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Abstract 

Surface modification for improving corrosion resistance of Mg alloys is highly demanded for degradable orthopedic and cardiovascular 
devices. The research reports the design and development of TiO 2 –HA composite and novel TiO 2 –HA–PCL hybrid coating belonging to the 
unique class of inorganic organic hybrid with striking features that are explored for the first time in the corrosion resistance of Mg alloys. 
Sol–gel dip coating combined with non-solvent induced phase separation is used to create the hybrid coating. TiO 2 –HA–PCL hybrid coating 
introduces strong hydrogen bonding between TiO 2 –HA inorganic matrix and PCL organic layer in addition to the Vander wall electrostatic 
interaction of the later with the Mg substrate which in turn enhance adhesion strength to about 1.5 times of TiO 2 –HA coating. The corrosion 
potentials for TiO 2 –HA–PCL and TiO 2 –HA were found to be −0.407 V and −1.017 V (vs Ag/AgCl), respectively. The current densities of 
TiO 2 –HA–PCL and TiO 2 –HA were found to be 7.31 ×10 −8 A/cm 

2 and 4.03 ×10 −4 A/cm 

2 respectively. The corrosion resistance of coatings 
was confirmed by immersion testing by weight loss, pH changes and H 2 evolution measurements at interval of 7 days till 28 days. The 
present TiO 2 –HA–PCL coating in comparison to TiO 2 –HA coating demonstrate nearly 6% less weight loss. The outcome of the present work 
was compared with the similar coatings in recent past. The work done ingresses enhancing the corrosion resistance of Mg alloys, which 
fulfill the dreams of future degradable orthopedic and cardiovascular devices. 
© 2020 Published by Elsevier B.V. on behalf of Chongqing University. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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✩ Statement of novelty: Mg and its alloys are not developed fully as ortho- 
edic implant element due to high degradation rate in physiological media. 
 TiO 2 –HA–PCL hybrid coating is produced on ZM21 Mg alloy that re- 
uced the Ecorr from −1.444 V (Ag/AgCl) for machined ZM21 Mg sample 
o −0.407 V (Ag/AgCl). The microporous layer on top facilitates the passage 
f H 2 gas, as a result no delamination is reported for the period of 28 days 
f immersion in SBF. Electrostatic interaction of PCL with Mg of substrate 
nd its hydrogen bonding with HA of TiO 2 –HA layer provide good adhesion 
trength well sustained during 28 days of immersion test. A compact cor- 
osion product developed over TiO 2 –HA–PCL coating indicating its better 
ioactivity, faster bone growth tendency and corrosion resistance. 
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. Introduction 

Worldwide research on orthopedic devices using degrad-
ble biomaterials such as magnesium (Mg) alloys has been
ccelerated in recent past. The intent is to reduce the need
f second surgery for implant removal after complete heal-
ng of tissues and the severe stress shielding of permanent
mplants [1] . Due to limitations of permanent implant ma-
erials, it is necessary to find alternative degradable implant
aterials. Mg can be a promising and fascinating alternative

iomaterial because of its Young’s modulus (45 GPa) simi-
ar to that of human bone (40–57Gpa), light weight (den-
ity = 1.74 g/cm 

3 ) and biodegradability in a physiological en-
ironment. Mg participates in essential metabolic processes
. This is an open access article under the CC BY-NC-ND license 
y of Chongqing University 
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like mitochondrial activity, nucleic acid synthesis and other
cellular functions in human body [2] . The excessive amount
of Mg is excreted from body as waste product [3] . Recently,
different compositions of Mg alloys and coatings have been
explored to improve degradation resistance by researchers but
the rapid degradation of Mg alloys in physiological environ-
ment is still a challenge for the orthopedic application [4–6] .
The strategic idea in this research field is to delay initial rapid
corrosion and control of its degradation. The key point is re-
tardation of corrosion process and not its complete stoppage
[7] . 

Many recent studies have focused on the application
of coatings on Mg surface and have found that the non-
biodegradable coatings pose two most serious problems: (i)
its remains in the human body may lead to undesirable effects
like inflammation etc., (ii) localized corrosion due to the pres-
ence of cracks, discontinuities in the coating [6] . This raises
considerable interest in the biodegradable and bioactive coat-
ings to combat the above problems. 

In terms of the bioactivity, Hydroxyapatite (HA) coating
has been recommended in past due to its comparable chemi-
cal composition and crystallographic structure to the mineral
component of natural bone [8] . But poor adhesion strength,
brittleness and fragile nature of HA coatings demands its use
in combination with other materials for load bearing appli-
cation. So far, HA has been used as reinforcement in bio-
inert ceramics like TiO 2 or ZrO 2 matrix to produce composite
coatings that resulted in chemical stability compared to ap-
atite structure [9] . HA reinforced TiO 2 coating has displayed
good bioactivity and faster bone growth as well as corrosion
resistance. Moreover, TiO 2 –HA coating has higher bonding
strength than HA coating [10] . Cell culture studies have re-
ported improved biocompatibility and cell adhesion on HA–
TiO 2 coated alloy [11] . While HA–TiO 2 coating on Mg alloy
is porous and has low adhesion strength, this promotes pene-
tration of electrolyte leading to decreased protection and com-
promised mechanical properties [12–14] . Biodegradable and
biocompatible polymers such as polyacrylic acid (PAA), poly-
caprolactone (PCL), polylactic acid (PLA) and poly(lactic-co
glycolic) acid (PLGA) degrade slowly, by water uptake and
hydrolysis, releasing biocompatible by-products that are ei-
ther used in various metabolic processes or excreted from the
body [15] . While these polymers have been efficient to con-
trol the degradation rate and to functionalize the surface of
Mg implants [16 , 17] , the dissolution of the polymer and its
hydrolysis leads to local pH acidification that further acceler-
ates corrosion of Mg [18] . Among the mentioned polymers,
PCL is inexpensive and is a fully degradable [19] . PCL is
a U.S. Food and Drug Administration approved implantable
material. PCL coatings have remarkable toughness and good
biocompatibility [20 , 21] . PCL has an intrinsic hydrophobic
chemical nature, and its poor surface wetting and interaction
with biological fluids avoid cell adhesion and proliferation. It
is a semi-crystalline aliphatic polymer that displayed slower
degradation rate and higher fracture energy than most bio-
compatible polymers [22–25] . 
Please cite this article as: N. Singh, U. Batra, K. Kumar et al., Investigating T
ZM21 Mg alloy, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma
Based on these characteristics, PCL has been investigated
or various biomedical applications [26] . Wong et al. has re-
orted that PCL coating on AZ 91 Mg alloy resulted in good
iocompatibility but it showed poor bioactivity and poor ad-
esion strength [27] . From the literature, it is obvious that a
ingular coating has not been able to fulfill requirements for
he development of a bio-implant comprehensively. So far,
arious composite and hybrid coating strategies have been
dopted by researchers. For example, Bakhsheshi-rad et al.
pplied hybrid coating comprising Fluorine doped HA–PCL
n Mg-2Zn-3Ce alloy thereby resulting in the shift of E corr 

rom −1.60 to −1.25 V [28] . Chen et al. prepared PDA-
iO 2 hybrid coating on pure Mg and the E corr improved from
1.58 V for pure Mg to −1.28 V [29] . Abdalla-hey et al. fab-

icated nHAp-PCL composite coating on AM50 Mg alloy and
 corr improved from −1.340 to −1.21 V for coated substrate

30] . The corrosion potential ( E corr ) for various other hybrid
oatings reported for Mg alloy has E corr ranging from −1.728
o −1.057 V [31] . However, no study has been carried out on
iO 2 –HA–PCL hybrid coatings as biodegradable and bioac-

ive coatings on Mg-base substrate. In addition, the relation-
hip between physicochemical properties of TiO 2 –HA–PCL
ybrid coating and Mg substrate corrosion are still unclear.
hus the research is still required to define an appropriate
ybrid coating that is biodegradable, bioactive and suits the
pplication requirement. 

