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Abstract 

Benefits of RE addition on Mg alloys strength and corrosion resistance are widely reported but their effects on biodegradability and 
biocompatibility are still of concern. This paper investigates the effect of RE additions on biodegradability of Mg-Zn alloys under simulated 
physiological conditions. In this context, two commercial Mg-Zn-Zr-RE alloys, namely ZE41 and EZ33, with same RE addition but different 
concentrations are studied in Hank’s Balanced Salt Solution (HBSS) at 37 °C and with pH of 7.4. Weight-loss, hydrogen evolution, real-time in- 
situ drop test, electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization are deployed to study corrosion characteristics. 
The mechanical integrity of both alloys is assessed by mechanical testing post immersion. Furthermore, in vitro biocompatibility is evaluated 
by indirect cytotoxicity tests using NIH3T3 cells. Results reveal that although both alloys showed similar microstructure, size and distribution 
of precipitates played a significant role on its corrosion response. EIS and open circuit potential results show stable film formation on EZ33, 
while ZE41 showed passive layer formation followed by its deterioration, over the analyzed time period. Using real-time drop test, it was 
shown in ZE41 alloy that both T-phase and Zr-rich precipitates acted as micro cathodes, resulting in an unstable surface film. In EZ33, 
Zr-rich regions did not influence corrosion response, resulting in better corrosion resistance that was corroborated by post-immersion surface 
morphology investigations. The higher degradation observed in ZE41 alloy resulted in higher drop in flexural and tensile strength compared 
to EZ33 alloy. In addition, cytotoxicity tests on NIH3T3 cells revealed that cell viability of EZ33 increased with increasing incubation time, 
contrary to ZE41, owing to its lower biodegradation behavior and despite higher concentrations of REs. Present results show that an increase 
in RE concentration in EZ33, relative to ZE41, had a positive effect on corrosion rate that subsequently controlled alloy mechanical integrity 
and biocompatibility. 
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
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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. Introduction 

Load-bearing orthopedic implants are intended to assist
one healing process for a limited period of time. In this
egard, biodegradable implants can help eliminate the need
or subsequent removal surgery and avoid complications aris-
ng from long-term presence of implants in the human body.
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hese implants should have sufficient mechanical strength
o support bone healing process and timely corrode without
ausing any toxic effects after serving their purpose [ 1 , 2 ]. Fur-
hermore, the type, dosage and, release rate of ions and by-
roducts during temporary implant biodegradation influences
oxicity and may cause inflammation or even local anaphy-
axis [3] . Thus, understanding biodegradability (that is, cor-
osion response of implant material in physiological environ-
ent) and its impact on mechanical integrity and biocompat-

bility is fundamental to enable safe, clinical use of degrad-
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ble implants. Mg alloys have certain inherent characteristics
hich make them more attractive for biodegradable implant

pplications [4] , in comparison to Zn [5–7] and Fe-based al-
oys [8–10] . Mg alloy implants have been reported to promote
issue and bone growth when implanted as bone fixtures in
ivo, hence increasing implant stability [ 3 , 4 , 11 , 12 ]. However,
he corrosion rate of Mg alloys is much faster than what the
uman body can tolerate/absorb. In addition to the release
f corrosion by-products, hydrogen gas is produced during
orrosion of Mg and could lead to implant hydrogen em-
rittlement and surrounding soft tissue inflammation [ 13 , 14 ].
herefore, the main challenge hindering widespread adapta-

ion of Mg-based degradable implants remains to be their high
orrosion rate accompanied with profuse evolution of hydro-
en gas that results in premature loss of implant’s mechanical
ntegrity and may lead to cytotoxicity before complete bone
ealing [15–20] . 

The above challenges have been addressed through (i) de-
eloping new Mg alloys containing biocompatible alloying el-
ments [21–24] and (ii) investigating many existing Mg alloys
ith an aim to find the ones with slower corrosion rate [25–
3] . Multicomponent Mg alloys with additions of Zn, Zr, Ca,
g and rare earths (RE) among many others, have been con-

idered for biodegradable implant applications with promising
esults [4] . In such efforts, effective alloying and/or deforma-
ion processes have been pursued to achieve improvements
n strength, corrosion resistance and mitigation of hydrogen
as evolution. Previously reported work involved adding trace
mounts of Ca and Ag to Mg alloy ZK60 and investigating
he effect of severe plastic deformation through equal chan-
el angular pressing (ECAP) on mechanical and corrosion
roperties [29] . Although ECAP succeeded in improving ul-
imate tensile strengths of ZK60, grain refinement increased

icro-galvanic corrosion between the secondary phases and
atrix, specifically within the shear zones, and resulted in an

ccelerated corrosion response [29] . Furthermore, Mg alloys
ith higher contents of alloying elements have been explored
ith the aim to design secondary phases or precipitates that

re anodic to the alloy matrix to increase the corrosion resis-
ance [34–36] . But in case of Mg alloys, almost all known
econdary phases or precipitates (except Mg 2 Ca) are cathodic
o the Mg-rich matrix and lead to the formation of micro-
alvanic couples that deteriorates the corrosion performance
 1 , 37–40 ]. 

