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Abstract 

The present study aims at understanding the electrochemical impedance and biocorrosion characteristics of AZ91 Mg-alloy in Ringer’s 
solution. As-cast AZ91 Mg-alloy was subjected to T4 heat treatment in a way to homogenize its microstructure by dissolving most of the 
β-Mg 17 Al 12 phase at the vicinity of grain boundaries. The electrochemical impedance and biocorrosion performances of these two different 
microstructures (as-cast and T4 heat treated AZ91 Mg-alloys) in Ringer solution were evaluated by electrochemical impendence spectroscopy, 
potentiodynamic polarization and weight loss method. EIS spectra showed that both microstructures exhibit similar dynamic response as a 
function of the immersion time; however, the value of impedance and maximum phase angle are about 50% higher in as-cast AZ91 Mg-alloy 
as compared to that of homogenized AZ91 Mg-alloy. Weight loss measurement indicated that corrosion resistance of as-cast AZ91 was 
significantly better than that of homogenized AZ91. Microstructural and XRD analysis revealed that as-cast AZ91 contains a passive film of 
MgCO 3 and CaCO 3 precipitates with near spherical morphologies, whereas homogenized AZ91 comprised mainly unstable Mg(OH) 2 film 

featured by irregular plate-like morphologies. 
© 2019 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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1. Introduction 

Mg-alloys are one of the most promising candidates to
design next generation bio-implant devices owing to the su-
perior combination of high specific strength and biodegrad-
ability [1–6] . The specific density and Young’s modulus of
Mg-alloys are almost compatible with that of human cortical
bone [1] . Therefore, Mg-alloys can be used in the musculo-
skeletal surgery as Mg-ions encourage bone cell activation
process [7] . However, Mg-alloys are prone to severe corro-
sion in simulated body fluid environments [8–11] . This leads
to pre-mature loss of structural integrity of bio-implant de-
vices before healing of the impaired parts within the human
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ody. Atrens et al. [12] provided a review article on recent
evelopments in the field of Mg corrosion. They discussed the
mportance of material influences, surface treatment, anodiza-
ion and coatings on corrosion behavior of high purity Mg.
ao et al. [13] suggested various metallurgical approaches to
nhance the passivity of Mg-alloys in chloride containing so-
ution. Song et al. [14] observed that β-Mg 17 Al 12 phase in
Z91 Mg-alloy can serve either as a corrosion barrier or a

orrosion enhancer depending upon its nature of distribution.
or instance, continuous and fine distribution of β-Mg 17 Al 12 

hase aids in improving corrosion resistance, whereas discon-
inuous and coarsened β-Mg 17 Al 12 phase accelerates corro-
ion rate in AZ91 Mg-alloy. The corrosion response of AZ91

g-alloy can be modified by altering its microstructure via
uitable heat treatment (HT) processes: T4-HT (solutionized
ondition) and T6-HT (artificially aged condition) [15,16] . T4
. This is an open access article under the CC BY-NC-ND license. 
y of Chongqing University 
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Table 1 
The chemical composition of as-received AZ91 Mg-alloy. 

Mg-alloy Chemical composition (wt.%) 

Al Zn Mn Si Fe Cu Ni Mg 

AZ91C 8.3–9.7 0.3–1.0 0.15–5.0 0.1 Max 0.005 Max 0.03 0.002 Balance 
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nd T6 heat treatment produce different corrosion rates in
Z91 Mg-alloys with increasing immersion time. Although

he presence of high aluminum content of α-Mg matrix in
4 heat treated specimen minimize the corrosion rate by de-
eloping a protective film in the initial time period, Zhou
t al. [15] claimed that T4 heat treatment leads to increased
orrosion rate after longer exposure time owing to the break-
own of the protective film. Zhang et al. [17] mentioned that
ot extruded AZ91 Mg-alloy having more amount of disloca-
ion, and twin densities showed inferior corrosion resistance
s compared to the as-cast AZ91 alloy. Cao et al. [18] inves-
igated the corrosion behavior of as-cast and heat treated bi-
ary Mg–X alloys: X = Mn, Sn, Ca, Zn, Al, Zr, Si, Sr in 3.5%
aCl solution. They observed that while T4-HT reduces the

orrosion rate for Mg–1Mn, Mg–5Sn, Mg–5 Zn and Mg–0.1Zr
g-alloys, it increases the corrosion rates for Mg–0.3Ca, Mg–

