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Abstract

The present work investigates the AC electrophomiposition of nano-sized HAP composite coatindvig-
0.8wt.%Ca-3%wt.%Zn alloy. Nano HAP powder was pregd using hydrothermal microwave assisted
technique.HAP coating is deposited electrophoretically froispgrsing medium (ETELAC) forming composite
coating on the alloy surface. Electrophoretic dipm experiments were conducted as single rund&jble
run (D) and multirun (M). The properties of HAP tiog regarding adhesion, morphology and corrosion
behavior were thoroughly investigated.Results sti@t/the best coating regarding the weight gaiwelkas the
morphology was obtained from multi run (M) experiteof 5%HAP and 5% ETELAC at 200 V under 150
rpm stirring. Electrochemical Impedance (EIS) stigation show that HAP composite coating possegh
corrosion resistance compared to the substratg. allthe mechanism of HAP/ETELAC coating formatioasw
thoroughly discussed.

1. Introduction

Implants were manufactured from stainless steel tiffgnium alloys [2], polymers [3] have the drawkeof
exposing the patient to a second operation to rentlbe implant specially in joining of bone fracturealing.
Moreover, the difference in hardness between theamubone and the implant might result in osteopsrds
addition, the alloy also may be incapable of forgnan chemical bond with bone directly. As it implkehtthe
immune system will surround it by fibrous capsuistja way to isolate it from the body.

Recently, some polymers and magnesium alloys ansidered to be an excellent biodegradable implants.
Since, polymers are expensive and lack the requimechanical strength, magnesium alloys offers anjmiog
alternative to the above materials. Magnesium allogyssess a density of 1.74-1.84 dlevhich is close to that
of the natural bonel.8-2.1 g/€rand their compressive strengths are much higher those of biodegradable
polymers. It is biologically compatible and enhancell growth and bone formation. The major drasidaf
Mg is its high corrodibility in the presence oflatide ions producing magnesium ions and hydroges g
shifting the pH of a solution to higher values. @ugis the main path to overcome these drawbati6y.|

Hydroxiapatite (HAP) having the formula @ 0,)s(OH),, amounts to 65 % of the total bone mass, with
the remaining mass formed by organic matter "mostiagen” and water. HAP is a biological activetenial
which has extensive biomedical applications. Hyglepatite has been developed as a coating on ngetalli
implants in the field of orthopedics and dentistiye to its chemical and biological similarity torhan hard
tissues as well as direct bonding capability togheounding tissues [4], [5]. It has been esthblisthat HAP
coating can promote more rapid fixation and strotgsding between the host bone and the implant.

HAP coating provides protection to the implant dtdie against corrosion in the biological enviromine
and acts as barrier against the release of matal fimm the substrate into the environment. Whain@e
inspiring is that HAP coating can enhance bonevtfracross a gap of 1 mm between the bone andrblamt
and it is capable of limiting the formation of afigrous membrane and converting a motion-inducedofis
membrane in to a bony anchorage [6].

Numerous applications of AC-EPD have two major ahaaristics [7]: (i) AC-EPD to suppress water
hydrolysis at high voltages in inorganic (cerantogatings and (ii) AC-EPD for deposition of biologientities
where AC-EPD showed a more uniform and denser stiercture

The present work investigates the AC electrophomiposition of nano-sized HAP composite coating o
Mg-0.8wt.%Ca-3%wt.%Zn alloy. HAP coating is depedi electrophoretically from dispersing medium
forming composite coating on the alloy surface. e ®ifect of HF pretreatment as well as the infleené
coating parameters, such as pH, agitation, depasitbltage, temperature and conductivity were stidirhe
properties of HAP coating regarding adhesion, moigdy and corrosion behavior were thoroughly
investigated.
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2. Experimental

Mg-0.8wt.%Ca-3%wt.%Zn alloy was used as the sutestraaterial. The alloy was prepared from pure Mg
(99.99%), Zinc (99.98%) and Ca (99.98%) using aiatory resistance furnace. Zn and Ca were selexted
alloying elements because they are essential elsnt@human. Disc specimens whose diameter is 24vare
prepared from the alloy and further cut into 4 geracylindrical shapes with 10 énarea for each quarter.
Specimens were polished using SiC papers up to §&oand then washed by distilled water and fipdllied in
hot air.