Existing Mg alloys designed for structural applications
ith simpler binary or ternary systems have also been ex-

ensively investigated in order to uncover fundamental aspects
nd challenges associated with biodegradability [41–44] . Sev-
ral studies on biodegradable Mg-RE implants have reported
romising results such as decreased degradation rates and en-
ancement of new bone formation [ 4 , 42 , 45 , 46 ]. REs (mis-
hmetal) are added to Mg to increase mechanical strength,
reep resistance and corrosion resistance for use in the trans-
ortation industry [ 43,46–48 , [ 48 ]. Comparison of mechan-
cal properties of different binary Mg alloy systems found
hat Mg-RE alloys displayed the highest strength and elon-
ation compared with other binary Mg alloy systems [4] . Zn
s another important alloying component that has well es-
ablished biocompatibility in the human body and is well-
nown for its strengthening effect on Mg. Binary Mg-Zn
lloys possess improved in vitro and in vivo corrosion re-
istance, and it has been shown that Zn-rich alloys formed
inimal hydrogen gas [49–51] . Zr is well known for its

xcellent grain refinement capabilities and, when added to
g, helps improve mechanical strength and corrosion resis-

ance [ 39 , 52 , 53 ]. Specifically, Mg-Zn-RE alloy system is re-
orted to have superior mechanical properties and corrosion
esistance [54–57] . 

Orthopedic implants are subjected to different loading con-
itions (tension, compression, bending, torsion, etc., often
ulti-axial), that can be repetitive, so evaluating their me-

hanical integrity is crucial [20] . Corrosion-driven phenom-
na such as stress corrosion cracking, corrosion fatigue, pit-
ing, and hydrogen embrittlement in physiological environ-

ents can pose significant limitations. A sudden implant fail-
re may pose serious danger to patients’ health and necessi-
ate emergency removal and reimplantation surgeries. Mg al-
oys have been characterized for in-vitro mechanical integrity
y performing mechanical characterization on pre-immersed
r in-situ specimens [ 19 , 58–61 ]. For example, mechanical in-
egrity of Mg-6 Zn alloy was evaluated by performing flex-
ral tests on specimens immersed in physiological saline
0.9 wt.% NaCl) solution [49] . Corrosion rate was evaluated
sing weight loss method, and flexural testing on immersed
pecimens showed 40% decrease in flexural strength after
0% weight loss i.e., significant deterioration of mechanical
ntegrity. An initial rapid reduction in flexural strength was
bserved owing to surface defects (corrosion pits), followed
y stable decrease attributed to formation of protective oxide
ayer. 

The other important aspect which is directly influenced
y biodegradation kinetics is the biocompatibility of an al-
oy. Material biocompatibility depends on three main factors:
a) innate toxicity due to its composition, (b) extent of its
bsorption in the host environment linked to the release rate
f its ions and corrosion byproducts, and (c) host environ-
ent’s ability to either eliminate or transform released species

nto less harmful substances [1] . Among these factors, under-
tanding the impact of alloy chemistry and its overall corro-
ion rate on biocompatibility (normally established by cyto-
oxicity studies) are essential from a biodegradable alloy de-
ign standpoint. Interestingly, RE elements are found in most
f the patented Mg-alloys for biodegradable implant applica-
ions [61–66] , and Mg-RE alloy based (WE43) cardiovascular
tents have already entered the market [ 26 , 45 , 67 , 68 ]. How-
ver, study on in vivo administration of RE elements to rat
nimal model has shown retention of these elements in differ-
nt organs, causing multiple complications [ 69 , 70 ]. It should
e noted that these results are caused by exposure to high
oses of REs. Therefore, a controlled release of these ele-
ents in the human body still requires further investigation,

o be able to balance the mechanical and corrosion enhance-
ent due to RE addition to Mg alloys while maintaining cy-

ocompatibility. 
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Table 1 
Nominal composition of ZE41A and EZ33A alloys in T5 condition (wt.%.). 

Alloy Zn Zr Ce La Nd Mn other Mg 

ZE41A 4.16 0.71 0.41 0.12 0.11 0.01 0.03 max Bal. 
EZ33A 2.66 1.32 1.16 0.47 0.26 0.01 0.03 max Bal. 
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In summary, there is strong evidence of improved mechan-
cal and corrosion response of RE containing Mg alloys. But
o justify the use of expensive REs as alloying components
or temporary implant materials, their biodegradability and,
s a consequence, mechanical integrity and biocompatibility
eeds to be further explored. The deterioration in their me-
hanical properties post-exposure as a function of time needs
o be systematically studied to understand synergistic effect of
icrostructural changes on mechanical properties that occur

ue to exposure to corrosion medium. Therefore, the primary
im of this paper is to understand the effect of RE additions
Ce, La and Nd) on corrosion characteristics of Mg-Zn-Zr-RE
lloys, known for their homogeneous, fine-grained microstruc-
ure with moderate strength and ductility. Two commercially
vailable alloys in artificially aged T5 condition were selected
s model materials, namely ZE41 and EZ33, with similar al-
oying components added in different concentrations. Weight-
oss, hydrogen evolution, and electrochemical techniques were
eployed to evaluate the corrosion response and the processes
ccurring at the electrode/electrolyte interface and the alloy
urface, under simulated physiological environment. Later, the
ffect of corrosion on their mechanical integrity and biocom-
atibility is studied by mechanical testing on immersed ma-
erials and indirect biocompatibility testing on alloy extracts.
he responses of these two Mg-RE alloys are then compared
nd contrasted, and mechanisms for the differences in these
wo alloys discussed in detail. 