In the present study, the effect of hybrid coating compris-
ng TiO 2 –HA (inorganic part) and PCL (organic part) on its
oating properties, electrochemical corrosion and degradation
f Mg-base substrate were examined. 

Wire electric discharge machining (WEDM) was employed
or machining of Mg-base substrates. WEDM is a non-contact
achining suitable for conductive metallic materials irre-

pective of their hardness that provides high dimensional
ccuracy and complex geometries required for the manu-
acturing of bio-implants. Manufacturing processes directly
ffect the surface and sub-surface properties of the implants
nd hence affect the corrosion, bio-functionality and fatigue
ife [32 , 33] . 

The hybrid coating was fabricated on ZM21 alloy using
 facile wet chemical method in order to obtain uniformly
istributed interconnected pores in PCL layers which would
e beneficial in two ways. The proposed hybrid coating aims
o slow down the degradation of Mg substrate rather com-
lete stoppage as done by polymer coatings. Additionally, the
hances of localized degradation would be reduced, often en-
ountered in the inorganic coatings. For this purpose, TiO 2 

nd HA were selected as promising inorganic components
hich are bioactive and PCL was chosen as organic com-
onent which is biodegradable. Dip coating of hybrid coat-
ng on ZM21 were characterized by a number of techniques.
he corrosion behavior of ZM21 substrate and coated sam-
les was measured by Potential Polarization curves, EIS and
mmersion testing in simulated body fluid. The results of this
esearch are optimistic with the promising use of developed
ybrid coating in the field of orthopedic devices production. 
iO2–HA–PCL hybrid coating as an efficient corrosion resistant barrier of 
.2020.08.003 
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Table 1 
WEDM parameters for machining of ZM21 Mg alloy. 

WEDM 

Parameter 
Pulse on 
time( μs) 

Pulse off 
time( μs) 

Peak current 
(amp) 

Wire feed rate 
(m/min) 

Servo feed 
(rpm) 

Servo voltage 
(V) 

Value 103 52 12 2 2100 20 
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. Experimental 

.1. Materials and substrate preparation 

A 7 mm thick extruded plate of ZM21 Mg alloy with a
ominal composition of Mg–2.0Zn–1.0Mn (wt%) was ma-
hined into 20 ×20 ×4 mm samples using wire electric dis-
harge machining WEDM (ELPULS 15 Electronica, India) at
iven parameters ( Table 1 ). The machined samples were pol-
shed down to 1200 grit on SiC paper wet with ethanol and
hen ultrasonically cleaned. As-polished substrates were used
o deposit the coatings. 

.2. Preparation of coatings 

.2.1. TiO 2 –HA coating 

The TiO 2 sol was prepared by dropwise adding tita-
ium(IV) n-butoxide (TiO 2 , Alfa-Aesar, USA) to a mixture
f ethanol (EtOH) and acetic acid (HAc) using the molar ra-
io of TiO 2 :EthOH:HAc::9:1:0.1 while continuous stirring at
00 rpm at 45 °C for 1 h. The acetic acid acts as a chelat-
ng agent and retards hydrolysis of titanium alkoxide [34] .
anocrystalline pure hydroxyapatite powder was synthesized 

y methodology given by Batra et al. [35] . The nanopow-
er synthesized by sol–gel route was mixed with TiO 2 Sol
1:1 w/v) and stirred continuously for 24 h to obtain homoge-
ous TiO 2 –HA sol as shown in Fig. 1 . In the present work,
iO 2 –HA composite coating was deposited onto the polished
M21 Mg alloy substrate by dip-coating at withdrawal speed
f 5 mm/min with 1 min immersion time. The dip coating cy-
le was repeated for five times and each cycle was followed
y drying at 60 °C for 1 h. The coated samples were calcined
t 350 °C for 3 h according to experimentally determined con-
itions in order to transform amorphous TiO 2 to anatase phase
nd retain the HA phase as such. The anatase phase is more
table and biocompatible than rutile phase [36] . 

.2.2. TiO 2 –HA–PCL coating 

The TiO 2 –HA–PCL hybrid coating was deposited onto
he TiO 2 –HA coated samples by dip-coating. A chloro-
orm solution of PCL prepared with 5% (w/v) prepared
y dissolving PCL pellets (M n = 80,000, Sigma-Aldrich) in
richloromethane (TCL) while continuous stirring at 500 rpm
or 3 h. The dip coating is performed at a withdrawal speed
f 10 mm/min with immersion time of 1 min. The dip coat-
ng cycle was repeated for five cycles and each cycle was
ollowed by drying at 30 °C for 1 h. The coated samples
ere heat treated at 50 °C for 12 h for uniform densification
f polymeric coating. An interconnected microporous layer
f PCL layer was fabricated onto the TiO 2 –HA–PCL coated
Please cite this article as: N. Singh, U. Batra, K. Kumar et al., Investigating T
ZM21 Mg alloy, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma
ample from the previous step by using non-solvent induced
hase separation (NIPS) technique [37–39] . The schematic
epresentation of coating process is shown in Fig. 2 . 

.3. Surface morphology and adhesion strength 

A JSM-IT100 scanning electron microscope (SEM) with
nergy dispersive spectrometer (EDS) was employed to char-
cterize the morphology and elemental composition of as-
achined surface, as-polished substrate, TiO 2 –HA coated sur-

ace, and TiO 2 –HA–PCL coated surface. The cross-section
f coated samples was examined using SEM to measure
he thickness of coatings. The surfaces after electrochemical
orrosion and degradation studies were also observed using
EM-EDS. Fourier transform infrared spectroscopy (FT-IR,
ruker OPTIK) was used in the spectral domain of 400–
000 cm 

−1 at a resolution of 2 cm 

−1 . X-ray diffraction (XRD)
as performed by Cu-K α radiation over diffraction angles
f 10 ° to 99 ° to detect the phases and crystalline structures
f coatings using X’PERT Pro-Panalytical XRD. The crys-
allite sizes of TiO 2 , HA powders were also calculated by
RD using Scherrer equation D = k λ/ βcos θ where, k = 0.94,
= 1.54178 Å, β is full width at half maximum (FWHM)
nd θ is Bragg’s law diffraction angle [40] . Contact angles
CA) measurements were carried out with simulated body
uid (SBF) by using Drop Shape Analyzer (DSA25S KRÚSS
mbH, Germany to determine hydrophobicity and surface
roperties of substrate and coatings. In the present work, 10 μl
BF drop was used. The adhesion strength of TiO 2 –HA and
iO 2 -HA–PCL coatings applied on as-polished substrates was
easured using scratch tester (TR-104, Ducom, USA). The

cratch test was performed at a scratch speed of 10 mm/min
ver a scratch length of 3 mm according to ASTM standard C
624-05. Three samples were tested for each type of coating
nd an average value of load has been reported. Cross-cut
ape adhesion test was performed on PCL coated, TiO 2 –HA
oated and TiO 2 –HA–PCL hybrid coated ZM21 Mg alloy ac-
ording to ASTM standard D3359-17. 