.3Si, Mg–6Al, and Mg–5Sr. Wang et al. [19] analyzed the
orphological evolution of the corroded surfaces of magne-

ium and its associated factors in the biological environment.
Kirkland et al. [20] reviewed various experimental method-

logies and their limitations to determine the corrosion be-
avior of biodegradable magnesium implants. King et al.
21] proposed a simple experimental approach to determine
he reproducible long-term measurement of corrosion rate for
igh purity Mg by combining weight loss, H 2 gas collec-
ion and EIS-estimated polarization resistance methods. De-
pite numerous investigations [13–18] have been reported in
he literature, an EIS analysis coupled with investigation of
orroded surface morphologies of as-cast and T4 heat treated
Z91 Mg-alloys in Ringer’s solution has been less explored.
he main objective of present study was to evaluate the elec-

rochemical impedance and biocorrosion characteristics of as-
ast and T4 heat treated AZ91 Mg-alloys in Ringer’s solution
s a function of immersion time. Nyquist and Bode’s plots
re utilized to quantify the resistance and impedance proper-
ies of developed passive surface films by best fitting with an
quivalent circuit model. 

. Experimental methods 

.1. Material preparation 

The chemical composition of investigated AZ91 Mg-alloy
s given in Table 1 . Ringer’s solution comprising 9.0 g/L
aCl, 0.24 g/L CaCl 2, 0.43 g/L KCl, and 0.2 g/L NaHCO 3 

as used as the test solution. Square coupons, each mea-
uring 1.25 cm × 1.25 cm × 0.5 cm, were cut from an as-
eceived die-casting ingot of AZ91 Mg-alloy using an electric
ischarge machine. Half of the specimens were subjected to
4 heat treatment in a vacuum furnace at 420 °C for 48 h
n order to achieve homogenized microstructures. All the
pecimen were polished by standard metallographic tech-
ique up to 2500 grit sized SiC emery paper in order to
chieve the similar roughness profiles having Rq in the range
f 0.3 ±0.1 μm. The polished specimens were ultrasonically
leaned in methanol for 10 min followed by drying in the
tream of hot air. Subsequently, polished specimens were then
oated with epoxy resin, and 1 cm 

2 area was exposed for cor-
osion tests. These specimens were designated as ac-AZ91
nd ht-AZ91 for the as-cast and T4 heat treated AZ91 Mg-
lloys, respectively. 

.2. Electrochemical techniques 

A conventional three electrode-electrolyte cell (Gamry se-
ies G300 instrument) was utilized to investigate the corrosion
ehavior of AZ91 Mg-alloys. The cell comprised AZ91 Mg-
lloy as the working electrode, saturated calomel as the refer-
nce electrode, and graphite as the counter electrode. Firstly,
repared specimens were immersed in 300 ml of Ringer’s so-
ution for different immersion times ranging from 0 h to 25 h.
hese immersed specimens were then characterized separately
oth by potentiodynamic polarization and EIS techniques. The
otentiodynamic polarization (PDP) curves were obtained for
oth as-cast and homogenized AZ91 Mg-alloys with the pre-
et potential range of −0.25–+ 0.25 mV with respect to OCV
t the scan rate of 0.1 mVs −1 . The EIS scans were performed
ith an applied AC signal of 5 mV rms, and frequency was

anged from 1 ×10 

5 Hz to 1 Hz with 10 points per decade.
he initial delay time of 50 min was incorporated in order to
chieve stability in the open circuit voltage (OCV). Simplex
ethod was used for best fitting the equivalent circuit model
ith experimental data. All the electrochemical measurements
ere performed at a room temperature of 25 ± 1 °C with a

elative humidity of 55 ± 5%. Each test was repeated at least
hree times to ensure the repeatability in corrosion data. 