2.1. Preparation of nano HAP powder using hydrothemal microwave assisted
Nano HAP powder was prepared using pure chemidalsvis in Table (1). 0.1 M EDTA as Disodium salt
solution was prepared in distilled water. Sinceciceth carbonate (CaGPis sparingly soluble in water, equi
molar ratio of CaC@(0.1 mole) was added stepwise to the EDTA solutth continuous stirring to achieve a
final concentration of 0.1 M Ca-EDTA as stable ctewmp While keeping stirring a 0.06 M of anhydrous
Disodium phosphate (MdPQ,) solution was added drop wise and finally 0.1 Nuson of Sodium Hydroxide
(NaOH) was added to the overall solution to reafina pH of 12.8-13. The overall solution was tsferred to
the microwave (800 Watt-2.45 GHz) for 20 minutetie Tsolution was taken from the microwave after the
formation of the precipitate and left for coolintpen filtered using 42 whatmann filter paper. Th# was
washed with hot bidistilled water to remove anyigod hydroxide molecules. Then the ppt was driedhia
dryer to obtain a fine powder. The prepared nanp Was characterized using XRD technique (BRUKER-
Germany).

Table (1): Chemicals used in HAP synthesis

Materials Chemical formula Functions Suppliers
Calcium Carbonate (CaGp Calcium ion source (Flucka, Garantig)
Di-Sodium Hydrogen Phosphate (Nap,HPQy) Phosphate ion source ADWIC
Anhydrous
Ethylene Diamine Tetra Acetic (EDTA) Calcium complexing and| ACROS Organic
Acid as Disodium salt masking agent
Sodium Hydroxide (NaOH) Adjusting pH value ADWIC

2.2. Electrophoretic Deposition

The prepared nano HAP was dispersed in a solufi@T&LAC (HAWKING Electrotechnology Limited,UK)
as resin solution which contains 1-Methoxy-2-Prapaand Ethylene Glycol Monohexyl Ether as dispetsan
Suspensions of concentrations of 5% ETELAC + 5% H2B% ETELAC+ 5 % HAP, and 2.5 % ETELAC +
2.5 % HAP were used for electrophoretic deposiggperiments. Physical properties regarding agglatizer
and zeta potential measurements were performethelragglomeration test, a solution of 2 wt.% of H&P
water in the absence and in the presence of 2 &wT.#_AC was vigorously stirred for different timesda50 ml
was taken by means of graduated cylinder and defafjglomeration and the time taken for preciptativas
recorded.

A schematic diagram for the electrophoresis dejwosdell is shown in Fig. 1. It consists of two @ledes
system including hollow circular AISI 316 L staietesteel used as the counter electrode againstldg ahe
cell was connected to a SMART POWER (PLKCN) variateed as AC power supply for AC-EPD. The two
electrodes are placed in a glass beaker of 100fapdcity. Magnetic stirrer was used for adjustietpeity of

stirring the dispersing media. A thermometer usgdhfeasuring the temperature of the deposition nmedi
D St less szl
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Mot aira

Wire comnssiion

Fig. 1. Schematic representation of cell constouctised for EPD
Prior to HAP coating, Mg specimens were ultrasaeidan acetone for 1 min., rinsed in distilled waed
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then immersed in Hydrofluoric acid HF (40%) follodvéy rinsing in distilled water and drying in hat.a
Specimens were electrophoretically coated usingrradting current (AC) with single, double, and mulins
while current density was recorded by current/voliltimeter. Upon reaching the steady value ofemitr
density the experiment at definite AC-voltage waspped. Agitation of the solution took place using
mechanical stirrer at 150 r.p.m.

All coated samples were immersed in water to renmewe impurities, dried in air and finally cured an
dryer at 130°C for 30 min then cooled in open atmosphere. Teatper above 136C may cause further
decomposition for ETELAC according to its usagéringions. The phase structure of HAP coatings ispets
were investigated using XRD technique whereas tidase morphology and chemical composition of the
coating were investigated using the Field Emissgmanning Electron Microscope (FESEM) equipped with
Energy Dispersive X-Ray (EDX) unit.

The adhesion of the HAP coating was tested usihgsidn tape testing method which is a quick idemtif
that assesses the adhesion between the coatimgalagenagnesium alloys substrate by applying antbvéng
pressure-sensitive tape over “X” cuts made usingpibter Cross Hatch Cutter in the coating film. Tést
carried out according to ASTM D3359 standard testhods for measuring adhesion by Tape Test. Thevies
performed as follows:

e An X-cut is made through the film with a carbide tbol to the substrate.

