by Pulsed laser deposition (PLD)
techniques. HA used in this search pressed at pressure (150MPa) with particle size (2.75 µm) and used as a target
in the coating by (PLD) techniques. Surface characterization studies of the coatings such as XRD, SEM, AFM,
and EDS to detect the amount of (Ca) and (P) in the coating layer were carried out. Then test the micro-hardness,
surface roughness for HA coating. Corrosion behavior for uncoated and coated samples with a various number of
pulses in Hank’s solution by using potential static polarization tests was achieved also, in this test we obtained a
greatly improved in corrosion resistance of the samples B3 after coating by 88.91%.
KEYWORDS: Co-Cr-Mo Alloy, biocompatibility., Hydroxyapatite (HA), Corrosion Rate, Pulsed laser deposition
(PLD)
INTRODUCTION
The Co-based alloys, such as CoCrMo and CoCr have been spread used as the main materials for orthopedic
application for the total hip, total knee, and total joint replacements due to its outstanding properties regarding its
resistance to wear [1-4]. However, the CoCrMo, as considered as an ion tolerant material, has showed difficulties
to bond or connect directly to the hard and stiff tissues because of fibrous tissue encapsulations [5,6]. The metallic
implants are coated with a bioactive layer of the calcium phosphate (CaP), octacalcium phosphate (OCP), and
hydroxyapatite (HA) [7-12] in order to improve the ability of bone bending. Other alloys, such as cobalt and
titanium are coated by a HA by using a physical treatment, such as the thermal spray method, for enhancing the
biocompatibility [13–15]. Though, the structure of the HA coating may be destroyed by this treatment because of
the harmful effect of the strong heat on the substrate [16]. In addition, most of the modified physical treatment
accomplished on the implants are the line-of-sight processes that, sometimes, is not suitable for the prosthetic of
the complex shapes [16]. Some researchers have used an alternative method instead of the physical treatment.
They mentioned the deposition of the calcium composite as a coating on the Co-based alloys by using method of
investment casting [17].
The calcium composite have used for coating the surface of the CoCrMo. These coating are applied in different
layers, such as Ca3(PO4)2 and HA to the surface by casting process at high temperature. However, the coating
layer decomposition may be result during the casting process at high temperature [17]. The Co-Cr based alloys
performance has driven the investigators for studying their corrosion behavior, mechanical properties, and the
tolerance degree by tissues under simulated working physiological conditions [18-21]. In their research, Ameer
et al. [22] explained the corrosion behavior of Co-Cr and Ni-Cr base alloys by using the electrochemical
impedance and potentiodynamic polarization techniques. Authors concluded that Co-Cr-Mo alloys are the alloys
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that showed the higher resistance of the corrosion compared to Ni-Cr-Mo alloys. Mareci et al. [23] studied
behavior of corrosion of Co-Cr (Vitallium 2000) alloys and Ag–Pd alloys subjected to artificial saliva by using
the electrochemical impedance spectroscopy and potentiodynamic polarization techniques.
Their results showed that the Vitallium2000 presented an outstanding resistance to the corrosion and this alloy
can be used as substitution alloy to Ag–Pd alloys for fabrication several elements of the fixed prosthetic
applications. Effect of the porcelain-fused-to-metal (PFM) firing process on the behavior of the corrosion of Co–
Cr alloys used for dental applications was evaluated by Qiu et al. [24]. Their study was accomplished by
electrochemical impedance spectroscopy tests. They showed that, the corrosion resistance, after the firing of PFM,
for the low Mo-containing Co–Cr alloy decreased with the decreasing in the oxygen level and Cr in the surface
of the oxides. Hodgson et al [25] studied the CoCrMo alloy electrochemical properties when subjected to the body
conditions and the transpassive and passive states of the relevant mechanism. Potentiostatic polarization, rotating
disc electrode, cyclic voltammetry, potentiodynamic, and electrochemical impedance spectroscopy, as some of
the electrochemical techniques, were used in their work. They found that the passive film on the CoCrMo varied
in the thickness and composition with both time and potential. In addition, the main passive behavior was because
of highly enriched (≈90% Cr oxides) oxide film formation on the surface of the alloy. The transpassive and passive
behaviors is then dominated by the presence of the Cr element.
In recent years, an increasing interesting in the HA and OCP coating preparation methods has been noticed
especially for the biomaterial regarding the wet chemical methods [26-31]. Good information and review can be
seen in [1] about the coating formation of the calcium phosphate. The chemical treatment, among the wet chemical
methods, in alkaline solution presented a good method that can be used for enhancing the HA coating growth on
the titanium implants. An intermediate layer of CaTiO3 or Na2TiO3 , as a result of the treatment, has been formed
as a result of the treatment. An ion exchange of H + and Na+ induced an environment of high value of pH around
the surface when immersion in SBF.
This led for precipitation of insoluble species of calcium phosphate. Kim and Wei et al. applied this type of the
chemical treatment on tantalum and titanium alloys and the it was smoothly succeeded [26–28], where they
reported that HA coatings with about 10 μm thickness formed on Ti and Ta by immersion in SBF for up to 4
weeks. Recently, Xie and Luan modified the method [26–30] by electrochemical etching and obtained an HA
layer on Ti alloys in very short immersion time [31]. Thus, the purpose of this work is to investigate the corrosion
behavior of F75 alloy in Hank’s solution for their potential application as biomaterial.