.3. Weight loss measurements 

Both ac-AZ91 and ht-AZ91 specimens were subjected to
mmersion corrosion testing in Ringer’s solution for a differ-
nt period of intervals from 24 to 96 h. Before the immersion,
ll the specimens were weighed on a micro-weighing balance
Mettler Toledo Instrument) with an accuracy of 0.001 mg.
nce the specimens were exposed to test solution for the

pecified immersion time, they were washed thoroughly with
hromic acid solution (a mixture of 180 g/l of chromic acid,
nd 10 g/l of AgNO 3 ) for 10 min to flush away the corrosion
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Fig. 1. Microstructure of die cast AZ91 Mg-alloy, (a) As-cast and (b) Homogenized condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t  

(  

r  

c
 

f  

f  

a  

m  

m  

a  

F  

h  

s  

1  

i  

i  

m  

p  

A  

t  

c  

t  

p  

s  

w  

b  

i  

c  

g  

b  

T
=  

d  

t  

l
 

a  

g  

a  
debris. The corroded specimens were weighed again finally to
determine the weight loss. This weight loss was converted into
corrosion rate (mm/y) using standard equation as follows; 

Corrosion rate ( mm / y ) = 

87 . 6 W 

DAT 
where W is weight loss of the corroded specimen (mil-
ligrams), D indicates the density of AZ91 Mg-alloys (g /cm 

3 ),
A refers to area of the specimen (cm 

2 ) and T is time of ex-
posure of the specimen (hours). 

2.4. Microstructural characterization 

A scanning electron microscope (JEOL JSM-6610LV,
Japan) coupled with energy dispersive X-ray spectroscopy
(EDS) was used to characterize the microstructures, and sur-
face morphology of the corroded specimens. Diffraction spec-
tra of the corroded specimens were obtained by an X-Ray
diffractometer (PANalytical, X’pert-Pro(MPD), Netherlands). 

3. Results and discussion 

Fig. 1 depicts the difference in microstructures of as-cast
and homogenized AZ91 Mg-alloys. The as-cast specimen
consists of two phases, namely primary α-Mg phase, and dis-
continuous precipitates of β-Mg 17 Al 12 phase, which are dis-
tributed at the vicinity of the grain boundaries ( Fig. 1 (a)).
However, homogenized AZ91 specimen comprised mainly
of the supersaturated α-Mg matrix with some residual β-
Mg 17 Al 12 phase at their grain boundaries ( Fig. 1 (b)). The area
fraction of β-Mg 17 Al 12 phase in ac-AZ91 and ht-AZ91 spec-
imen was estimated to be around 24.3 ±5% and 5.14 ± 2%
respectively (compare Fig. 1 (a) and (b)). It is obvious that T4
heat treatment leads to the dissolution of β-Mg 17 Al 12 phase
into the primary α-Mg matrix and forms a supersaturated α-
Mg matrix in AZ91Mg-alloy. This results in the reduction of
area fraction of β-Mg 17 Al 12 phase in ht-AZ91 as compared to
that of ac-AZ91 specimen. The potentiodynamic polarization
responses of ac-AZ91 and ht-AZ91 specimens immersed at
different time intervals are shown in Fig. 2 . The corrosion po-
tential of ac-AZ91 specimen appears to be lower as compared
o ht-AZ91 specimen during the initial stages of immersion
0–1.5 h). However, with increased time of immersion, cor-
osion potential of ac-AZ91 specimen shifts towards positive
orrosion potential as compared to the ht-AZ91 specimen. 

Fig. 3 shows the Nyquist plots with high/medium-
requency capacitive loop and low frequency inductive loop
or ac-AZ91 and ht-AZ91 specimens which were immersed
t different time periods. Similarly, Fig. 4 depicts the Bode
odulus impedance plots of ac-AZ91 and ht-AZ91 speci-
ens after different times of immersion. The value of modZ

s logf → 0 refers to the resistance of substrate to corrosion.
ig. 5 represents the Bode phase plots of ac-AZ91 and
t-AZ91 specimens. It can be seen that ac-AZ91 specimen
hows minimum phase angle of −43.78 ° at frequency of
58.5 Hz at lower immersion time of 1.5 h; however minima
s shifted to lower frequency of 38.46 Hz after 25 h of
mmersion. Fig. 6 depicts the electrical equivalent circuit
odel which was used to derive the resistance and impedance