« Pressure-sensitive tape is applied over the cut.

e Tape is smoothed into place by using a pencil erag the area of the incisions.

« Tape is removed by pulling it off rapidly back ovtself as close to an 180°.

The test results were classified to six gradesrmdibelow:

5A: no removal or peeling.

4A: Trace peeling or removal along incisions.

3A: Jagged removal along incisions up to 1.6 mneitimer side.

2A: Jagged removal along incisions up to 3.2 mneitirer side.

1A: Removal from most of the area of the X undertdpe.

0A: Removal beyond the area of the X.

Electrochemical impedance spectroscopy (EIS) test® performed on the coated specimens. All tests
were carried out using Autolab potentiostat/Gahsab (PGSTAT30) specified for electrochemical
measurements. A conventional three-electrode (elkingle compartment-glass cell of 250 ml capasitis
used with platinum as counter electrode). The waylélectrodes were the coated specimens with aoserp
area of 0.196 cfn All samples were measured with respect to sadramlomel electrodes (SCE). The
electrolyte solution is simulated body fluid (SBRWhose chemical composition is shown in Table (2).
Measurements were performed at pH = 7.4 andG3[B]. EIS experiments were performed over a fesmy
range from 0.1Hz to 65 kHz with an amplitude of10\ with respect to the corrosion potentialft Prior to
testing the specimen was immersed for 15 min.enSBF solution to acquire a steady potentig,{E

Table (2): Chemical composition of simulated boldydf (SBF

Chemicals | NaCl KCI | CaC} NaHCG, MgSG,. 7H,O KH.PO, Na,HPO, | Glucose

Wt(gm/l) | 88 | 04| 0.14 0.35 0.2 0.1 0.06 1

3. Results and Discussions

3.1. HAP powder characterization

HAP is characterized by the Ca/P ratio to be 189][ so it is desirable to maintain this ratioidgrpreparation
process to achieve a stoichiometric structure effdtrmed HAP. Direct combination of calcium soumith
phosphate source leads to the formation of trinedigbhosphate. EDTA as Disodium salt affects theking of
calcium cation from direct reaction with phosphat@on [10-11]. The process can be represented &y th

following equations:
OH o

[ o, £

T‘ﬂoﬂ(j _Cacoy hao j NaOH,  Cay(POs)s(OH):
\

NaQ~ NaHPO

Nao)\\/ ;\ o)\é%?
o] OH

© (1)

0.1 M NgeDTA+0.1M CaCQ—— » 0.1 M NgEDTA-Ca + HO + CG (2)
NgEDTA-Ca + 0.06 M NgHPQ, + 0.1 M NaOH ——»  Ga(POy)s(OH), oot (3)
EDTA as disodium salt is hexa dentate ligand, pssese six functional groups, four carboxyl groupd an
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two amino groups, reacting with divalent cationghwequimolar ratio. EDTA is good chelating agent fo
calcium ions which forming a stable complex. EDiBAable to form simultaneously several coordinationds
with metal ions forming polychelate complexes. Hoeibly charged metal ions replace two hydrogen atom
the carboxyl groups in NBEDTA and simultaneously coordinately bonded to niteogen atoms of the amino
groups, thus forming very stable five-memberedsinglence, preventing both calcium ions and phdspbas
from direct reaction with each other utilizing theasking of calcium ions by EDTA and prevent theedir
formation of tricalcium phosphate. Using calciumbzmate helps to avoid the formation of byprodugirty the
preparation of HAP. EDTA reacts with an equimolatiac of CaCQ and calcium ions replace the protons of
carboxylic groups forming a stable compéad carbonic acid as a byproduct. Carbonic acisbdiates rapidly
giving water molecules with the evolution of carbdioxide gas. The addition of BdPQ, as phosphate ion
source together with the addition of NaOH as sowtéydroxide ions that is necessary for the comeple
formation of calcium hydroxy apatite [12-13]. Filyalutilizing the energy of microwave radiation aterates
the rate of HAP formation through direct interantiof microwave as electromagnetic radiation andphiar
solvent leading to aligning the dipoles of the watelar molecules. This enables water moleculeab®sorb
radiation, rotate and gain very high energy endogtthe formation of HAP [14].