. Materials and methods 

Commercial as-cast plates of ZE41A and EZ33A alloys
eat treated at T5 condition (as-cast followed by artificial ag-
ng) are investigated in this study. The nominal compositions
f the two alloys are shown in Table 1 . Samples of required
imensions were cut from the plates using electrical discharge
achining (EDM) and used for the various characterization

xperiments. Note that throughout the manuscript the two al-
oys in T5 temper condition is referred to as-received-T5. 

.1. Microstructure characterization 

To investigate the microstructures, disk-shaped samples
ere mounted in epoxy resin and mechanically ground up to
200 grit followed by polishing using 3 μm diamond suspen-
ion. Microstructures of various samples were characterized
sing FEI Quanta 400 scanning electron microscope (SEM)
ith backscatter electron (BSE) imaging and Energy Disper-

ive X-ray spectroscopy (EDX) operated at 25 KeV. To ana-
yze the grain size, samples were etched using acetic picral
olution made up of 10 ml acetic acid, 4.2 g picric acid, 70 ml
thanol and 10 ml distilled water. Image J software was used
o conduct grain size analysis for each alloy where more than
0 grain diameters were measured and averaged using optical
icrographs. 

.2. Immersion tests 

Weight loss and hydrogen evolution tests were carried out
imultaneously following the protocol described by Shi et al.
71] in Hank’s Balanced Salt Solution (HBSS) at 37 ± 1 °C
ith at least two duplicates. Prior to mounting in epoxy, the

ides of the EDM-machined, disk shaped samples with ∼ 1.7
m 

2 cross-sectional area were grinded up to 1200 grit to avoid
revice corrosion and ultrasonically cleaned in ethanol. The
pecimens were then cold mounted, and the exposed surfaces
ere grinded and polished using 3 μm diamond suspensions
efore being cleaned again in ethanol in an ultrasonic bath.
n epoxy mount of exact dimensions to the mounted samples
as prepared to serve as a reference and used to exclude any

nfluences in weight due to the mount. 
Beakers filled with HBSS were placed in a warm water

ath before starting the experiments to maintain the temper-
ture at 37 °C. Each alloy specimen was suspended under
n inverted funnel inserted inside each of the beakers with
 burette fixed on top and filled with the electrolyte to col-
ect the evolved hydrogen gas. The pH of the solution was

onitored and controlled at 7.4 ± 0.1 using BlueLab pH con-
roller which was set to measure the pH every minute and ap-
roximately buffer the solution using a 0.1 M HEPES [4-(2-
ydroxyethyl)-1-piperazineethanesulfonic acid] buffering so-
ution. The beakers were covered with parafilm to minimize
vaporation and the water bath level was monitored daily to
nsure there was sufficient water surrounding the beakers.
he volume of hydrogen evolution was measured visually as
 function of immersion time by recording the decrease in
olution level inside the burette. Measurements were taken
ourly for the first 8 h and then daily up to 7 days. At the
nd of each experiment, specimens were cleaned in 20 wt.%
rO 3 and 1 wt.% AgNO 3 to remove corrosion products, then
ashed with distilled water and dried in air before being
eighed. Weight loss measurements and surface morphology
EM analysis were carried out on corroded specimens after
, 4 and 7 days after the removal of corrosion products. 

Corrosion rates determined from hydrogen evolution tests
 CR H 

) were calculated in mm/yr using the following equation
71] : 

 R H 

= 

2. 279 . V H 

A 

(
c m 

2 
)

. t ( days ) 
(1)

here V H 

is the volume of evolved hydrogen as measured
rom the burette (ml), A is the exposed surface area and t
s the time. The corrosion rates from weight loss ( CR WL ) in
m/yr was evaluated using [72] : 

 R W L = 

8760 . mass loss ( g ) 

A 

(
m m 

2 
)

. t ( h ) . ρ
( g 

m m 

3 

) (2)

here A is the exposed surface area, t is the time and ρ is
he density of the alloy. 



M. AbdelGawad, C.A. Usman, V.C. Shunmugasamy et al. / Journal of Magnesium and Alloys 10 (2022) 1542–1572 1545 

Fig. 1. BSE micrographs of as-received (a, b) ZE41 and (c, d) EZ33 in T5 condition. Intergranular T-phases are indicated by the blue arrows and the 
intermetallic particles within the halo-shaped regions in the grain interior are shown by the red arrows. The average grain size was found to be ∼ 40 μm for 
both alloys while the volume fraction of precipitates was 4.96% and 7.09% in ZE41 and EZ33, respectively. 
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.3. Electrochemical characterization 

The electrochemical behavior of ZE41 and EZ33 were per-
ormed using Gamry series G 300 

TM Potentiostat at 37 ± 1 °C
n HBSS using a Gamry MultiPort TM corrosion cell with a
ypical three-electrode setup. The cell consisted of a graphite
ounter electrode, an Ag/AgCl reference electrode and the
g alloy specimen encapsulated in epoxy resin with an ex-

osed area of 1 cm 

2 . The volume of HBSS was maintained
t 800 ml and specimens used were of the same size as the
amples used in the immersion tests and were prepared using
he same procedure. 