roperties of surface film developed during corrosion [22,23] .
s seen, Rs is defined as resistance of the Ringer’s solu-

ion. R f represents the resistance to charge transfer. C f film
apacitance indicates the level of film porosity, roughness,
hickness. R r defines the resistance to corrosion inside the
ores, whose value can be influenced by the precipitation of
table corrosion products. A constant phase element (CPE)
as incorporated to take into account of AC potential pertur-
ation during electrochemical modification of the substrates
n the present work. However, Li et al. [24] used a pure
apacitor instead of CPE. The major reason is that CPE
ives minimum error as compared to pure capacitor after
est fitting with experimental data in the present work.
he impedance of constant phase element is given by Z CPE 

 [C( jw ) α] −1 , where −1 ≤ α ≤1, α= −1 corresponds to in-
uctor and α = 1 corresponds to capacitor [25] . Fig. 7 shows
he total polarization resistance R p of equivalent circuit at
ow frequencies and it is inversely proportional to the 

The Ringer’s solution mainly comprised chloride (Cl −),
nd bicarbonates (HCO 3 

−)ions [26] . These ions can be cate-
orized into two main group’s namely (i) active ions which
ccelerate pitting corrosion and (ii) passive ions which may
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Fig. 2. Potentiodynamic polarization response of as-cast and homogenized AZ91 immersed in Ringers solution for different period of intervals. 

Fig. 3. Nyquist plots of as-cast and homogenized AZ91 immersed in Ringers solution for different period of intervals. 

Fig. 4. Bode impedance plots of as-cast and homogenized AZ91 immersed in Ringers solution for different period of intervals. 
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Fig. 5. Bode phase plots of as-cast and homogenized AZ91 immersed in Ringers solution for diff.erent period of intervals. 

Fig. 6. Equivalent circuit model for as-cast and homogenized AZ91 
Mg-alloy. 

 

 

 

d  

C  

c  

p  

o  

g  

i  

o  

t  

i  

d  

i  

M  

p  

g  

f  

c  

m  

t  

c  
inhibit pitting corrosion. As Cl − ions are very aggressive in
nature [27] , they accelerate the corrosion rate by convert-
ing the surface film of Mg(OH) 2 into MgCl 2 and easily get
Fig. 7. Correlation between polarization resistance and corrosion rate of (a) as-ca
different period of intervals. 
issolved in the Ringer’s solution. It is justifiable to consider
l- ions as active group of ions which tend to induce pitting
orrosion as reported in the literature. On the contrary, the
resence of HCO 3 

− ions can induce some level of passivity
n the corroded surface of Mg-alloys, and they belong to the
roup of passive ions [24] . Once the specimen is immersed
n Ringers solution, Mg(OH) 2 layers are expected to form
ver the magnesium substrates due to electro-chemical reac-
ions during the initial stages of corrosion [27] . Then, chloride
ons could attack these Mg(OH) 2 layers and increase the ten-
ency of dissolution especially at preferential sites such as
mpurities, and defect regimes in the matrix of primary α-

g phase. This dissolution process leads to the formation of
ores on the corroded surface. As time proceeds, each pore
rows in size and then coalescence of several pores tends to
orm bigger cavities. These cavities provide the path way for
hloride ions to further attack the α-Mg matrix which is al-
ost irresistible to the corrosive ions and eventually leading

o produce pitting corrosion. The magnesium also tends to
orrode by micro-galvanic corrosion mechanism owing to the
st and (b) homogenized Mg-alloys after immersion in Ringers solution for 
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Table 2 
Corrosion characteristics of investigated materials. 