: (o ©
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- 4
o™ E

I |
Fig. 2. (a) XRD pattern of prepared HAP, (b) andT{EM graph of nano HAP
The peak at #° angle equals 31.818orresponds to a d-value equals 2.818@Aich is characteristic to
HAP that corresponding to (211) plane with intengtjuals 33.6. All previous results revised acauydio
reference code (JCPDS card 01-076-0694) that qgunels to characteristic chart of calcium hydroxgatae.
TEM graph exhibits flakes like structure in nanalsc
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3.2. Agglomeration test results
The results of agglomeration test are presentefabie (3). It is shown that the addition of 2 WIEAELAC
enhance the HAP suspension stability in solutidre presence of ETELAC increases the residencedfrid\P
more than two times.

Table (3): Results of agglomeration test

Agglomerate/ cn? |0.5 cnd | len? | 2cnt
In absence of TELAC
Time of agglomeration | 55 sec | 110 sec| 220 sec
In presence of TELAC
Time of agglomeration | 120 sed 180 se}c 480 sec

3.3. Zeta potential measurements

Results of zeta potential measurements are showiabie (4). It is obvious that the values of zetteptial of
HAP in water do not give sufficient value for eleghoretic deposition as the value do not exce@db-inV.
Zeta potential increases by introducing ETELAC ap+69.3 mV at pH = 7. This value is more favoratue
EPD where the particles give more appreciable mspdo the applied voltage. ETELAC changes treralv
charge on the plane of shear of HAP particles itemwftom its originally negative to positive allavg cathodic
deposition of HAP on Mg alloy substrate. The remkrsf plane of shear charge is probably due to the
electrostatic adsorption of oppositely charged EAELconstituents on the particle surfaces. Moreover,
alcoholic constituents may donate the proton wheeldls to increasing the double layer thicknessiaeréasing
zeta potential [15-16]. Finally, the the most faadpH is about 7.
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Table (4): Zeta potential measurements

HAP in water
pH 5 7 9 11
Zeta pot.(mV) -11.4 | -11.3 -11.8 -17.5
HAP in water containing ETELAC
pH 5 6 7 8
Zeta pot.(mV) 43.6 52.3 59.3 56.4

3.4. Results of ACEPD experiments
After AC-EPD coating, samples were visually evaluated and aaogrto the weight gain derived from the
equation:
wy == 4)

Where wy is the weight gain, wthe weight of coated sample, the weight of uncoated samples, and A is
the surface area.

AC-EPD coating is beneficial due to the fact thlh& absence of bubble formation as water deconiposit
is minimized and the nucleation of bubbles is préed under AC fields [17].

5%ETELAC + 5%HAP solution was selected to carryBBD experiments because its zeta potential value
is excellent. Samples were coated electrophorstiaatifferent AC-voltages. At each potential, g@mple was
subjected to the coating process until the cumesathes a steady value or diminishes to zero itidgcao more
coating formation. Then the sample was removed fifterbath and dried. This run is defined as SiRgla (S).
Single Run experiments serve to determine the mimincurrent consumed during the formation of insngat
layer. Above this current, the formed coating fidan be degraded due to the vigorous evolution dfdgen gas
which can remove or decrease the adhesion of ¢péitm to the base metal. The time for each single is
inversely proportional to the applied potential. @dch potential, 3 samples were coated; the fagtesents
Single Run and termed in this work as S; the seemmladditionally coated for 2 minute and this @ble Run
experiment and termed as (D); the third sampéo@ed for 2 min (multi-run) and is termed M. Dwimulti-
run, the sample was emerged from the suspensiog 20esecond, dried and immersed into the soludigein.
3.4.1. Effect of applied voltage
The applied voltage varied from 10 V to 200 V ust¥g ETELAC + 5% HAP suspension. The results of Wweig
gains at each applied voltage are recorded inr&igu
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Fig. 3: Weight gain at different applied voltagesng 5%ETELAC + 5%HAP
suspension obtained from single run experiments stitring at 150 rpm

As seen from Figure 3; weight gain increases irsgeawith the increase of applied potential. At kigh
voltages, the deposition thickness grows more hpmdd consequently the voltage drop from formatidn
barrier layer takes place in a shorter time [18-1jrmed ETELAC/HAP composite coatings don't give
homogeneous morphology instead they give largeysosponge structure at applied voltage starts #0n.