.4. Electrochemical corrosion study and immersion test 

All the electrochemical measurements were carried out us-
ng an electrochemical workstation (Autolab PGSTAT-302N, 

etrohm, Switzerland) with three electrode configuration: 
g/AgCl (1 M KCL) and graphite rod served as reference

lectrode and counter electrode respectively, the samples (sur-
ace area of 1 cm 

2 ) was the working electrode and the elec-
rolyte was SBF at 37 °C. The SBF was prepared according
o Kokubo et al. and it was buffered at pH 7.4 with tris-
ydroxymethyl aminomethane and 0.1 M HCl [41] . The ion
iO2–HA–PCL hybrid coating as an efficient corrosion resistant barrier of 
.2020.08.003 
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Fig. 1. Flowchart for the preparation TiO 2 –HA composite sol. 
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concentrations in the SBF solution was 142.0 Na + , 5.0 K 

+ ,
1.5 Mg 

2 + , 2.5 Ca 2 + , 147.8 Cl −, 4.2 HCO 

3 −, 1.0 HPO 

4 −,
and 0.5 SO 4 

2 − mM, being close to those in human blood
plasma [42] . Potentiodynamic polarization (PDP) were per-
formed at a 1 mVs −1 scan rate using potential window
−900 mV to + 1400 mV at step potential of 1 mV. Electro-
chemical Impedance Spectroscopy (EIS) was performed using
same electrochemical workstation (Autolab instrument) Nova
version 1.10. Nyquist plots were obtained for as-machined, as-
polished, TiO 2 –HA coated, TiO 2 –HA–PCL coated samples at
pre-determined OCP values of −1.473 V, −1.447 V, −1.112 V,
Please cite this article as: N. Singh, U. Batra, K. Kumar et al., Investigating T
ZM21 Mg alloy, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma
0.261 V respectively (vs Ag/AgCl) in the frequency range
f 0.01 Hz to 100kH and 10 mV of amplitude. 

In order to further investigate the degradation behav-
or, the immersion test was performed on the as-machined,
s-polished, TiO 2 –HA coated, TiO 2 –HA–PCL coated sam-
les according to ASTM G31-72. For the present work,
he samples were immersed in SBF at 37 ± 1 °C for 7d,
4d, 21d and 28d and the volume to exposure area ra-
io was kept same as 0.20 ml/mm 

2 . The corroded samples
ere cleaned with chromic acid and subsequently rinsed with
eionized water and dried in vacuum oven. The weight loss
iO2–HA–PCL hybrid coating as an efficient corrosion resistant barrier of 
.2020.08.003 
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Fig. 2. Schematic representation of creating TiO 2 –HA and TiO 2 –HA–PCL hybrid coatings on ZM21 Mg substrate. 
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as measured. The corroded surfaces were examined using
EM-EDS. 

.5. Hydrogen evolution test 

The amount of hydrogen evolution was measured upto
68 h. The setup consisted of sample placed below an in-
erted funnel placed beneath graduated burette under similar
mmersion conditions of weight loss study [43] . The hydrogen
volution rate V H 

(ml/cm 

2 /day), was quantified as V H 

= 

V 
A xT ,

here V is the volume of hydrogen gas (ml), A is the exposed
rea (cm 

−2 ) and T is the exposure time in days [44] . The pH
f SBF was recorded after every 24 h. 

. Results and discussion 

.1. Surface analysis 

The surface roughness of the as-machined and as-polished
M21 samples was measured by surface roughness tester.
he surface finish of as-machined sample is described by the
aximum height of the profile ( R t = 23.180 μm), arithmetic

verage roughness ( R a = 3.934 μm) and the root mean square
oughness ( R q = 5.012 μm). In comparison, as-polished sam-
le has R t = 2.661 μm, R a = 0.228 μm and R q = 0.340 μm.
his indicated the level of improvement in the surface finish
chieved by polishing after machining. The SEM micrograph
f as-machined sample is shown in Fig. 3 (a).The machined
Please cite this article as: N. Singh, U. Batra, K. Kumar et al., Investigating T
ZM21 Mg alloy, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma
urface consists of overlapped craters (of diameter 70–
00 μm) formed due to bombardment of ions generated by
epetitive sparking and collapsing of vapors bubble causing
elting and evaporation of material. Quick heating and

ooling effect in WEDM causing re-solidification of melted
aterial resulting into micro cracks and pores on machined

urface. SEM micrograph of as-polished sample is shown in
ig. 4 (a). The craters and perturbances have been rubbed
ff completely. The EDS spectrum were obtained for as-
achined and as-polished samples. In as-machined sample,

he corresponding amount of Mg, Zn, Mn and O was found
o be 75.80, 0.00, 1.96 and 22.24 (inat%, as given in Fig 3 (b)
nd in as-polished sample, it was found to be 98.69, 1.17,
.14 and 0.00 (in at% as shown in Fig. 4 (b). The presence
f appreciable amount of O in as-machined sample inferred
he formation of oxides of Mg and Mn on the surface. The
DS results ( Fig. 4 (b)) also revealed that the oxides formed
uring WEDM were removed on polishing. 

The SEM micrograph of TiO 2 –HA composite coating is
hown in Fig. 5 (a.i). It was found that coating was uniform
ut it consisted of a small number of micro-cracks and
its. The internal stresses and small amount of shrinkage
uring heat treatment of coating could possibly result into
icro-cracks and pits, respectively [45 , 46] . The micro-cracks

nd the pits can develop potential sites for the penetration of
lectrolyte and subsequently for activating corrosion process.
ig. 5 (b.i) shows the surface morphology of TiO 2 –HA–PCL
ybrid coating. Unlike TiO 2 –HA coating, the TiO 2 –HA–PCL
oating was more homogeneous having micro-pores of 2 to
iO2–HA–PCL hybrid coating as an efficient corrosion resistant barrier of 
.2020.08.003 
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Fig. 3. SEM and EDX analysis of as-machined ZM21 substrate. 

Fig. 4. SEM and EDX analysis of as-polished ZM21 substrate. 
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5 μm size and free of micro-cracks and pits. EDS spectra
were obtained from TiO 2 –HA as well as TiO 2 –HA–PCL
coatings. In TiO 2 –HA coating, the corresponding amounts of
Mg, Ti, Ca, P and O were found to be 5.17, 5.53, 15.78,
12.09 and 61.42 (in at%, as given in Fig. 5 (a.ii). The ratios
Ca/P, (Ca + Mg) /P and Mg/Ca were calculated from the EDS
results, these were found to be 1.30, 1.73 and 0.32 respec-
tively. The stoichiometric ratio Ca/P in hydroxyapatite is
1.67 [47] . In the present work, the Ca/P ratio was lesser than
1.67 implying that the HA is calcium deficient. Moreover,
the ratio (Ca + Mg)/P was more than 1.67 suggesting that Mg
could have leached out from the Mg alloy substrate through
the micro-cracks and pits in the TiO 2 –HA coating. 