Time 
(hours) 

Measurement 
technique 

E corr (V) Corrosion rate (mm y −1 ) 

ac-AZ91 ht-AZ91 ac-AZ91 ht-AZ91 

0 Potentiodynamic polarization −1.459 −1.435 262.7 ±12.1 71.28 ± 4.5 
1.5 −1.43 −1.460 85.62 ± 6.0 159.3 ±9.2 
5 −1.464 −1.51 120.3 ±10.9 383.4 ±28.8 
10 −1.48 −1.49 131.2 ±7.9 168.8 ±8.18 
25 −1.434 −1.47 51.79 ± 3.3 148.0 ±9.38 
24 Weight loss – – 80.0 ±4.16 168.1 ±10.0 
48 – – 96.0 ±8.75 260.0 ±11.6 
96 – – 92.0 ±6.72 340.0 ±28.22 
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xchange of these active and passive ions between magnesium
nd the secondary phases. The intensity of micro-galvanic
oupling may reduce in AZ91 Mg-alloy if the area fraction
f β-Mg 17 Al 12 secondary phase is minimized. Furthermore,
-Mg 17 Al 12 phase may act as corrosion barrier to pitting cor-

osion for the case of AZ91 Mg-alloy. The competition be-
ween these two different corrosion mechanisms (pitting and

icro-galvanic coupling) eventually determines the corrosion
ate of AZ91 Mg-alloy in the Ringer’s solution. This hypothe-
is can be considered valid as the size and intensity of deeper
its are varied all over the corroded surface domain of α-Mg
atrix as seen in ac-AZ91 and ht-AZ91 specimen (compare
ig. 9 (a) and (b)). 

Fig. 2 shows that cathodic part follows linear Tafel char-
cteristics and the slope of anodic part differs within scan
ntervals of the applied potential. At low potential regime,
t shows steeper slope indicating active behavior of corro-
ion, whereas, in the high potential regime, passivity was ob-
erved. The polarization characteristics were quantified and
ummarized in Table 2 . As shown in Fig. 2 (a) and (b), the
lope of anodic curve in the potential range closer to equi-
ibrium potential seems to be higher for ht-AZ91 than that
f ac-AZ91 specimen. It is also noticed that the corrosion
ates (at 24/25 h) measured with polarization technique and
eight loss method ( Table 2 ) were quiet different. Shi et al.

28] mentioned that the corrosion rate measured from Tafel
xtrapolation is usually less than the corrosion rate evaluated
y weight loss method. Such trend in corrosion rate seems
o be consistent with both of the as-cast and homogenized
Z91 Mg-alloys. The error in corrosion rates can be associ-

ted with two physical factors; (i) lower values of apparent
alence for Mg corrosion caused by the evolving hydrogen
as as mentioned by Shi et al. [20] and (ii) polarization of
g in chloride solutions may not be consistent with classical

afel behavior involving only one anodic and one cathodic
eaction as suggested by Song [29] . If β-phase acts as a pro-
oter for corrosion due to micro-galvanic coupling, then ht-
Z91 would have produced less corrosion rate than that in

c-AZ91 specimen with increased time of immersion; how-
ver, such case was not observed with increasing immersion
ime. This trend supports the fact that β-phase can act as an
ffective barrier to corrosion in die-cast AZ91 Mg-alloys as
eported in Ref [15] . 
Fig. 3 shows that the dynamic nature of Nyquist plot
oesn’t change for both the case of as-cast and heat treated
Z91 Mg-alloys; it is only the maximum radii of Nyquist

oop varies with increasing immersion time. This demon-
trates that both microstructures have similar corrosion mech-
nism but having the different corrosion rates. While the high
requency capacitive loop can be an indicator of the intensity
f charge transfer and film porosity, medium frequency ca-
acitive loop refers to the mass transfer of ions penetrating
cross the surface film [30–32] . The low frequency inductive
oop is associated with the relaxation process of charged ionic
pecies on the surface [30–32] . The low frequency inductive
ata points were neglected in the present work. It can also
e seen that Nyquist plot doesn’t coincide in the high fre-
uency region. This suggests that the resistance of solution
ad been modified because of the variation in pH of Ringer’s
olution [33] . As shown in Fig. 3 (a), the maximum radii of
he Nyquist plots for ac-AZ91 decreases up to 10 h and it
etained back to approximately similar radius of 1.5 h af-
er 25 h. This reduction in maximum radii of the curve is
ttributed to the dissolution of the surface film during the ini-
ial stage of corrosion from 1.5 to 10 h. The retaining of the
aximum radius at 25 h may be associated with increased