MATERIALS AND METHODS
Sample Preparation
The material powders used to prepare (F75) Co-Cr-Mo alloys in this work are demonstrated in Table 1.The
average size of particle was calculated using Better size 2000 laser particles size analyzer, Handheld (XRF)
analyzer type (DS-2000)USA, is used to determine the purity of powders. Electrical rolling mixer type (STGQM1/5-2) used in elemental powders mixing process for (5hr). the applied stress was 800MPa on the metallic powders
to get green compacted samples by using the electric hydraulic press in a cylindrical die in one direction to produce
cylindrical samples with a diameter 10mm.
Vacuum tube furnace type MTI (GSL1600X)was used to sinter samples from room temperature to 500 ℃ and
soaking 2 hr then heating to 950 ℃ and then soaking for 5hr and then slow cooling to room temperature. All
samples after sintering process were grinded utilizing (180, 220, 320, 600, 800, 1000,1200,1500,2000 and 2500)
grit SiC sandpaper, then they were polished using a diamond past of 15 μm for obtaining a bright mirror finishing
that ready for the next step. Etching was made at room temperature (60ml HCl, 15ml HNO 3. 15ml acidic acid &
15ml water) [32]. After the process of etching, samples were washed in water and then dried. The sintered samples
porosity is calculated as per ASTM B-328 [33].
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Table 1. Purity % and Average Size of Material’s Particles
Material
(powder)
Cobalt
Chrome
Molybdenum
Manganese
Nickel
Silicon
Iron
Carbon

Purity %
99.61
99.86
99.28
99.39
99.44
99.11
99.77
99.44

Average Size of Particle
(μm)
55.56
40.52
20.33
52.31
43.26
51.47
59.34
37.44

Chemical Composition%
F75
Balance
28%
6%
1%
0.5%
1%
0.75%
0.35%

Pulsed Laser Deposition PLD
Powder and target preparations
A 20 g of HA powder was collected and processing beginning with manual grinding utilizing mortar for getting
the semi-finished powder. The next step is sieving the powder utilizing 200 meshes sieve number. Subsequently,
the powder has been crushed and milled for obtaining a nano-sized powder utilizing a planetary ball milling. The
milling was done for 24 h at 350 rpm.
The particle size of the powder obtained from milling process was measured using particle size analyzer
Bettersize 2000 laser particle size analyzer. The powder was (0.668-12.99) μm. Then, the powder was mixed with
3mL of Poly Vinyl Alcohol (PVC) as a binding material. Then, the mixture was mold in (Ø20 mm) and pressed
at pressure 150 MPa, after that, the target was dried using the dry box at 150 ℃ for 4h dehumidify and PVC
releasing (Fig. 1).
PLD Coating Process
In this step, targets have been placed on a rotator holder (Fig. 2 ) [34] and ablated using excimer lasers with pulses
of Ar F (λ=1064nm) and applied energy of (600) m J. The area of ablate was about 20mm2 and the pulses number
was within (1500-6000). Thin layers have been deposited on F75 alloy substrate heated at a temperature 300 oC.
The distance of target substrate was 3 cm and the PLD chamber’s inside pressure was 1.5x 10 -5 torr. The samples
coding shown in the Table 2 While Table 3 summarize the HA Deposition Parameter.