In TiO 2 –HA–PCL coating, the corresponding amounts of
Mg, Ti, Ca, P and O were found to be 8.83, 0.00, 10.97, 9.14
and 69.28 (in at%) as shown in Fig. 5 (b.ii). In EDS spectra
of TiO 2 –HA–PCL coating titanium was absent. It suggested
that Ti from the TiO 2 –HA layer did not interact with the
PCL layer. However, presence of Mg, Ca, and P in EDS
spectra of TiO 2 –HA–PCL coating indicated that there was
Please cite this article as: N. Singh, U. Batra, K. Kumar et al., Investigating T
ZM21 Mg alloy, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma
n interaction of PCL with HA from the TiO 2 –HA layer as
ell as Mg from the substrate. The ratios Ca/P, (Ca + Mg) /P

nd Mg/Ca from the EDS spectra of TiO 2 –HA–PCL coating
ere 1.20, 2.16 and 0.80, respectively. In comparison with
iO 2 –HA coating, the lower Ca/P ratio and higher (Ca + Mg)

P and Mg/Ca ratios in TiO 2 –HA–PCL coatings seemed to
uggest that more amount of Mg leached out from the sub-
trate during the formation of PCL layers which interacted
ith HA of TiO 2 –HA layers and PCL of outer layer. Since

he amounts of Mg as well as O in TiO 2 –HA–PCL coatings
re higher than in TiO 2 –HA coatings, that suggests forma-
ion of MgO due the interaction of Mg with O of PCL. The
EM micrographs of the cross sections of TiO 2 –HA coating
nd TiO 2 –HA–PCL coating are shown in Fig. 6 . It was re-
ealed that the thickness of TiO 2 –HA coating was 14–20 μm
 Fig. 6 a) whereas, TiO 2 –HA–PCL hybrid coating comprised
4–20 μm of TiO 2 –HA inner layer and 49–52 μm of PCL
uter layer ( Fig. 6 b). 

The formation of various bonds in TiO 2 –HA coating and
iO 2 –HA–PCL coating was confirmed by using FTIR spec-
iO2–HA–PCL hybrid coating as an efficient corrosion resistant barrier of 
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Fig. 5. SEM and EDX analysis of (a) TiO 2 –HA coating and (b) TiO 2 -HA–PCL hybrid coating. 

Fig. 6. SEM micrographs from the cross sections of (a) TiO 2 –HA coating and (b) TiO 2 –HA–PCL hybrid coating. 
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s
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m  
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F  
roscopy ( Fig. 7 ). The peaks observed in the FTIR spectra
f TiO 2 –HA coating at 3443 cm 

−1 was of hydroxyl group
tretching frequency. The bending vibrations at 1631 cm 

−1 

as due to H 2 O and Ti–OH. The PO 4 
3 − groups of HA crystal

xhibits peaks at 1038–1093 cm 

−1 due to asymmetric stretch-
ng ( ν3 and ν4 ) and the peaks at 564 cm 

−1 due to bending
Please cite this article as: N. Singh, U. Batra, K. Kumar et al., Investigating T
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ode [35] . The peak obtained at 1384 cm 

−1 was due to
i-O bonds which also overlaps with band of CO 3 

2- hav-
ng formed due to reaction of OH 

− with CO 2 from air [48] .
he band at 615 cm 

−1 was due to TiO 2 . On comparing with
TIR of pure TiO 2 and pure HA, it was found that the FTIR
iO2–HA–PCL hybrid coating as an efficient corrosion resistant barrier of 
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Fig. 7. FT-IR spectra of HA, TiO 2 , TiO 2 –HA, TiO 2 –HA–PCL hybrid coating and pure PCL. 
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spectra of TiO 2 –HA coating has peaks of TiO 2 and HA only
( Fig. 7 ). 

In the TiO 2 –HA–PCL hybrid coating, the Peaks observed
at 2944 cm 

−1 and 2864 cm 

−1 attributes asymmetric and sym-
metric stretching of CH 2. The absorption peak at 1708 cm 

−1 

was due to the stretching vibration of carbonyl group of PCL.
The peak observed at 1470 cm 

−1 and 1376 cm 

−1 were related
to the methylene C 

–H bending and C 

–H in plane scissor-
ing mode respectively [49] . The peaks at 1169 cm 

−1 and
1242 cm 

−1 were attributed to C 

–O-C symmetric and asym-
metric stretching of PCL amorphous phase. The characteris-
tic peaks corresponding to CH 2 bending vibrations were ob-
served at 1045 cm 

−1 , 961 cm 

−1 and 731 cm 

−1 were ascribed
to O 

–C vibrations. The peak at 671 cm 

−1 was due to TiO 2 .
When compared with FTIR spectra of pure PCL, it was found
that the peak at 1726 cm 

−1 in PCL has been shifted to 1708
cm 

−1 in the TiO 2 –HA–PCL hybrid coating {i.e. �ν (C 

= O)
= 18 cm 

−1 }. The measure of this shift signifies the occur-
rence of hydrogen bonding between HA and PCL as shown in
Fig. 7 [50–52] . 

As shown in Fig. 8 , In TiO 2 –HA spectra characteristic
peaks of TiO 2 appearing at 2 θ of 25.38 

ο, 37.97 

ο, 48.06 

ο,
53.25 

ο, 55.10 

ο, 62.77 

ο, 68.88 

ο, 70.17 

ο and 75.29 

ο corresponds
to (011), (004), (020), (015), (121), (024), (116), (220) and
(125) crystal planes (JCPDS card no. 96-900-9087). HA peaks
appearing at 2 θ of 25.38 

ο, 31.99 

ο, 33.05 

ο, 48.06 

ο, 49.54 

ο,
Please cite this article as: N. Singh, U. Batra, K. Kumar et al., Investigating T
ZM21 Mg alloy, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma
3.25 

ο corresponds to (002), (211),(112),(132), (213) and
004) crystal planes (JCPDS card no. 96-900-2217). MgO
eaks (JCPDS card no. 96-901-3222) detected at 2 θ of 37.97 °,
2.77 °, 75.29 ° corresponds to (111), (022), (113) crystal
lanes. The presence of TiO 2 , HA and MgO phases sug-
ested that the coating has interaction with Mg ions from
ubstrate. In the XRD pattern of TiO 2 –HA–PCL hybrid film,
he presence of orthorhombic PCL was observed at values
f 2 θ = 21.2 

ο, 22 

ο and 23.5 

ο corresponding to planes (110),
111), (200) respectively. These peaks attributed the inter-
olecular interaction between polymer side chains due to

he hydrogen bonding [53] . TiO 2 peaks are observed at 2 θ

f 25.26 

ο, 38.00 

ο, 47.98 

ο, 53.93 

ο, 54.97 

ο, 62.59 

ο, and 75.03 

ο

orresponds to (011), (004), (020), (015), (121), (024) and
125) crystal planes. HA peaks seen in the hybrid film at 2 θ

f 25.26 

ο, 31.87 

ο, 47.98 

ο, 53.93 

ο correspond to (002), (211),
132) and (004) crystal planes. MgO peaks in hybrid coating
s detected at 2 θ of 35.98 °, 43.43 °, 62.59 °, 75.03 ° corresponds
o (111), (002), (022), (113) crystal planes. This implied that
he coating has interacted with the Mg from the substrate. 