hickness/compactness of passive products developed in the
urface film. Xin et al. [34] mentioned that initial decrease
n the impedance value for Mg-alloy can be attributed to pit-
ing corrosion. It can be also seen that time for reduction of
mpedance value to the minimum indicates 10 h for as-cast
c-AZ91 specimen, whereas it is only of 5 h for the case of
t-AZ91 specimen. Such trend could be associated with the
elf-limiting behavior of corrosion film on Mg surface [8] . As
een in Fig. 3 , the trend in EIS spectra of AZ91 in Ringers
olution is somewhat deviated from earlier data reported by
osalbino et al. [ 35 ]. For instance, they noticed that diam-
ter of capacitance loop decreases when immersion time is
ncreased from 24 to 168 hr. However, they have not observed
ny precipitates of MgCO 3 or CaCO 3 during corrosion. This
eans that β-phase in AZ91 Mg-alloy itself is not sufficient to

esist biocorrosion; β-phase should form some kind of passive
recipitates in order to improve the biocorrosion performance
f AZ91 Mg-alloy for the longer duration. 

It is pertinent to mention that pH of test solution was not
aintained constant, and hence pH is expected to increase
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Table 3 
Comparative analysis on biocorrosion performance of AZ91 Mg-alloy. 

Immersion 
medium 

Immersion period 
(in hours) 

Corrosion rate 
(mm/y) 

References 

Ringers solution 24, 48, 96 80, 96. 92.0 Present work 
Ringers solution 24, 72, 168 12, 7, 5 Bharat et al . [ 40 ] 
SBF 120 0.56 Wen et al . [ 41 ] 
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abruptly due to high corrosion rates in the case of ht-AZ91.
It is reported that high pH stabilizes the MgOH 2 and other
passive products like carbonates [ 36 ]. Most importantly, the
oscillating trend of high and medium capacitive loops with
increasing immersion time is a clear indication of fluctuating
passive properties of the corrosion products formed during
corrosion. As expected, the modZ plot as seen in Fig. 4 ex-
hibits the similar trend with increased time of immersion akin
to Nyquist plot. As seen in Fig. 5 , the phase plots for ht-AZ91
exhibit similar behavior but with slightly lesser negative phase
angle values ( −26.1 ° at 251.2 Hz for 1.5 h and −39.08 ° at
79.41 Hz for 25 h). The negative phase angle grows quickly
in case of ac-AZ91 as compared to ht-AZ91. This happens
because of the higher rate of precipitation of stable passive
products formed on ac-AZ91 specimen. The values of Rp in
ac-AZ91 are found to be always superior to ht-AZ91 speci-
men as seen in Fig. 7 . Notice that Rp inversely scales with
corrosion rate of both the Mg-alloys. It is well known fact that
higher the polarization resistance, lower the corrosion rate as
mentioned in Refs [37–39] . It is interesting to observe that
the value of Rp for 10 h immersion is almost similar for both
as-cast and homogenized Mg-alloys. Furthermore, weight loss
measurements showed that the corrosion rate of ht-AZ91 is
significantly greater than that of ac-AZ91 samples irrespective
of the immersion time. The corrosion rate of ac-AZ91 speci-
mens almost reached quasi-steady state after 24 h of immer-
sion, whereas it increases monotonically with immersion time
for the case of ht-AZ91 specimen. In summary, results from
EIS spectra, polarization and mass loss measurements con-
firmed that ac-AZ91 with higher area fraction of β-secondary
phase (near about 20%) at grain boundaries of α-Mg matrix,
exhibits a better corrosion resistance as compared to ht-AZ91
having lesser area fraction of β-secondary phase (3–5%).
Table 3 shows the comparative analysis of biocorrosion per-
formance of AZ91 Mg-alloy from other published work [40,
41] . As shown in Table 3 , there is discrepancy in corrosion
rate of AZ91 Mg-alloy in Ringer solution between the present
study and data reported by Bharat et al. It is worthwhile here
to mention the fact that Bharat et al. used AZ91 specimen cut
from rolled sheet whereas the present study involves AZ91
specimen cut from cast ingot. Such discrepancy in corrosion
rate data may be associated with difference in spatial distri-
bution of β-phase between the rolled and as-cast AZ91 spec-
imen. It is also evident that corrosion rate of AZ91 in Ringer
solution is always greater than that of specimen immersed
in SBF solution. This could be attributed due to change in
pH value of the immersion medium. It is well known fact
that corrosion rate of a material increases significantly with
ecrease of the pH of the solution [42] . While the pH value
f Ringer’s solution at a temperature of 37 °C is 5.92, it is
.53 for SBF solution [43] . 