Figure 1. One of Targets after Pressing Process
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Figure 2. Schematic of the PLD Process,[34].
Table 2: Samples code
Parameter
Power
Frequency
Pulses
Laser wave length
Pulse duration
Vacuum pressure

Available ranges
1-1000 m J
1-6 Hz
1-15000
1064 nm
10 n sec
10-5 mbar

Selected value
1000 mJ
6 Hz
4000-6000-8000
1064nm
10 nsec
10-5 mbar

Table 3. HA Deposition Parameter
Samples code
Number of pulses

A
uncoated

B1
4000

B2
6000

B3
8000

Annealing Process
The deposited films were post-annealing at temperature 450 oC for 1 h in vacuum process ((10 -4) tor at heating
rate 5 oC/min.
Characterizations technique
In the current work, the following tests were performed to evaluate the performance of HA coating layer on F75
substrate.
XRD Analyzer
Sample with dimensions (d=10mm , t=5 mm) was used for X-ray diffraction characteristics using XRD type Mini
flex2. X-ray generator with CuKα radiation at 30.0 mA and 40.0 kV is used, the instrument was held at scan
speed ( 2º/min ), with step 0.02º/sec.
SEM and EDS Analyzer
In present work scanning electron microscopy model (TESCAN S8000, USA) with the energy-dispersive
spectroscopy (EDS) is used to characterize the morphology and microstructure of the coating surface in terms of
uniformity.
AFM Analyzer
Atomic force microscopy (AFM, contact mode, spm AA3000 Angstrom advanced Inc., USA) was employed for
observing the morphology (depth morphology of film and roughness) .
Thickness Test
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The measuring device of thickness was utilized for measuring the HA films thickness on F75 substrates.
Hardness Test
Vickers Hardness (TH-717 Digital Micro Vickers Hardness Tester) was utilized to measure the hardness of HA
films, at load (300g) and time of holding equals to 15 sec.
Electrochemical Test
The corrosive behavior of F75 alloy studied in Hank's solution. The chemical analysis for Hank's solution is
illustrated in Table 4 [35]. and pH of it at 37C° was 7.4.
Table 4. Chemical Composition of Hanks Solutions [35]
No.

Constituent

(g/L)

1
2
3
4
5
6

NaCl
CaCl2
KCl
NaHCO3
Glucose
MgCl2.6H2O

8
0.14
0.4
0.35
1
0.1

7
8
9

Na2HPO4.2H2O
KH2PO4
MgSO4.7H2O

0.06
0.06
0.06

The test was performed by gradual increasing in the potential by a scanning ratio equals to 0.4 mV/s, that starting
from 450 mV lower than the potential of open circuit and the scanning was kept on up to 450 mV higher than the
potential of open circuit. Measurement of corrosion rate was obtained via applying the equation (1)[36].
Corrosion rate (mpy) = 0.13icorr.(E.W.)/A.ρ

(1)

Where: E.W. indicates the equivalent weight (g/eq), A is the area measured in (cm2), ρ denotes to the density (g/
cm3), 0.13 is the metric and time conversion factor, icorr. Denotes to the density of current (μA /cm2).
The percentage of improvement for coated samples can be calculated utilizing the equation (2) [36]
Percentage of improvement =(CR0 _ CR / CR0) * 100

(2)