Weight gain is calculated at each applied voltagedouble and multi run deposition experiments gisin
5%ETELAC+5%HAP suspension and the results are decbin Figure 4. Figure 4 reveals the increase of
weight gain with the increase of applied voltageDoexperiments up to 90 V where further increasapplied
voltage inversely affects the coating process. Mult experiments gives more homogeneous morphotdgy
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ETELAC/HAP composite coatings and their correspogdieight gains are the highest amongst all exparim
at all applied voltage. 200 V gives the best weiggih because of the presence of sufficient driforges that
enable the HAP patrticle reaching the electrodesalft be stated that increasing the time incredsesveight

gain [20].
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Fig. 4: Weight gain against applied voltage fgr@aand (b) M experiments using 5% ETELAC + 5% HAP
suspension

Multi Run experiments introduced to overcome théeds observed in S and D experiments. Continuous
drying of the coating gives more homogeneity of pneduced coating formed from ETELAC/HAP composite
coating and probably resulting in the formatiomafltilayer coating. This is noted from the continealecrease
of the consumed current density during each coqtingess (Table 5).

Table (5): Current densities variation at time linéds at each applied voltage

Jime 0:20 20:40 40:60 60 : 80 80:100 100 : 120
(sec) (sec) (sec) (sec) (sec) (sec)
Voltage

10 V 24:1.8 18:1.2 1.2:0.8 0.8:0.6 0.65. 0 0.5:0.2
20 V 8.0:7.0 6.8:6.0 6.0:5.2 5.1:4.2 4.29. 2 29:038
30 V 16.0:14.2 13.9:11.8 11.6:10 9.7:7.8 6181 41:1.8
40 V 22:20 19.8:14.1 13.6:10.6 9.6:7.2 A90: 4.0:2.0
50 V 25:21.2 21:184 18.1:15.7 15.5:10.2 104 65:24
60 V 32.4:26.8 25.4:234 22.1:18.2 16.4:12.4| 9.6:6.7 5.7:3.1
70 V 38.4:30 30:23 23:17.6 16.9:11.1 1aa 6.8:35
80 V 46 : 36 36:27 26:21 21:14 14:8.2 133
90 V 55:48 48:39 38:29 28:16 15:8 Bk
100V 62 :52 52:44 44 :36 35:25 25:14 (6P
150 V 69 : 58 58 : 59 49:40 40:31 31:24 2]
200V 78 .61 61 :47 46:32 31:20 19:17 11:8

The recorded data show the decrease of currenitiésnat all applied voltages indicating formatioh
ETELAC/HAP composite coating. The drying of the gderbefore each run gives good coverage of thangpat
on the substrate. At high voltages, high curremisdiees were obtained. This can be attributed éohtigh EMF
created at high voltages which drags the partiddbe electrode surface more rapidly resultingore coating
formation.

Experiments were also carried out using 2.5%ETELAG%HAP and 2.5%ETELAC + 2.5%HAP
suspensions to show the effect of concentratiodA® and ETELAC. Experiments are carried out as innuft
since as it gives the best results. Results agrded in Figure 5.
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Fig. 5. Weight gain at all applied voltages for kperiments with stirring at 150 r.p.m using (a)25BPELAC +
5%HAP and (b) 2.5%ETELAC + 2.5%HAP suspensions

Comparing these results with that obtained from 3®EAC + 5%HAP suspension; it is obvious that
weight gain decreased and the morphology of coaiegot god as that observed using 5%ETELAC + 5®HA
suspension (Figure 6). High concentration enabtetigies to reach the electrode more rapidly desingathe
diffusion layer which enhance the particles to remoelectric point near the electrode, i.e., zsta potential
and the suspension reaches its maximum instakiility,particle coagulate on the substrate leattirthe growth
of the deposit. Inversely, the diffusion layer bees thicker and the particles reach their IEPlahger distance
from the substrate and therefore low depositionucén case of 2.5 % ETELAC + 5 % HAP and 2.5 %
ETELAC + 2.5 % HAP suspension [21-24].