The magnified views of the corroded surface morphology
f underlying AZ91 Mg-alloy substrates after 1.5 h of immer-
ion are depicted in Fig. 8 . Notice that an interface between
athodic β-secondary phase and anodic α-Mg phase is prone
o severe corrosion in ac-AZ91 specimen owing to micro-
alvanic coupling. Besides micro-galvanic coupling, some of
he corrosion pits are also observed near the grain boundaries
f the α-Mg matrix as well as β-Mg 17 Al 12 phase due to ag-
ressive attack of chloride ions. Hence, it can be understood
hat during initial stages of corrosion especially at 1.5 h, cor-
osion rate in ac-AZ91 is governed by synergism between
icro-galvanic coupling and pitting corrosion. On the other

and, the evolution of deeper pores on the corroded surface of
t-AZ91 specimen confirmed that pitting corrosion is the only
ominant corrosion mechanism as shown in Fig. 8 (b). This
s because of the fact that anodic α-Mg phase has lesser area
raction of the cathodic counterpart ( β-Mg 17 Al 12 phase) to
orm any micro-galvanic coupling. The overall corroded sur-
ace morphologies of the as-cast and homogenized samples
fter 24 h of immersion in Ringer’s solution are illustrated in
ig. 9 . It is clearly evident that predominant corrosion mech-
nism for both Mg-alloys is essentially a pitting corrosion
eatured by the presence of deeper pits on their corroded sur-
aces. However, the intensity or severity of pits is found to be
ower in case of ac-AZ91 as compared to ht-AZ91 specimen
compare Fig. 9 (a) and (b)). 

Cao et al. [44] reported that the presence of pores in Mg–Si
lloy activated the corrosion process over the whole speci-
en. As shown in Fig. 9 (a), the size and intensity of corroded

its are smaller in ac-AZ91 specimen. This could be due to
he possibility of inhibiting pitting corrosion by β-Mg 17 Al 12 

hase. Furthermore, it can be observed that α-Mg phase is
egraded completely leaving behind a continuous network
f β-Mg 17 Al 12 phase in ac-AZ91 specimen as depicted in
ig. 10 (a). In contrast, the β-Mg 17 Al 12 phase is not preserved

n ht-AZ91 specimen because of the fact that it was not able
o prevent pitting corrosion owing to its lower area fraction as
een in Fig. 10 (b). XRD spectra show that ac-AZ91 specimen
mmersed at 5 h contains various peaks of β-phase ( Fig. 11 ).
his suggests two aspects namely (i) β-phase can be more

esistive to active ions and (ii) the passive surface film may
ot be subjected to 100% area coverage during the initial
tage of corrosion. The corrosion products such as Mg(OH) 2 ,
nd CaCO 3 , were also observed in 5 h of immersion. On
he other hand, only a few β-phase peaks were observed in
c-AZ91 specimen after 25 h of immersion. Such disappear-
nce of β-phase can be associated with the overshadowing of
-secondary phase by the developed passive surface film.
ong et al. [14] have suggested that undermining of β-phase
ould take place in as-cast AZ91 as corrosion proceeds and
hen the amount of β-secondary phase exposed to corrosion

edia can be reduced. Moreover, the corrosion products are
ainly composed of MgCO 3 and CaCO 3 precipitates for

c-AZ91 after exposed to 24 h of immersion. In homogenized
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Fig. 8. Corroded surface morphology of underlying AZ91 Mg-alloy substrates after 1.5 h of immersion in Ringers solution, (a): as-cast and (b): homogenized 
condition. 

Fig. 9. Corroded surface morphologies of AZ91 Mg-alloy after 24 h of immersion in Ringers solution, (a): as-cast and (b): homogenized condition. 