Where: CR° represents the corrosion rate of uncoated sample. CR =the corrosion rate of coated sample (with HA
coated).
RESULTS AND DISSCUSIONS
Co-Cr-Mo (F75) characterization
Fig. 3 illustrated the XRD patterns for A sample after sintering at 950 ℃ for 5 hours under controlled atmosphere.
It can be observed that all Co, Cr and Mo transformed to (CoCrMo), (CoCr) and (Co 2Mo3) phases. This means
that the sintering process period (5 hr) was enough to complete the phase transformation process, where
transformation of the phase represents a diffusion process and it requires a high temperature to take place. The
absence of free element is necessary in the alloys which used as biomaterials due to it toxicity effect into body.
The peaks match with the standard chart of the X-ray diffraction for each phase. The SEM images are highly
sensitive to the chemical composition; therefore, the sintered samples microstructure exhibited a multiphase
structure where the two phases (CoCr and Co2Mo3) are embedded in uniformly matrix (CoCrMo – F.C.C), thus
confirming the XRD results. Etched alloys SEM images exhibited the grain boundaries and pores with different
sizes (Fig.4). The result of EDS analysis for F75 sample is shown in Fig. 5. Provided the presence of Co and Cr
as base alloy with Mn, Ni, Si as additional element, Also the EDS show no evidence of Mo elements other than
Co and Cr as base alloy. Clearly, the EDS analysis results were fairly close to the addition percentage, as the
values obtained from EDS analysis did not cover the entire area but only the spotted region where the electron
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stroke. Furthermore, the EDS results aide in verifying the purity of the initial elemental powders as well as the
prevention of contamination during casting and the production of alloys [37].

Figure 3. XRD Pattern of Co-Cr-Mo alloy After Sintering

Figure 4. SEM images for etched A alloy with different magnification

Figure 5. EDS Analysis for sample A
Coating characterization
XRD results
The XRD results of HA powder in the range 10o -50o diffracted angle are shown in the Fig. 6. The pattern refers
to the existence peaks of HA phase Ca10(PO4)6(OH)2. Fig.7. shows the XRD pattern of the HA thin films after
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annealing on F75 alloy produced by PLD technique. The XRD results implies that only HA phase can be detected
on the coating , which indicates that Hydroxyapatite coating was succeeded on F75 alloy by PLD technique.
There are several obvious diffraction peaks observed at 43°,32°,33° and 22° representing the peaks of HA phase.
Peaks of CoCrMo , CoCr, Co2Mo3 comes from the substrate because the PLD coating on F75 alloy is so thin
that the X-ray can penetrate it.

Figure 6. XRD Patterns of HA powder

Figure 7. XRD analysis of HA film
SEM and EDS Results
Fig. 8. shows SEM micrographs of 200MPa HA samples deposited at different pulses and at 300˚C substrate
temperature. It was obviously seen that increasing the pulses from 4000 to 8000 results in improvement of the
HA films. The HA particles were deposited to create clusters on the base material that looks like a heavy and
aggregated composition. Furthermore, more pulses will be beneficial in improving the film growing, density and
microstructure. The percentages of (Ca), (O) and (P) of HA films and for (Ti) for the samples (B1, B2, B3) are
shown in Fig. 9 respectively. As the number of pulses increase the ratio of (Ca) and (P) increases in the coating
layer. This is expected due to the surface and the corresponding EDS elemental spectrum of the specimens that
were coated with HA at various pulses, some particles and agglomerates had been noticed. On the other hand,
the EDS analysis shows the existence of P, Ca, and O with the absence of alloying elements of substrate. Peaks
that corresponding to P and Ca exhibited an intensity increasing with increasing the number of pulses from 4000
to 8000 and the alloying elements cannot be distinguished on the HA coated samples. This implies that the ceramic
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layer thickness increased with increasing amount of HA precipitation as the pulse increases. These results are in
agreement with those given by El-Sayed et al [38].

Figure 8. SEM micrograph of the samples B1, B2, and B

Figure 9. EDS Analysis of the samples b) B1, c) B2, and d) B3
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AFM Results
Fig. 10(a- c) exhibits the images obtained from AFM test of the coated HA ﬁlms on the samples with 4000, 6000
and 8000 pulses after annealing, respectively. The topographies reveal that increasing the pulses number led to
increase the roughness of the sample surface. Therefore, the distances located between the valleys and peaks of
the sample deposited at 8000 pulses (Fig. 10c) are relatively large. The samples’ surface roughness involving Ra
(average height on top of center line) and Rz is listed in Table 5. Former studies indicated that rough and porous
implant surface could mainly increase the bone bioactivity and its ability of bonding [39, 40]. It is well known
that a rough and porous structure improves the supplying of blood and oxygen along with the ingrowth of the
bone and anchoring at the interface [41]. Consequently, sample that was coded B3 in Table 5 with the Ra of 29.84
nm and Rz of 192.21 nm is the best surface roughness.
Thickness Results
For B1 sample, the thickness is 1.8 μm. The thickness is increased to 2.4 μm for B2 sample and then, the thickness
is reach to its high value 3.6 μm for B3 sample. Anyhow, with increasing the number of laser pulses, the deposition
rate is increased and the thickness is increased also.
Hardness Results
Hardness of uncoated samples F 75(184 HV) are improved after coating it with HA. Furthermore increasing of
pulses from 4000 to 6000 to 8000 could improve the hardness from (254 HV) to (263 HV) to (279 HV). These
results are agreement with P. Rajesh et.al, [42], Such improvement is due to the improvement in depth
morphology, distribution and increasing in HA thickness which can be clearly observed as SEM results as in Fig.
8 and as AFM results in Fig 10. Most likely the pulse increasing could implant more HA particles on the substrate
surfaces.