Electrochemical Impedance Spectroscopy (EIS) was con-
ucted every hour for a total of 9.5 h (570 mins). Since buffer-
ng was not possible during EIS, the pH was not maintained,
nd the testing time was kept below 24 h (i.e. 9.5 h) to min-
mize the increase in pH. The pH was monitored throughout
he test period and was found to fluctuate between 6.5 and 8.
he minimal change in pH was attributed to the large ratio of
olution to exposed area and since the passivity of Mg occurs
t a pH above 10.4 [73] , it was reasonable to compare the EIS
esults post 8 h of immersion with the buffered 8 h hydrogen
volution or weight loss tests. EIS testing was initiated after
0 mins of immersion to ensure the temperature was stabi-
ized at 37 °C. At each time point, Open Circuit Potential
OCP) was conducted first, followed by EIS which was per-
ormed by sweeping the frequency from 10 

5 to 10 

−2 Hz at
0 mV amplitude of sinusoidal potential signals with respect
o open circuit potential (OCP). Potentiodynamic polarization
PD) was measured by scanning the electrodes from −2.0 to
 1.5 V vs. E OCP with a scan rate of 1 mV/s and it was per-

ormed at the end of the test. Two duplicates were used for
ach alloy. 
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Fig. 2. EDS spectra obtained by point and line scans for (a, b) ZE41 and (c, d) EZ33, respectively. The point scans were carried out on α-Mg matrix (marked 
1), T-phase (marked 2) and intermetallic particle within halo-shaped regions (marked 3) while the line scans represent the variation of elements throughout 
the microstructure. 
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Fig. 3. Average corrosion rate of ZE41 and EZ33 immersed in HBSS at 
37 ± 1 °C, obtained from hydrogen evolution. Hourly readings were taken 
for the first 8 h and then daily readings were taken up to 7 days. Dotted 
lines represent the average corrosion rates for each alloy. Inset shows same 
data but for the first 15 h. 
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.4. Drop test 

The two alloys in T5 condition were subjected to in-situ
orrosion tests also known as drop test, by wetting the ex-
osed 1 cm 

2 polished surface with 3.5% NaCl and moni-
oring the samples in real time using an optical microscope.
his test was mainly aimed at capturing the effect of different
icrostructural features on corrosion front evolution, propaga-

ion and micro-galvanic effects. The test lasted for total time
eriod of 420 mins and solution on the specimen surface was
efreshed every 10 mins. 

.5. Mechanical testing 

To evaluate the mechanical properties of the as-received
lloys in T5 condition, uniaxial tension and compression
ests were conducted using an electromechanical MTS In-
ight 30 kN machine at an initial strain rate of 10 

−3 /s at
7 °C using a three-zone furnace [74] . Tensile specimens had
 gage length of 11 mm and a cross-sectional area of ap-
rox. 8.5 mm 

2 . Compression specimens were cylindrical with
 mm diameter and about 5.5 mm height. Both tests were
onducted in triplicates. To evaluate the mechanical integrity
f both alloys, post-immersion mechanical tests were carried
ut on the ZE41 and EZ33 specimens after being immersed
n HBSS at 37 °C for different durations. 3-point bend tests
ere performed on as-received and post-immersion samples

fter being immersed for 1, 4 and 7 days. Specimens had
 span length of 30 mm and width and thickness of about
.5 mm and 3 mm, respectively, and were prepared following
he same protocol described earlier for microstructure analysis
rior to immersion. After immersion, corrosion products were
emoved using the same cleaning procedure and three-point
ending was performed at a constant crosshead displacement
f 5 mm/min. Flexure stress ( σ f ) and strain ( εf ) were cal-
ulated from load-displacement curves using the following
quations: 

f = 

3 P L 

2b d 

2 
(3) 

 f = 

6 Dd 

L 

2 
(4) 

here P is the applied load, L is the span length, D is the
aximum deflection at the center of the specimen and b and
 are the width and thickness of the specimen, respectively.
lexure tests were repeated at least once to verify the validity
f the results. Post-immersion tensile testing was also per-
ormed to corroborate the results obtained through bending
ests. Tensile specimens of similar dimensions were grinded
nd polished and immersed in HBSS maintained at 37 °C
or 7 days. Post-immersion tensile tests were carried out at
he same testing conditions prior to immersion and the results
ere compared to tensile properties of the as-received sam-
les. In addition, Vickers microhardness measurements on the
s-received and immersed alloy samples were taken at room
emperature using 50 gf load and 15 s dwell time. In order
o establish an understanding on the evolution of mechan-
cal integrity, post-immersion flexural and tensile properties
ere evaluated using the original cross-sectional area of the

est specimens, which is consistent with existing literature
 19 , 30 , 75 ] and discussed further in Section 3.3 . 

.6. Cytotoxicity characterization 

Indirect MTT (methylthiazolyldiphenyl-tetrazolium bro-
ide) assay was used to evaluate the cytotoxicity of ZE41

nd EZ33 based on the ISO-10,993–5 [76] . A mouse em-
ryonic fibroblasts cell line (NIH3T3) was used in the ex-
eriments. The cells were maintained in controlled humidity
ncubator with 5% CO 2 at 37 °C in suitable culture medium.
he culture medium consisted of Dulbecco’s Modified Ea-
le’s Medium (DMEM) supplemented with 10% fetal bovine
erum (FBS), 100 units/ml penicillin and 100 μg/ml strep-
omycin. The control group consisted of the same DMEM
ulture medium, without metal extracts, for a negative con-
rol. In this study, 10 mg alloy samples in powdered form
ere soaked in 10 ml of 10% FBS supplemented DMEM giv-

ng an initial metal to medium concertation of 1000 μg/ml.
ote the Mg alloys were exposed to the cell culture media

n powdered form to maximize the surface area to extraction
edium ratio. Later the extraction medium with metal pow-

ers was incubated in a humidified atmosphere at 37 °C for
- or 8-days. Then their solution was centrifuged at 1500 rpm
or 5 min and then extracted yielding the supernatant fluid or
he extracted mediums. 