The wettability of SBF with TiO 2 –HA coating and
iO 2 –HA–PCL coatings on the ZM21 alloy surface was
valuated by means of contact angle (CA) measurement as
hown in Fig. 9 . The CA value of as-machined (56 °) and as-
olished (53.9 °) surfaces are comparable. The TiO 2 –HA coat-
ng demonstrate a higher CA value (60.7 °) as compared as-
iO2–HA–PCL hybrid coating as an efficient corrosion resistant barrier of 
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Fig. 8. XRD analysis of TiO 2 , HA, TiO 2 –HA coating & TiO 2 –HA–PCL hybrid coating. 
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olished substrate. However, the TiO 2 –HA–PCL hybrid coat-
ng has still higher CA value of 82.5 °. 

.2. Scratch testing 

Fig. 10 shows the scratch morphology and adhesion be-
ween the as-polished ZM21 Mg alloy substrate with PCL
 Fig. 10 a), TiO 2 –HA coating ( Fig. 10 b) and TiO 2 –HA–PCL
ybrid coating ( Fig. 10 c). Fig 10 d presents the load vs slid-
ng distance graphs for TiO 2 –HA and TiO 2 –HA–PCL hy-
rid coatings. It was found that the TiO 2 –HA–PCL hybrid
oating was able to bear a critical load of 5.936 N which
s nearly 1.4 times higher for TiO 2 –HA which could bear
nly 4.159 N. The critical load borne by the outer most layer
n hybrid coating comprising PCL was 3.729 N. According
o the literature, adhesion strength values between Mg alloy
nd various coatings have been reported as 1.8 N for PCL
52] , 1.35 N for TiO 2 –PCL [54] , 2.2 N HA–PCL [55] . For
he sake of comparison, PCL layer was directly deposited on
M21 Mg substrate and it displayed an adhesion strength of
Please cite this article as: N. Singh, U. Batra, K. Kumar et al., Investigating T
ZM21 Mg alloy, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma
.195 N ( Fig. 10 a). After 28 days of immersion in SBF, the
dhesion strength decreased by 28.38%, 27.69% and 15.11%,
espectively, for PCL coating ( Fig. 10 e), TiO 2 –HA coating
 Fig. 10 f), TiO 2 –HA–PCL hybrid coating ( Fig. 10 g). The
esults from the ASTM tape adhesion test on the as de-
osited coatings displayed adhesion grades of 2B, 3B and 4B
espectively for PCL coating ( Fig. 11 a), TiO 2 –HA coating
 Fig. 11 b), TiO 2 –HA–PCL hybrid coating ( Fig. 11 c) which
ecreased to 1B, 2B and 3B, respectively, after 28 days of im-
ersion in SBF. Obviously, the TiO 2 –HA–PCL hybrid coating

isplayed significantly high adhesion strength with Mg alloy
s compared with other similar coatings reported in litera-
ure so far. The close examination of the results of FTIR and
cratch resistance revealed that interfacial interaction happen-
ng between the organic and inorganic matrices of TiO 2 –HA–
CL hybrid coating. 

Each HA unit cell in the TiO 2 –HA layer consists of two
H groups as strong hydrogen bonding sites, which could

esult into good interfacial bonding between OH groups of
A and 

= O sites of PCL as shown schematic diagram in
iO2–HA–PCL hybrid coating as an efficient corrosion resistant barrier of 
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Fig. 9. Contact angles of SBF on the surface of (a) as-machined, (b) as-polished, (c) TiO 2 –HA coated (d) TiO 2 –HA–PCL hybrid coated ZM21 Mg alloy. 

Fig. 10. Scratch morphology of (a) PCL, (b) TiO 2 –HA coating, (c) TiO 2 –HA–PCL hybrid coating, (d) load vs sliding distance graph before immersion and 
(e) PCL, (f) TiO 2 –HA coating, (g) TiO 2 –HA–PCL hybrid coating and (h) Load vs sliding distance graph after immersion in SBF for 28 days. 
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Fig. 11. Tape test results of (a) PCL, (b) TiO 2 –HA coating, (c) TiO 2 -HA–
PCL hybrid coating before immersion and (d) PCL (e) TiO 2 –HA coating (f) 
TiO 2 -HA–PCL hybrid coating after immersion in SBF for 28 days. 
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ig. 12 (i) [56] . Besides, the electrostatic interaction between
g 

+ 2 and 

= O sites of PCL in the manner shown in Fig. 12 (ii)
54] . This is supported by the EDS results that show the pres-
nce of Mg in the TiO 2 –HA layer. Both the hydrogen bonding
rovided by OH groups of TiO 2 –HA layer and Vander Walls
ttraction due to Mg gives combined effect to provide strong
nterfacial bonding between TiO 2 –HA and PCL layers in hy-
rid coating. 

Besides, our observation of the EDS results on the higher
mount of Mg present in TiO 2 –HA–PCL coating than in
iO 2 –HA coating seems to suggest that the PCL in the for-
er makes direct contact with the Mg substrate through the

ores or cracks in the intermediate TiO 2 –HA layer as shown
n Fig. 12 (iii). In order to understand the phenomena, PCL
as coated directly on as-polished substrate. PCL has poor
xygen weight ratio in its molecular structure, thus interfacial
onding is mainly dominated by electrostatic interaction by
eans of Vander walls forces instead of hydrogen bonding.
ander walls interaction are generally weaker than hydrogen
onding. However, few hydrogen bonding sites are available
Please cite this article as: N. Singh, U. Batra, K. Kumar et al., Investigating T
ZM21 Mg alloy, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma
ut they are very less in number. Such kind of weak elec-
rostatic interaction and poor hydrogen bonding of PCL with

g resulted into adhesion strength of 2.195 N as compared
o adhesion strength of 3.729 N of PCL layer over TiO 2 –HA
oating in hybrid coating. 