Figure 10. AFM pattern of samples at : B1, B2, and B3 after the annealing treatment
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Table 5. The Effect of Laser Pulses on Surface Roughness of HA coating.
Surface Roughness

Sample code
B1
B2
B3

Ra(mm)
7.87
16.81
29.84

Rz (mm)
44.42
77.52
192.21

Corrosion Results
Potentiostatic Polarization
The potentiostatic polarization test was achieved utilizing the Potentiostatic polarization test in Hank's solution
for uncoated (F75) and HA coated samples at temperature equals to 37 °C, Polarization curves are shown in Fig
11. Corrosion parameters (corrosion potential, corrosion current, and corrosion rate), extracted from these curves,
are listed in Table 6. The corrosion potential of all coated samples shows a significant shift to a positive direction
and have more noble potential compared to uncoated sample. Further, it is clear that (B1, B2,and B3) samples
have current densities and corrosion rate much lower than current densities and corrosion rate of uncoated sample,
which indicate that HA coating acts as a barrier against attack of aggressive ions, affectively improve the corrosion
resistance of F75 alloy implant, [43],[44]. Corrosion ratio for the implant inside lives' bodies can be reduced by
coating the sampling with HA, due to the reduction in iron releasing from the metal surface. Where the HA has a
favorite characteristics which lead to applied it widely in different implants protection. One of the implantation
process requirements for prostheses, there should be a contact between the tissue around the bones and the metal
prosthesis. Where the availability of HA in metal coating for the implant will lead to produce the bonding rapidly
between the tissue around the bones and the metal prosthesis. Many reasons lead to apply the HA in coating the
implant because HA is a biocompatible material so the implants have both strength and biocompatible at the same
time which lead to induce the ingrowths of bone and tissue surrounding it as well as the chemical reactions that
produce bonding. Also, the availability of HA in implants metal coating will increase the resistance of the metal
against corrosion in condition of soaking the metals in biotic solutions by strengthen the chemical bonds and
decrease the metal iron releasing [45],[46].

Figure 11. Potentiostatic Polarization for A, B1,B2, and B3 samples in Hank′s Solution at 37 °C
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Table 4. Illustrate the Corrosion Potential (Ecorr.), Corrosion Current (icorr.), Corrosion Rate (CR) and
Improvement Percentage of coated Samples in Hank's solution.
Sample code

Icorr. nA/cm2

A
B1
B2
B3

208.15
99.50
50.16
23.07

Ecorr. mV

Corrosion Rate
(mpy)*10-2
7.992
3.824
1.925
0.886

-36.5
-185.4
55.8
23.9

Improvement
Percentage%
52.15
75.91
88.91

CONCLUSIONS
Based on the obtained results, the following conclusions are made:
1. The films hardness increased form (184 HV) for uncoated sample to (279HV) for B3 coated sample
2. The thickness of HA film increased with increasing the number of pulses from (1.8 μm) for B1sample to (3.6
μm) for B3 sample.
3. Increasing number of pulses is more beneficial in films growing and distribution.
4. In Hank’s solution however, the most improvement percentage in corrosion rate was (88.91) which achieved
in case of using 8000 pulse.
5. Another interesting increasing in biocompatibility was achieved during the work for the coated sample compare
to the uncoated F75 alloy.
RECOMANDATIONS
1. Change pulse laser deposition parameters and investigate the effect of these changes on the coating thickness
and corrosion rate.
2. Study the effect of heat treatments before and after deposition process.
3. Study of the effect of adding titania to hydroxyapeptite on the corrosive behavior of the alloy
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