The weight gain decreases according to the follgwairder:
5%ETELAC + 5%HAP > 2. 5%ETELAC + 5%HAP > 2.5%ETELAC.5%HAP

Fig. 6. Images of coated samples of M experimesitigua) 5 % ETELAC + 5 % HAP suspension, (b) 2.5 %
ETELAC + 5 % HAP suspension and (c) 2.5 % ETELAC.5 % HAP
suspension with stirring at 150 r.p.m

3.4.2. Surface characterization of ETELAC/HAP compsite coating
3.4.2.1. XRD characterization of ETELAC/HAP compodie coating
The corresponding peaks of Mg-0.8%Ca-3%2Zn allog.(F) illustrate the presence of peaks due to Nig, a
CaMgeZn; phase which formed on grain boundary [25]. Higiemsity of the peaks due to high crystallinity of
Mg.
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Fig. 7: XRD chart of base Mg-0.8%Ca-3%Zn alloy
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XRD of coated samples (Figure 8) reveals that pelaksto base Mg disappeared or weakened where HAP
peaks are prevailed. HAP characteristic peaks agie® equals 31.813 which correspond to a d-value equals
2.8106 A. The intensity of the peaks is higher for coatashsles using 5%ETELAC+5%HAP suspension (550
counts/sec) compared to that coated using 2.5%ETEISHAP suspension (450 counts/sec). This indicates
the efficiency of coating process and good surfaoeerage of the magnesium alloy by ETELAC/HAP
composite coating. The high intensity of HAP peakss%ETELAC + 5%HAP may be attributed to more
crystalline HAP deposition or more dense ETELAC/H&®Mposite coating. Increased intensity of the HAP
coated magnesium alloy more than that of HAP powdee Fig. 2) may be due to the increase in the
crystallinity after curing the Mg coated samplebeTepresentative peaks are only for HAP and thexeno any
other representative peaks for polymer matrix dugstnon-crystalline nature.
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Figure 8: XRD of HAP coatings obtained using (&%°2.ETELAC+5%HAP
(b) 5%ETELAC+5%HAP suspensions with stirring at X50m

3.4.2.2. SEM and EDX characterization
EDX spectra of base Mg alloy (Figure 9a) revealghesence of Mg, Ca, and Zn elements. The weigttepé
of Mg is 97.83 %, Zn is 1.93 % and Ca is 0.24 %isThtio differs from that of the original ratio ete Mg is
96.2 %, Zn is 3 % and Ca is 0.8 %. Ratio of elema@iiffers slightly from the parent alloy due to tiaet that
EDX is a surface analysis technique that performada very small area. Keeping in mind that surface
composition may differ than the bulk material atgbahe composition of the analyzed micro area siahtly
differ than other areas. Mg alloy after treatmeithvinydrofluoric acid (Figure 9b) leading to therfwation of
MgF, layer upon the surface of the substrate [26-2€prting to the following equation:

Mg + 2 HF. » MoF+ H, 5)

The presence of fluoride ion results from Mddyer. This layer helps in preventing the baseenmtfrom
direct contact between Mg alloy and the atmospheéetding an oxide layer on the outer surface layer.
Introducing magnesium fluoride is beneficial aofide is a main constituent of human body. Morepitgrlays
a vital role between the coating layer and the hwtlstrate keeping a chance for enhancing thesaathe
between the formed ETELAC/HAP composite coatingsah be suggested that interlayer helps in EPDgs®
through the formation of Mghthat regarded as insulating layer preventing ihsodution of the substrate at the
working pH (6.6-7.6) which may cause Mg dissolutidhis layer helps in raising the applied potentiaiing
EPD.
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Figure 9: EDX analysis of (a) Mg alloy and (b) Mipg after treatment in HF acid Mgknay be formed rapidly
ona-Mg phase i.e. on grain matrix rather than graioriztary.

According to XRD curve of Mg alloy, GEIgsZns arises on grain boundary that acts as cathodde whi
Mg form grain matrix which undergoes anodic disolu during pretreatment in HF acid forming a rough
surface from Mgklayer which may be beneficial in increasing thaesion of the composite coating [28].

AC-EPD coating samples using 5%ETELAC+5%HAP susipengive granules irregular and not fully
smooth in shape (Figure 10) which may be due tdabethat; applying an AC-voltage causes moveméatl
particles in the bulk of the solution causing défims of all particle size on the electrode surfagelding a
compact coating layer. EDX analysis (Figurell) sh@a/P ratio doesn't exactly 1.67 as mentioned abal¢o
the elements constituting the ETELAC have higheceet ratio than Ca and P elements forming HAPiglast
as explained above. Surface characterization aBalfsows crack free coating layer of HAP/ETELAC
composite coating of finer granules and approxitgat&hout any pores.