.3. Electrochemical measurements 

Fig. 13 a shows the potentiodynamic polarization (PDP)
urves of ZM21 samples obtained after different types of
rocesses as-machined, as-polished, as-TiO 2 –HA coated and
s-TiO 2 –HA–PCL hybrid coated samples. According to the
able 2 , the corrosion potential ( E corr ) of as-machined, as-
olished, TiO 2 –HA coated samples were more negative than
or as-TiO 2 –HA–PCL hybrid coated sample. The polishing
f as-machined samples shifted the E corr to the positive di-
ection ( −1.444 V to −1.395 V), TiO 2 –HA coating shifted it
ven further ( −1.017 V). TiO 2 –HA–PCL hybrid coating dis-
layed additional jump in E corr to −0.407 V. This positive
hift implies that TiO 2 –HA composite coating and TiO2-
A–PCL hybrid coating retarded the corrosion of as-polished

ample in SBF. A breakdown down potential is observed at
.56 ±0.01 V in anodic branch of the PDP curve of TiO 2 –HA–
CL coated sample, which seemed to suggest that it had

endency of self-healing. Cui et al. reported that occurrence
f a breakdown potential in anodic branch of polarization
urve suggested the self-healing capability of the coating [57] .
he current density (I corr ) exhibited by the TiO 2 –HA-PCL
ybrid coating (7.31 ×10 

−8 A/cm 

2 ) was significantly lower
hen compared with TiO 2 –HA coating (4.03 ×10 

−4 A/cm 

2 )
nd which were further lower than observed in as-machined
2.2 ×10 

−3 A/cm 

2 ) and as-polished (1.2 ×10 

−3 A/cm 

2 ) sam-
les. This suggested that hydrophobic TiO 2 –HA–PCL coat-
ng effectively protected Mg alloy substrate in the SBF. The
resence of a thin and compact TiO 2 –HA layer was able
o restrict the penetration of SBF solution and therefore re-
ulted into lower I corr than as-machined and as-polished ZM21
amples. The Nyquist plots of as-machined, as-polished and
iO 2 –HA coated samples ( Fig. 13 b) comprised of two ca-
acitive loops at high and medium frequency due to charge
ransfer resistance between substrate and corrosive media, dif-
usion of ions through corrosion product and coating respec-
ively and one inductive loop at low frequency region due to
dsorption processes [58] . The Nyquist plot for TiO 2 –HA–
CL hybrid coated sample comprised of a capacitive loop
ollowed by a diffusional tail which signify porous nature of
oating. The impedance modulus increases at nearly 45 ° in
ow and medium frequency regions suggesting that the corro-
ion product formed in-between pores is highly resistant and
table [59] . 

The charge transfer resistance ( R ct ) is a measure of di-
meter of high frequency capacitive loop [58] . The R ct of
iO 2 –HA–PCL was nearly 10 

4 times of the value obtained
or TiO 2 –HA coating. In comparison the R ct value for as-
achined and as-polished ZM21 alloy were much smaller.
he as-polished substrate presented low R ct due to the forma-

ion of loose and porous protecting film such as Mg(OH) 2 that
iO2–HA–PCL hybrid coating as an efficient corrosion resistant barrier of 
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Fig. 12. Schematic illustration of electrostatic interaction between (i) PCL coating with HA, (ii) PCL coating with Mg substituted HA, (iii) PCL coating with 
ZM21 Mg alloy. 

Table 2 
Electrochemical parameters of the polarization curves in SBF. 

Samples b a (V/dec) b c (V/dec) E corr (V) I corr (A/cm ²) Corrosion rate(mm/year) Polarization resistance( �cm 

2 ) 

As-machined 0.942 1.634 −1.444 2.2 ×10 −3 103.700 114.415 
As-polished 0.659 0.438 −1.395 1.2 ×10 −3 56.043 93.228 
TiO 2 –HA coated 0.337 0.378 −1.017 4.03 ×10 −4 18.409 192.382 
TiO 2 –HA–PCL hybrid coated 0.252 0.216 −0.407 7.31 ×10 −8 0.003 692,900 
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could not effectively protect the substrate against the infiltra-
tion of corrosive medium. The visibly larger R ct of TiO 2 –HA–
PCL hybrid coated sample was due to its hydrophobic charac-
teristics that reduced contact area with the corrosive medium.

3.4. Immersion testing 

Fig. 14 shows the surfaces of samples immersed in SBF
for 28 days and subsequently cleaned with chromic acid. The
corroded surface of as-machined exhibited largest sizes of pits
and cracks among all four types of samples. The size of pits
and cracks was smaller in as-polished samples than in as-
machined samples. The sizes were further lower in TiO 2 –HA
coated sample. In contrast the TiO 2 –HA–PCL hybrid coated
sample surface did not show pitting or crack formation. 

Hydrogen evolution test was used to study the corrosion
behavior of the samples as a function of time. Higher amount
of H 2 gas evolution during implantation results in increase in
pH which leads to hemolysis of cells [60] . Fig. 15 (a) shows
the H 2 evolution rate (HER) for the as-machined, as-polished,
TiO 2 –HA coated and TiO 2 –HA–PCL hybrid coated samples
during immersion in SBF for 7 days. Due to presence of
cracks on the surface of as-machined surface and low elec-
Please cite this article as: N. Singh, U. Batra, K. Kumar et al., Investigating T
ZM21 Mg alloy, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma
rochemical potential ( −1.444 V), bubbles appeared as soon
s the sample was immersed in SBF and the H 2 evolution
ate after 24 h was 3.3 ml/cm 

2 /day and the corresponding pH
f SBF was 7.85. During this period the degradation rate be-
ame faster and more pits appeared on the surface. After 24 h,
 2 evolution rate was found to be comparable in as-polished

nd TiO 2 –HA coated sample. As the corrosion proceeded,
he apatite formed on the surfaces and H 2 evolution was sup-
ressed. The apatite growth was easily noticeable in TiO 2 –HA
oated sample than as-polished and as-machined samples. At
he end of 144 h, apatite growth became so effective that
he H 2 evolution rate in TiO 2 –HA coating and hybrid coat-
ng sample became comparable. After 172 h, H 2 evolution
ncreased for TiO 2 –HA coated sample. It might be due to
he delamination of coating layer/ corrosion product caused
y evolved hydrogen. In contrast to as-machined, as-polished
nd TiO 2 –HA coated sample, TiO 2 –HA–PCL hybrid coated
ample was more protected and restricted the attack of aggres-
ive ions as no bubble appeared for first 12 h and later some
ubbles were observed at isolated places. The hydrogen evo-
ution rate was very low and sample appeared unaffected as
ompared to as-machined, as-polished and TiO 2 –HA coated
amples throughout the immersion period. Even after 168 h,
iO2–HA–PCL hybrid coating as an efficient corrosion resistant barrier of 
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Fig. 13. Electrochemical measurments of as-machined, as-polished, TiO 2 –
HA and TiO 2 –HA–PCL hybrid coated ZM21Mg substrate: (a) PDP curves 
and (b) Nyquist Plots. 
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Fig. 14. Morphology comparison of the specimens; (a) as-machined, (b) as-polishe
after immersion in SBF for 28 days. 
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he HER was 0.16 ml/cm 

2 /day, the pH of SBF was 7.46 and
iO 2 –HA–PCL hybrid coating was intact without any sign of
racks or delamination. Fig. 15 (b) shows the variation of pH
f the SBF during 7 days of immersion at regular interval of
4 h for as-machined, as-polished, TiO 2 –HA, and TiO 2 –HA–
CL hybrid coated samples. Interestingly, the change in pH
as lower for coated samples than for un-coated samples.

t was significantly lower for TiO 2 –HA–PCL coated sample
han all other samples. 