Fig. 10. Corroded surface morphology of underlying AZ91 Mg-alloy substrates after 25 h of immersion in Ringers solution, (a): as-cast and (b): homogenized 
condition. 
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Z91 Mg-alloy, the XRD peaks of CaCO 3 and Mg(OH) 2 
recipitates are also observed for 5 h case. When immersion
ime was increased to 25 h, ht-AZ91 exhibited a larger
umber of peaks of Mg(OH) 2 precipitates along with the
igh intensity of MgO precipitates. Hence, it was confirmed
hat the corrosion products are mainly composed of MgCO 3 ,
nd CaCO 3 compounds for ac-AZ91, whereas MgOH 2 is a
ominant corrosion product in the case of ht-AZ91. Since
recipitates of MgCO 3 and CaCO 3 compounds are consid-
rably more stable than Mg(OH) 2 precipitates, the passivity
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Fig. 11. XRD spectra of AZ91 Mg-alloy after immersion in Ringers solution 
for different period of intervals. 
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and Mr. Alaukik Saxena for their technical assistances in 
of surface film can be enhanced. Fig. 12 contrasts the dif-
ference in the surface morphological features of precipitates
formed in ac-AZ91 and ht-AZ91 specimen after 25 h of
immersion. It can be seen that the morphologies of MgCO 3 

and CaCO 3 precipitates show near spherical geometry with
fine sized particles in ac-AZ91 specimen, whereas Mg(OH) 2 
precipitates exhibiting irregular plate-like morphologies with
coarsened particles for the case of ht-AZ91 specimen. Li
et al. [24] reported that addition of bicarbonate in simulated
body fluid (SBF) inhibits the corrosion of Mg by developing
precipitates of calcium carbonates. That’s the main reason
how ac-AZ91 inhibits pitting corrosion significantly as
compared to ht-AZ91 specimen. 

In summary, the present experimental observation indicates
that although intermetallics of Mg 12 Al 17 degrades the biocor-
rosion performance of AZ91 alloy during initial short period
of time owing to micro-galvanic coupling, this secondary β-
phase (Mg 17 Al 12 ) aids in improving the biocorrosion perfor-
mance of AZ91 Mg-alloy for the prolonged period of time
through the formation of passive carbonate films. 
Fig. 12. Surface morphology of passive surface films in AZ91 Mg-alloy after 25 
AZ91 Mg-alloy. 
. Conclusion 

(1) Both as-cast and homogenized AZ91 Mg-alloy exhib-
ited the similar dynamic response of EIS spectra with
increased time of immersion (0 –25 h); however the
value of impedance and maximum phase angle were
about 50% higher in as-cast AZ91 Mg-alloy as com-
pared to homogenized AZ91 Mg-alloy. This may be
attributed due to the presence of larger area fraction of
β-Mg 17 Al 12 phase which acts as an effective barrier to
biocorrosion. 

(2) The biocorrosion behavior of as-cast AZ91 Mg-alloy
was governed by a synergetic contribution from micro-
galvanic coupling and pitting corrosion at lower immer-
sion time (0–10 h), whereas it is influenced by pitting
corrosion for a prolonged time of immersion (25–96 h).
The pitting corrosion was found to be the most domi-
nant corrosion mechanism for homogenized AZ91 Mg-
alloy irrespective of immersion time. 

(3) After immersion for 96 h in Ringer solution, corrosion
rate of as-cast AZ91 Mg-alloy is reduced by 72% as
compared to homogenized AZ91 Mg-alloy. This con-
firms that the corrosion products of as-cast AZ91 Mg-
alloy are more compact and protective than those on
homogenized AZ91 Mg-alloy. Bicarbonate based pre-
cipitates (MgCO 3 and CaCO 3 ) with near spherical mor-
phology were found to be more passive than hydroxide
(Mg(OH) 2 ) based precipitates with irregular plate-like
morphology. 

(4) The biocorrosion behavior of AZ91 Mg-alloy was cor-
related with area fraction of β-phase, polarization resis-
tance, and the passive nature of precipitates. One must
recognize the fact that T4 heat treatment was found to
be deleterious for the AZ91 Mg-alloy with regard to its
biocorrosion resistance for prolonged immersion time. 
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