The cells were seeded in a 96-well plate with 10% FBS
upplemented DMEM (100 μl/well) and the well was main-
ained under controlled conditions for 24 hrs and then exposed
o the extracted mediums for 24, 48 and 72 hrs to allow
ell attachment. Loss of cell viability was measured using the
TT assay, where 20 μl of MTT was added to each well and

amples were incubated for 3 h at 37 °C. Each well was sup-
lemented with DMSO (100 μl/well) as a stop solution and
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Fig. 4. SEM images showing the changes in the surface morphology of ZE41 due to corrosion after different immersion times in HBSS at 37 ± 1 °C, 
corrosion product removed. (a) and (b) immersion for 1 day; (c) and (d) immersion for 4 days; (e) and (f) immersion for 7 days. Red arrows show unaffected 
Zr-rich halo-shaped regions around the intermetallic particles while the red circled area in (d) shows where grains have fallen off. 
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Fig. 5. SEM images showing the changes in the surface morphology of EZ33 due to corrosion after different immersion times in HBSS at 37 ± 1 °C, 
corrosion product removed (a) and (b) immersion for 1 day; (c) and (d) immersion for 4 days; (e) and (f) immersion for 7 days. Red arrows show unaffected 
Zr-rich halo-shaped regions around the intermetallic particles. The red circled areas show intergranular corrosion in (a) and regions where grains have fallen 
off in (e). 
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Fig. 6. Evolution of open circuit potential of ZE41 and EZ33 Mg alloys 
during 570 mins of immersion in HBSS maintained at 37 ± 1 °C. 
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ncubated for 20 mins before being photometrically quantified
t an absorption wavelength of 570 nm to acquire the optical
ensity (OD). The cell viability for each case was calculated
s a percentage of the OD of a particular sample versus the
D of the negative control. Note that three realizations were
erformed for each test condition. The data from cytotoxicity
ests were expressed in terms of average values ± standard
eviation. The statistical analysis was also performed using
rism 5 software (GraphPad, US) where unpaired two-tailed
 -test was used to compare the difference in optical density
etween the controls and alloy test solution. The differences
ere considered statistically significant if the p -value was <
.05. 

. Results 

.1. Microstructure 

The Backscattered electron (BSE) images in Fig. 1 present
he microstructures of ZE41 (a, b) and EZ33 (c, d), respec-
ively. The low-magnification images in (a) and (c) are repre-
entative of the overall microstructure where the Mg matrix
nd secondary phases around the grain boundary can be easily
bserved. Since both ZE41 and EZ33 are from the same alloy
roup, their microstructures show similar features. Three main
icrostructural features similar in both alloys include: α-Mg
atrix with equiaxed grains of ∼ 40 μm; small Zr-rich in-

ermetallic particles distributed within the grain interior, and
utectic T-phase distributed (blue arrows) in a semi contin-
ous manner along the grain boundaries [77] . Furthermore,
ight-colored halo-shaped zones (red arrows) formed around
he Zr-rich intermetallic particles within the grain interior are
lso observed in both alloys. Similar results were reported for
E41 with T5 condition by Neil et al. in which the T-phase
rimarily formed at the grain boundaries and Zr-rich inter-
etallic particles were found inside the grains surrounded

y a light contrast zone [77] . During solidification of Zr-
ontaining Mg alloys, Zr-rich cores nucleate first due to peri-
ectic solidification around which Mg solidifies resulting in
he formation of these lightly colored zones within the grains
s well as a more refined, homogenous microstructure [78] .
he main distinguishing microstructural features between the

wo alloys are the morphology and distribution of both T-
hase and Zr-rich precipitates. As can be seen by comparing
ig. 1 (b) and (d), T-phase in EZ33 is relatively thicker due

o its higher wt.% fraction of REs, more continuous and in-
erconnected and has a higher volume fraction (7.09% versus
.96% in ZE41). 

The T-phase in Mg-Zn-RE alloy system has been observed
o exhibit varying composition based on the alloy composition
 77 , 79–81 ]. The T-phase composition in ZE41 is Mg 7 Zn 3 RE
 77 , 82–84 ] while in EZ33, the secondary phase is reported as
E(Mg, Zn) 11 [ 79 , 85 , 86 ]. The results of EDX point and line
nalyses carried out on both alloys are shown in Fig. 2 (a)
hrough (d). EDX results indicate that the REs are primar-
ly located within the T-phase and not found within the grain
nterior. It was found that the small intermetallic particles
nd the halo-shaped regions around them are Zr-rich which
s consistent with previous reports [ 77 , 84 , 87 ]. Another im-
ortant finding revealed by EDX line scan is that the concen-
ration of Zr starts to increase throughout these halo-shaped
egions and reaches its maximum at the intermetallic parti-
les; while it decreases significantly when scan is translated
owards the edges of the grain [77] ( Fig. 2 ). The SEM im-
ges and EDS line scan analysis show that the Zr-rich pre-
ipitates are more concentrated in ZE41 compared to EZ33
lloy (comparing Fig. 1 (c) and (d) also comparing Fig. 2 (b)
nd (d)). Coincidentally, in case of Mg, a drop in concentra-
ion was witnessed at the grain boundaries and at the Zr-rich
alo-regions, although these regions are located within the α-
g matrix. These compositional gradients play an important

ole in the corrosion behavior of these particular zones, as
iscussed later. 