Fig. 15 (c) displayed the weight loss percentage for as-
achined, as-polished, TiO 2 –HA, and TiO 2 –HA–PCL coated

amples after 28 days of immersion in SBF. The weight
oss trend indicated that polishing, TiO 2 –HA coating and
iO 2 –HA–PCL coating has synergetic effect on corrosion pro-

ection during immersion time. The coating effectiveness can
e assessed in the terms of weight loss (%) ratio for as-
achined, as-polished, TiO 2 –HA, and TiO 2 –HA–PCL coated

amples being 1: 1/2.5: 1/7: 1/9. 
Fig. 16 shows the surface morphology of samples im-

ersed in SBF for 28 days. In the as-machined sample, the
orrosion product was porous and uneven. There was severe
egradation of as-machined sample. As-polished sample has
elatively denser and evenly distributed corrosion product on
he surface. The density and evenness of the corrosion prod-
ct was improved for TiO 2 –HA coated sample. The corrosion
roduct on TiO 2 –HA–PCL coated sample was the most com-
act and evenly spread among all the samples. SEM-EDS
n Fig. 17 shows the morphology and elemental analysis of
orrosion product deposits. The corrosion product deposit on
s-machined, as-polished and TiO 2 –HA coated samples had
umerous cracks and pits but the deposit on TiO 2 –HA–PCL
oated sample was defect free and evenly spread. According
o EDS analysis, the ratios Ca/P, (Ca + Mg)/P and Mg/Ca of
eposits are compared in Table 3 for the as-machined, as-
olished, TiO 2 –HA coated and TiO 2 –HA–PCL coated sam-
les. The atomic percentage of Ca, P and Mg elements is
hown in Fig. 18 . 

These Ca/P values suggested the formation of calcium de-
cient hydroxyapatite on the surfaces. Such kind of calcium
eficiencies have been reported due to the dissolution of Mg
rom the substrate partly replacing Ca in the apatite struc-
d, (c) TiO 2 –HA coated, (d) TiO 2 –HA–PCL hybrid coated ZM21 Mg samples 
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Fig. 15. Hydrogen evolution rate (a), pH change (b) and weight loss percentage (c) for as-machined, as-Polished, TiO 2 –HA coated and TiO 2 –HA–PCL hybrid 
coated ZM21 Mg samples after immersion in SBF for 28 days. 

Fig. 16. Morphology comparison of the corrosion product deposited over; (a) as-machined, (b) as-polished, (c) TiO 2 –HA coated and (d) TiO 2 –HA–PCL hybrid 
coated ZM21 Mg samples after immersion in SBF for 28 days. 
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Fig. 17. SEM morphology and EDS spectra of (a) as-machined, (b) as-polished, (c) TiO 2 -HA coated and (d) TiO 2 –HA–PCL hybrid coated ZM21Mg samples 
after immersion in SBF for 28 days. 
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Fig. 18. Atomic percentage of Ca, P and Mg elements of as-machined, as-polished, TiO 2 –HA and TiO 2 -HA–PCL coated ZM21Mg substrate immersed in 
SBF for 28 days. 

Table 3 
Atomic ratios of Ca, P and Mg of corrosion product on as-machined, as- 
polished, TiO 2 –HA coated and TiO 2 –HA–PCL coated ZM21 Mg samples 
after immersion in SBF for 28 days. 

Sample Ca/P(at%) (Ca + Mg)/P(at%) Mg/Ca (at%) 

As- machined 0.72 3.10 3.30 
As-polished 0.94 2.01 1.13 
TiO 2 –HA 

Coated 
1.16 1.66 0.42 

TiO 2 –HA–
PCL hybrid 
coated 

1.32 1.61 0.22 
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ture [61] . Thus Ca/P ratio was the related to release of Mg
ions by the substrate. TiO 2 –HA–PCL coating has acted as
an effective barrier between SBF and substrate. The highest
Ca/P ratio of 1.32 and lowest Mg/Ca ratio of 0.22 among all
the samples clearly indicated that the TiO 2 –HA–PCL coated
sample has allowed the minimum amount of Mg ions leach-
ing from the substrate followed by TiO 2 –HA coated sample
having second highest Ca/P ratio (1.16) and second lowest
Mg/Ca ratio of 0.42. Since the Ca/P ratio was 0.72 and 0.94
for as-machined and as-polished samples respectively, there-
fore, it was inferred that the corrosion product on the bare Mg
alloy surface did not offer an effective barrier. Thus more and
more Mg ions continued to leach from the substrate. As a con-
sequence, the degradation continued to result in high Mg/Ca
ratios of 3.30 and 1.13 in as-machined and as-polished sam-
ples, respectively. 

The FT-IR of samples immersed in SBF for 28 days were
shown in Fig 19 . In TiO 2 –HA–PCL hybrid coated sample,
the bands present at 962 cm 

−1 , 1033–1095 cm 

−1 and 565
and 603 cm 

−1 represents ν1 PO 4 
3 −, ν3 PO 4 

3 − , ν 4 PO 4 
3 − .

Band appearance at 1596 cm 

−1 was due to the presence of
Please cite this article as: N. Singh, U. Batra, K. Kumar et al., Investigating T
ZM21 Mg alloy, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma
attice water, while band at 3698 cm 

−1 represents vibration
odes of OH group. This represents good mapping with

he HA characteristic bands. As compared to hybrid sam-
le, continuous decrease in the intensity of PO 4 

3 − and OH 

−

as observed for corrosion product of TiO 2 –HA, as-polished
nd as-machined ZM21 samples. Moreover, the broadening of
3 PO 4 

3 − (1033–1095 cm 

−1 ) band in order of TiO 2 –HA–PCL
 TiO 2 –HA < as-polished < as-machined ZM21 samples was

bserved. These effects are typically suggesting that struc-
urally disordered Ca-Def HA is formed as corrosion product
35 , 62 , 63] . 

Fig. 20 showed the XRD spectra of TiO 2 –HA–PCL hybrid
oated, TiO 2 –HA coated, as-polished and as-machined ZM21
amples immersed in SBF for 28 days. Along with charac-
eristic peaks of HA, the presence of Mg-PO 4 

3 − compounds
ignified the formation of Mg substituted Ca-Def HA [64] . 

.5. Corrosion mechanism 

The degradation phenomena of bare Mg surface can be ex-
lained as Mg comes in contact with SBF, following reaction
ill occur 

nodic: Mg → Mg 

2 + + 2e − (4)

athodic: 2H 2 O + 2e − → 2OH 

− + H 2 (5)

verall: Mg + H 2 O → Mg(OH) 2 + H 2 (6)

The presence of Cl − in the SBF transforms Mg(OH) 2 into
gCl 2 . 

g(OH) 2 + Cl − → MgCl 2 + OH 

− (7)
iO2–HA–PCL hybrid coating as an efficient corrosion resistant barrier of 
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Fig. 19. FT-IR spectra of corrosion product deposited over as-machined, as-polished, TiO 2 –HA coated and TiO2-HA–PCL hybrid coated ZM21 Mg samples 
after immersion in SBF for 28 days. 