AC-EPD coating samples using 2.5%ETELAC+5%HAP snosjpa has low content of Ca and P (Figure
13) as compared to that obtained using 5%ETELAC+B®Iuspension. Low ETELAC content decreases the
dragging of HAP particles to the electrode surfezaling to low weight gain. Surface analysis intisathat
sponge-like HAP/ETELAC composite coating. The awgfiayer arranged in different planes. There arayma
pores in the coating layer although these porest gmmetrate to the substrate (Figure 12) as EDXlyais
doesn'’t give any peaks related to Mg element.

SEM images of AC-EPD coated samples using 2.5%ETEtA5%HAP suspension (Figure 14) reveal the
presence of compact, smooth structure with a gosgrage of the surface mainly due to the presentigb
ETELAC content. It has the lowest content of Ca Bndlements constituting HAP particles (Figure 1%he
high content C indicating that the coating layemlisiost constituted of ETELAC particles rather tHaAP
particles due to organic nature of ETELAC. It olusothat composite coatings formed by AC-EPD in all
suspension have C percent ratio arranged in thisesee:

2.5%ETELAC+2.5%HAP > 2. 5%ETELAC+5%HAP > 5%ETELAC+5PAP,
Ca and P contents are in contrary to that of Cexdrdnd have the sequence:
5%ETELAC+5%HAP > 2.5%ETELAC+5%HAP > 2.5%ETELAC+2.6PAP
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Figure 10: SEM images of C—EPD coated sample LS%&TELAC+ 5%HAP .

suspension at 200 V with stirring at 150 r.p.m
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Figure 11: EDX spectra of AC-EPD coated samplequS#ETELAC + 5%HAP
suspension at 200 V with stirring at 150 r.p.m

"~ Figure 12:

Wi HFW

SEM images of AC-EPD coated sample UBIBgE TELAC+5%HAP

suspension at 200 V with stirring at 150 r.p.m
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Figure 13: EDX spectra of AC-EPD coated samplequis%ETELAC + 5%HAP
suspension at 200 V with stirring at 150 r.p.m

Fgure : SM imaes A—PD coat sample u2i5@6ETLA2.5HP

suspension at 200 V with stirring at 150 r.p.m
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Figure 15: EDX spectra of AC-EPD coated sampleqi8is%ETELAC+2.5%HAP
suspension at 200 V with stirring at 150 r.p.m

3.4.3. Adhesion Test (Adhesion tape test)

Adhesion test carried out according to ASTM D33&Hhdard test methods for measuring adhesion by Tape

[29] and results are shown in Table (6) and Fidie
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Table (6): Rating of adhesion test

No. Applied voltage Suspension concentration Rating
1 DC-EPD 5%ETELAC + 5%HAP 5A
2 DC-EPD Ultrasonic 5%ETELAC + 5%HAP 5A
3 AC-EPD 5%ETELAC + 5%HAP 5A
4 DC-EPD 2.5%ETELAC + 5%HAP 5A
5 AC-EPD 2.5%ETELAC + 5%HAP 5A
6 DC-EPD 2.5%ETELAC + 2.5%HAP 5A
7 AC-EPD 2.5%ETELAC + 2.5%HAP 5A

e Al

Figure 16: AC-EPD coated sample using: (a) 5%ETELARSHAP suspension at 220 V with stirring at 150
r.p.m; (b) 2.5%ETELAC + 5%HAP suspension at 200 ithwtirring at 150 r.p.m; (c) 2.5%ETELAC +
5%HAP suspension at 200 V with stirring at 150m. Note that a,b,c images were taken by digdalera
while &, b',c' were taken by optical microscope
All deposited coating layers adhere well with thagmesium alloy substrate without peeling off. It dee
concluded that ETELAC and hydroxyapatite (HAP) ganduce ceramic coating with high interfacial bond
strength.
3.4.4. Electrochemical measurements
EIS measurements of magnesium alloy before and aféatment in 40% HF and after coating with
ETELAC/HAP composite coating samples were carrigtlio Hank's solution at open circuit potential (B)C
The results are presented in Figures 17-18 andeT@d! In the Nyquist plot the real part of the gdance is
plotted on the X-axis and the imaginary part isttelb on Y-axis. EIS results show a one capacitéome along
all frequency regions. Bode plots refer to the enéation of the impedance magnitude (the averadgeva
between the real and imaginary values) relativegquency. Because both the impedance and frequesftesy
span orders of magnitude, they are frequently @dottn a logarithm scale. Bode plots explicitly shthe
frequency-dependence of the impedance of the dewimer test. Nyquist plots indicate that activation
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controlled processes with distinct time-constahi®asup as unique impedance arcs and the shape afutive
provides insight into possible mechanism or gowvernphenomena. However, this format of representing
impedance data has the disadvantage that the fregndependence is implicit; therefore, the AC freney of
selected data points should be indicated. Becaodedata formats have their advantages, it is bsbaist to
present both Bode and Nyquist plots. Figure 18wshilie Nyquist and Bode plots of magnesium allofptee
and after treatment in 40% HF at OCP.