.2. Corrosion behavior 

.2.1. Hydrogen evolution 

Figure 3 presents the average corrosion rate in mm/yr of
E41 and EZ33 obtained by hydrogen evolution as a func-

ion of immersion time. Hydrogen evolution samples were im-
ersed for a total of 7 days. Hourly readings were recorded

or the first 8 h and then daily readings were recorded. This
as done to capture the corrosion response during short as
ell as extended immersion times. In ZE41, there was an

ncubation period where corrosion rates were initially low
uring the first few hours, followed by a sharp increase.
n contrast, the response for EZ33 demonstrated a signifi-
ant increase in the corrosion rate for short immersion times
ollowed by a slow decrease. Nevertheless, both alloys ap-
roached a near steady state behavior after 24 h with little
ariation in corrosion rate thereafter. Overall, corrosion rate
f ZE41 was higher than EZ33 with an average value of
2.9 ± 1.3 mm/yr compared to 3.6 ± 0.7 mm/yr for EZ33.
owever, it is important to note that during the initial incu-



M. AbdelGawad, C.A. Usman, V.C. Shunmugasamy et al. / Journal of Magnesium and Alloys 10 (2022) 1542–1572 1551 

Fig. 7. Evolution of (a, b) Nyquist plots and (c, d) Bode plots (phase angle) during 570 min of immersion in HBSS maintained at 37 ± 1 °C. (a, c) and (b, 
d) correspond to ZE41 and EZ33 Mg alloys, respectively. (e) Equivalent circuit used for the fitting the EIS data of both ZE41 and EZ33 Mg alloys obtained 
during 570 mins of immersion in HBSS maintained at 37 ± 1 °C. 
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ation period for ZE41, the corrosion rate was lower com-
ared to the sharp increase in corrosion rate witnessed in
Z33 at the start of immersion experiments before approach-

ng a steady state and this in turn had a direct effect on
he corrosion morphology described later. Corrosion rates for
oth alloys were also determined using weight loss to vali-
ate the rates obtained through hydrogen evolution. Weight
oss measurements were taken after 1, 4 and 7 days and the
espective average rates obtained at the end of the 7th day
ere 13.7 ± 0.5 mm/yr for ZE41 and 5.0 ± 1.4 mm/yr

or EZ33 which are close to the data obtained via hydro-
en evolution analysis. These findings are consistent with the
orphological changes observed in the microstructure of the
mmersed samples of the two alloys shown in Fig. 4 and
ig. 5 . 

.2.2. Corrosion morphology 
Figure 4 and Fig. 5 present SEM images of ZE41 and

Z33 samples after immersion for different durations follow-
ng removal of corrosion products. Fig. 4 (a) and (b) show
he surface morphology of ZE41 after 1 day of immersion
here the hydrogen evolution rate was the lowest in com-
arison to EZ33. Corrosion was predominantly uniform with
ttack initiating around the secondary T-phases close to the
rain boundaries, as can be seen in higher magnification,
hile the grains’ interior remains unaffected ( Fig. 4 (b)). Since
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Fig. 8. (a) Nyquist and (b) Bode plots (phase angle) for ZE41 and EZ33 Mg 
alloys after 10 and 570 mins of immersion in HBSS maintained at 37 ± 1 °C. 
These plots capture the progression of corrosion behavior of each alloy as 
immersion time increases. 
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Fig. 9. (a) Evolution of polarization resistance (Rp) vs. time of ZE41 
and EZ33 throughout the 570 mins of immersion in HBSS maintained at 
37 ± 1 °C. (b) Potentiodynamic polarization curves of ZE41 and EZ33 ob- 
tained after 570 mins of immersion in HBSS maintained at 37 ± 1 °C. 
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a  
he T-phase precipitates were predominantly along the grain
oundaries, the corrosion occurred intergranular across the
rains. Long, empty valleys surrounding the grains indicate
he trenching and eventual falling off, of the T-phases along
hese regions. Following the dissolution around the T-phase
recipitate, dissolution also occurred in the grains with Zr-
ich particles acting as cathodes. This can be observed in the
 day immersed ZE41 specimen, where aggravated localized
ttack were observed in the middle of grains, as shown in
igure 4 (c and d). The voids resulting from the precipi-

ate loss and further corrosion attack leads to detachment of
rains. By the end of the immersion period (7 day), top sur-
ace layers of grains have detached, exposing a fresh layer of
rains underneath with signs of mild corrosion already com-
encing ( Fig. 4 (e)). 
By comparison, the progression of corrosion in EZ33

s presented in Fig. 5 . Similar to ZE41, preferential cor-
osion attack is witnessed around the T-phase after 1 day
f immersion ( Fig. 5 (a)). The SEM images show evidence
f matrix corrosion along the grain boundaries close to the
econdary phase network, as shown in Fig. 5 (b). The SEM
icrographs also indicate that the initial attack on EZ33 is
ore pronounced compared to ZE41 (comparing Fig. 5 (a)
ith Fig. 4 (a)). Fig. 5 (c) and (d) show the surface of EZ33 af-