Fig. 20. XRD analysis of corrosion product deposited over as-machined, as-polished, TiO 2 –HA coated and TiO 2 –HA–PCL hybrid coated ZM21 Mg samples 
after immersion in SBF for 28 days. 
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Fig. 21. Schematic illustration of the Adsorption mechanism of (i) TiO 2 -HA–PCL hybrid coated, (ii) TiO 2 –HA coated and (iii) as machined/polished ZM21 
Mg substrate immersed in SBF. 
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The excess OH 

− ions generated thus increase the pH of the
immersed media [65] . It was observed that for as-machined
substrate active corrosion was carried away from the zero
hour of immersion as compared to polished sample, which
show such a rise in pH nearly after 24 h of immersion. It
is considered that the H 2 PO 4 

− and HPO 4 
2 − ions from SBF

transformed into PO 4 
3 − ions: 

H 2 PO 4 
− + OH 

− → HPO 4 
2 − + H 2 O (8)

HPO 4 
2 − + OH 

− → PO 4 
3 − + H 2 O (9)

The presence of Ca 2 + and excess of OH 

− ions in SBF
enables of transformation of HPO 4 

2 − and PO 4 
3 − ions into

hydroxyapatite according to the following reaction 

10Ca 2 + + 10HPO 4 
2 − + 12OH 

− → Ca 10 (PO 4 ) 6 (OH) 2 
+ 10H 2 O + 4PO 4 

3 − (10)

10Ca 2 + + 6PO 4 
3 − + 2OH 

− → Ca 10 (PO 4 ) 6 (OH) 2 (11)

Ideally, HA has stoichiometric Ca/P ratio of 1.67.
Fig. 17 shows that the Ca/P ratios of the corrosion prod-
uct formed on the as-machined (0.72), as-polished (0.94),
TiO 2 –HA coated (1.16) and TiO 2 –HA–PCL coated (1.32)
samples immersed in SBF. Thus, Ca deficient hydroxyapatite
formation has occurred as corrosion product [66–68] . The for-
mation of Ca-deficient HA takes place by the following reac-
tion: 

(10-x)Ca 2 + + 6HPO 4 
2 − + (8–2x)OH 

−

→ Ca 10-x (HPO 4 ) x (PO 4 ) 6-x (OH) 2-x + (6-x)H 2 O (12)

Mg 

2 + ions possess most dominating bivalent cationic sub-
stitution in apatite [69] . The size of Mg 

2 + ions (0.069 nm)
Please cite this article as: N. Singh, U. Batra, K. Kumar et al., Investigating T
ZM21 Mg alloy, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma
elatively smaller than Ca 2 + ions (0.099 nm), which facili-
ates the Mg 

2 + ions to substitute Ca 2 + ions in the apatite
70 , 71] . Lattice distortion caused by substitution results into
oorly crystalline, highly soluble, destabilized Mg substituted
a-deficient hydroxyapatite formation [72] . This enables the
ow of electrolyte through its amorphous structure as shown

n Fig. 18 . Thus, Eq. (12) can be modified to show the for-
ation as: 

10-x)Ca 2 + + xMg 

2 + + 6HPO 4 
2 − + (8–2x)OH 

−

→ Ca 10-x Mg x (HPO 4 ) x (PO 4 ) 6-x (OH) 2-x + (6-x)H 2 O (13)

However, as a consequence of reduced interaction between
he Mg substrate and SBF for the coated samples, the release
f Mg 

2 + from the substrate is significantly reduced resulting
n the formation of corrosion products having higher Ca/P
atio and effective corrosion barrier. 

The mechanism of effective corrosion resistance displayed
y the hybrid coating is suggested as follows. The electrolyte
rst enters into the topological pores of PCL layer where the
orrosion product formation initiates Fig. 21 (i.a). The corro-
ion product formed within the pores help the interlocking
f pores from many coating layers [73] . Thus, hydroxya-
atite so formed was not only stable structurally but also
cts as obstacle to delay the advancing aggressive ions. Few
ggressive ions which manage to escape through the apatite
ayer are encountered with the permeable matrix of the PCL
ig. 21 (i.b). The restricted number of ions which manage to
iffuse through the PCL matrix reached at the underneath
ioactive TiO 2 –HA composite layer. Apatite formation may
tart in the pores and cracks of the TiO 2 –HA composite layer
ue to the presence of HA there, which acts yet another bar-
ier to the movement of ions Fig. 21 (i.c). As a result of bar-
iers at various layer only a few outnumbered aggressive ions
iO2–HA–PCL hybrid coating as an efficient corrosion resistant barrier of 
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an succeed to reach to the Mg substrate Fig. 21 (i. d). Once
he aggressive ions reach the substrate, an active corrosion
tarts here according to reaction (1) and (2) which results
nto evolution of H 2 gas Fig. 21 (i.e,f). Evolved H 2 gas easily
scapes out from the pores in the TiO 2 –HA layer and surface
ores of the PCL film thereby causing little or no damage or
elamination of the coating. The intricate route accompanied
y multilevel barriers for the flow of electrolyte, greatly de-
ays the interaction between Mg substrate and aggressive ions
ig. 21 (i.g). In the case of TiO 2 –HA coating, the electrolyte
an reach the substrate either diffusing though corrosion prod-
ct Fig. 21 (ii.i) or by throughout pores/cracks in the com-
osite layer Fig. 21 (ii.j). Thus, the corrosion process starts
airly early in TiO 2 –HA coated sample than in TiO 2 –HA–
CL coating. Additionally, the escaping H 2 cause cracks in

he corrosion product Fig. 21 (ii.k). In case of as-machined
nd as-polished ZM21Mg substrates, no such effective cor-
osion resistance mechanism is observed. On substrate/SBF
nteraction, once the oxide layer formed Fig. 21 (iii.l) is de-
eriorated by the active corrosion. Although, apatite formation
ccurred on the Mg alloy surface Fig. 21 (iii.m) but it does
ot provide effective shielding towards aggressive ions. The
orrosion product formed is highly unstable both structurally
s well as chemically. The corrosion rate observed are ex-
eedingly high that led to large volume of H 2 evolution. The
bandoned H 2 evolution further cause severe damage to the
orrosion product formed on surface Fig. 21 (iii.n) thereby
xposing fresh Mg surface to advance corrosion. 

. Conclusions 

i TiO 2 –HA–PCL hybrid coatings with the top layer of in-
terconnected microporous PCL were deposited on ZM21
alloy by sol–gel dip-coating method combined with non-
solvent induced phase separation technique. 

ii The adhesion strength of TiO 2 –HA–PCL hybrid coating
was 1.5 times more than TiO 2 –HA composite coating be-
cause of bonding of PCL by hydrogen bonding with HA
in addition to electrostatic bonding with the Mg substrate.
The loss of adhesion strength of hybrid coating after 28
days of immersion in SBF was nearly half (15.11%) of
that observed for TiO 2 –HA coating (about 27.69%). 

ii The TiO 2 –HA–PCL hybrid coating provided adequate pro-
tection to the Mg alloy in the presence of SBF and con-
sequently delayed its degradation. 

iv The Ca/P ratio of apatite deposited on TiO 2 –HA–PCL hy-
brid coating suggested its bioactivity, bone growth and cor-
rosion resistance better than TiO 2 –HA coating. 
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