Mg alloy before and after treatment in 40% HF gamost the same result with a slight increase' velue
for the alloy after HF treatment (5812cnf & 5617 (Q cnt). The negative value is observed in the imaginary
part at low frequencies indicating inductive prdjgsr of formed Mgk layer. The same tendency is observed for
Bode plot. At low frequencies, slight increase he tog|Z| value in case of HF treated alloy compared to the
untreated alloy which may be attributed to the fation of MgF, layer resulting in more corrosion resistance.

EIS spectra of coated samples (Figure 18) show mom®sion resistance than uncoated Mg alloy. @Gbate
samples using 5%ETELAC + 5%HAP suspension givesitapce amounts to 107.90@8Kcn?), the coated
samples using 2.5%ETELAC + 5%HAP suspension gi&%700 (K2 cnt), while the coated samples using
2.5%ETELAC + 2.5%HAP suspension gives 1484.00Q (). Bode plots indicated that at low frequencies
region, coated samples using 5%ETELAC + 5%HAP susipa recordZ| value equals 104.472¢K the
corresponding value for coated samples using 2HABC + 5%HAP suspension equals 262.42®,Kvhile
the coated samples using 2.5%ETELAC + 2.5%HAP swspe records 1489.361¢K In case of AC
experiment, the relatively low concentration of BEELAC polymer facilitate the response of HAP et
towards electric field in all directions resultiig a more compact coating. Corrosion resistancectmted
samples using AC-EPD shows the following sequence:

2.5%ETELAC + 2.5%HAP > 2.5%ETELAC + 5%HAP > 5%ETECA 5%HAP

3000 4.0
—A— Mg-Substrate —— Mg-Substarte
2500 | A HF Treated 3.8 1 HF-Treated
2000 - (\,E 3.6 1
‘\’g 1500 G 344
5 i
c % 3.24
=~ 1000 -
&N 2 3.0 1
500 T 2.8
01 2.6
-500 ‘ : : : L 2.4 ‘ : : :
0 1000 2000 3000 4000 5000 6000 7000 -4 -2 0 2 4 6
2\ @ sz) log f (Hz)
Figure 17: Nyquist and Bode plot for Mg alloy and) léllloy after treatment in 40% HF
7
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Figure 18: Nyquist and Bode plot for Mg alloy and) oated samples obtained using AC-EPD
In general, it can be stated that, corrosion ra@ses increases with the increase of the capaddive or
increase in the diameter of the obtained semicirckease of Nyquist plots and increase with thedase of log
|Z| value at low frequency in case of Bode plots.
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Table (7): Impedance data of coated samples

Samples R (Q) Re (1) Ca (UF)
Mg-substrate 418.431 5229.80 4.0712
HF-treated 397.720 5315.42 2.53456
DC-5%ETELAC+5%HAP 496.889 5268.37 1.72683
AC-5%ETELAC+5%HAP 464.435 102440 1.13445
U.S-5%ETELAC+5%HAP 1081.76 1142180 0.857844
DC-2.5%ETELAC+5%HAP 1953.27 36787.2 0.928175
AC-2.5%ETELAC+5%HAP 1322.57 284214 0.412169
DC-2.5%ETELAC+2.5%HAP 2789.73 403105 0.242162
AC-2.5%ETELAC+2.5%HAP 6387.17 1479140 0.112174

4. Conclusions

AC-EPD is a promising method to achieve high penfonce HAP/ETELAC composite coating. Introducing an
alternative field causes the oscillation of the alfed particles leading their rearrangement intonare
favorable packing structure. The highest perforrma&€ELAC/HAP composite coatings was obtained usiitg
ETELAC+ 5% HAP suspension under conditions of 2QA%0 rpm stirring and multi-run (M) deposition.é'h
ETELAC/HAP composite coatings corrosion resistam@s largely improved in comparison to the base Mg
alloy.
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