er 4 days of immersion where the attack on the matrix is now
ore apparent, however the interior of the grains is generally
ore intact. The Zr-rich regions are also evident in EZ33

nd experience minimal attack, as shown by the red arrows
n Fig. 5 (c). At the end of the immersion period, the immedi-
te surrounding of the intergranular T-phase has experienced
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Fig. 10. Evolution of (a) Double layer capacitance (Cdl) vs. time and (b) Film capacitance (Cf) vs. time of ZE41 and EZ33 alloys, during 570 mins of 
immersion in HBSS maintained at 37 ± 1 °C. Here, CPE and C represent the capacitances of the corrosion product layer formed on the surface and the 
double layer of the metal surface, respectively. 
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nodic dissolution resulting in trenching and falling of pre-
ipitates along with separation of the grains ( Fig. 5 (e and f)).

Overall, the degree of surface damage increased as immer-
ion time of both alloys progressed. Localized corrosion had
pread intergranularly throughout ZE41 causing large patches
f grains to fall off. Similar features were witnessed in EZ33;
owever, the severity of corrosion was considerably lower and
ccurred at a later stage to what was witnessed in ZE41. More
recisely, after 7 days of immersion, it was observed that
he initial layer of grains in EZ33 was still intact ( Fig. 5 (e)
nd (f)) compared to ZE41 where the first layer of grains
ompletely disintegrated, revealing a new layer of grains un-
erneath ( Fig. 4 (e) and (f)). Overall, the corrosion in EZ33
ppeared more uniform in nature when compared to ZE41. 

.2.3. Electrochemical measurements 
Figure 6 presents the evolution of OCP for ZE41 and EZ33

uring 570 mins of immersion in HBSS at a temperature of
7 °C. Each measurement point was taken as an average of
otentials recorded for a particular immersion time. Through-
ut the total period of immersion, EZ33 maintained a more
ositive OCP than ZE41 with a difference in corrosion po-
ential of about 50 mV by the end of the 570 mins. The OCP
f EZ33 started at ∼ −1625 mV and reached a value of ∼
1550 mV, hence a difference of ∼75 mV was recorded. On

he other hand, ZE41 exhibited a large change in OCPs where
t started from ∼ −1800 mV and stabilized at ∼ −1630 mV
fter ∼330 mins of exposure. The significant difference in
he intrinsic OCPs at the onset of immersion indicates dif-
erent surface reactivity of the two metallic surfaces which
grees with the observations made on the microscopic level
fter immersion testing in vitro. The OCP of EZ33 showed
 rapid rate of increase in the initial hour of exposure but it
teadily increased thereafter at a constant rate. Comparatively,
he OCP of ZE41 increased more rapidly and continued to
ise throughout the exposure period of 300 mins before being
tabilized. The trend observed for EZ33 OCP suggests that it
s continuing to increase while there is an apparent decrease
n the OCP for ZE41. This serves as an indication of how
he corrosion resistance of these two alloys may vary as time
rogresses during immersion. 

The EIS data for the two alloys in HBSS at 37 °C are pre-
ented as Nyquist and Bode plots in Fig. 7 (a-d), while the
roposed equivalent circuit model for fitting the EIS data is
resented in Fig. 7 (e). Furthermore, Nyquist and Bode phase
ngle plots after 10 mins and 570 mins are plotted simulta-
eously in Fig. 8 to present differences between short and
xtended immersion times. In general, the Nyquist plot of
oth alloys show two capacitive loops at high and interme-
iate frequency ranges which are typical of a Mg alloy cor-
osion [88] , and an inductive loop at a low frequency range.
he phase angle plots confirmed similar behavior where the
hase angle approached zero at very high frequencies, while
t was approximately −60 ° at intermediate frequencies and
pproached positive values at the lower frequency range. In
ase of ZE41, the EIS spectra displayed larger diameter ca-
acitive loops at higher and intermediate frequency ranges up
o 320 mins when compared to EZ33, indicating better cor-
osion resistance. After 320 mins of immersion, the Nyquist
rofile of ZE41 showed a significant decrease in diameter for
80 and 570 mins exposure times suggesting a degraded sur-
ace layer while the capacitive loop in EZ33 continued to
ncrease proving a more stable surface layer. 

The trend in the Bode plots of ZE41 was consistent with
he Nyquist profile where decreased phase angles at low
 ∼40 Hz to ∼40 mHz) and intermediate frequency ranges
ere observed up to 320 min. However, after 320 min, an

ncrease in phase angle was noticed where the phase angle at
40 Hz, for example, shifted from ∼ −65 ° (10 min) to ∼
55 ° (570 min). Nyquist plots for EZ33, however, demon-

trated capacitive loops of progressively increasing diameters
hroughout the test duration. This was also reflected in the
ode plots where the phase angle decreased by ∼ 5 ° from
0 min to 570 min exposure time at the lower frequency range
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Fig. 11. Representative tensile stress strain curves of (a) ZE41 and (b) EZ33 at different immersion times (1 day, 4 days and 7 days) in HBSS at 37 ± 1 °C 

compared to as-received material in T5 heat treatment condition (AR-T5). The inset bar graph in (a) and (b) presents the evolution of Vickers microhardness 
of the alloys after exposure to HBSS for different time intervals. (c) and (d) represent flexural stress-strain curves from 3-point bend tests of ZE41 and EZ33, 
respectively. The 3-point bend tests were performed at an initial strain rate of 5 mm/min. 
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 Fig. 7 (c, d)). However, at intermediate and high frequency
anges i.e., at ∼40 Hz and above, the mixed capacitive and
esistive behaviors ( ∼ −65 °) did not show any major change.

An equivalent electrical circuit was developed in this study
o model the EIS data for all immersion durations ( Fig. 7 (e)).

hile developing the model circuit, the high frequency re-
ion was attributed to metal characteristics whereas the low
requency region referred to the properties of corrosion prod-
cts. Zakiyuddin et al. used an identical approach to explain
he corrosion response of Mg–Ca based alloys [89] . The pro-
osed circuit was able to model the EIS behavior of both
lloys and is comprised of a series combination of constant
hase element (CPE) ‖ resistor (R 1 ) and capacitor (C) ‖ resis-
or (R 2 ) ‖ inductor (L) and inductance resistance (R L ), where
‖ ” indicates parallel. In this model, CPE and R 1 account for

he double layer capacitance, Cdl (calculated from CPE) and
he charge transfer of the metal surface, whereas C f and R 2 
re the corrosion product layer/film formed on the surface,
espectively. The Cdl was calculated from CPE coefficient
 dl and exponent, n, using Cdl = Y dl × ( ω 

′ ′ 
) (1 − n ) where n

0 < n < 1) accounts value 1 for pure capacitance and 0 for a
ure resistor, and ω 

′ ′ 
is the angular frequency in radian/s at

hich the imaginary impedance is highest. A capacitor (C f )
as used instead of a CPE as during circuit fitting, the coef-
cient "n" of CPE attained a value of 1, recovering an ideal
apacitor behavior justifying the use of capacitors in this case
88] . The inductive behavior of the adsorbed/desorbed inter-
ediates or other species on metal surface were modeled us-

ng L and R L elements and appeared at the low frequency
ange. 

Table 2 summarizes the fitting results obtained using
chem Analyst TM software for EIS (Gamry Instrument,
ichigan, USA) for both ZE41 and EZ33 during different

xposure times in HBSS as per the equivalent circuit shown
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Table 2 
Fitting results for EIS measurements made on ZE41 and EZ33 in HBSS at open circuit potential during immersion after 570 min, as per the equivalent circuit shown in Fig. 7 (e). 

Time min R ct Ohm ·cm 

2 × 10 3 R f Ohm ·cm 

2 × 10 2 Capacitance (Cct) F/cm 

2 

× 10 −5 
Capacitance (Cf) F/ cm 

2 

× 10 −5 
Film thickness nm RL Ohm ·cm 

2 × 10 2 L H ·cm 

2 × 10 3 

Alloy EZ33 ZE41 EZ33 ZE41 EZ33 ZE41 EZ33 ZE41 EZ33 ZE41 EZ33 ZE41 EZ33 ZE41 

10 0.96 ± 0.06 0.75 ± 0.1 0.81 ± 0.04 6.85 ± 0.16 5.54 ± 0.2 2.58 ± 0.1 4.3 ± 0.08 0.81 ± 0.16 0.21 ±0.004 1.09 ±0.24 1.1 ± 0.5 3.47 ± 0.5 4.31 ± 1.0 11.4 ± 2.7 
55 0.84 ± 0.05 0.97 ± 0.09 0.91 ± 0.1 7.36 ± 0.18 6.04 ± 0.3 3.00 ± 0.2 2.8 ± 0.19 0.85 ± 0.18 0.31 ±0.02 1.04 ±0.25 2.2 ± 1.0 4.12 ± 0.6 14.4 ± 2.8 6.09 ± 1.3 
110 0.92 ± 0.14 0.86 ± 0.06 0.92 ± 0.1 5.8 ± 0.18 6.25 ± 0.4 3.57 ± 0.3 2.76 ± 0.22 0.89 ± 0.1 0.32 ±0.02 0.99 ±0.12 3.1 ± 0.5 4.15 ± 1.0 6.98 ± 0.9 7.49 ± 1.6 
140 1.05 ± 0.13 1.1 ± 0.14 1.23 ± 0.1 5.7 ± 0.24 6.33 ± 0.5 3.76 ± 0.3 2.67 ± 0.13 1.24 ± 0.26 0.33 ±0.01 0.72 ±0.16 3.6 ± 0.6 3.27 ± 0.6 5.49 ± 0.6 4.27 ± 0.7 
220 1. 13 ± 0.14 1.1 ± 0.12 1.53 ± 0.01 2.3 ± 0.17 6.54 ± 0.4 9.8 ± 0.4 2.34 ± 0.07 1.73 ± 0.12 0.38 ±0.01 0.50 ±0.04 3.7 ± 0.4 1.58 ± 0.2 6.97 ± 0.8 1.34 ± 0.6 
320 1.2 ± 0.14 0.99 ± 0.1 1.71 ± 0.09 3.2 ± 0.15 7.01 ± 0.2 8.6 ± 0.3 2.22 ± 0.07 0.96 ± 0.3 0.40 ±0.01 0.92 ±0.33 4.1 ± 1.2 2.75 ± 0.7 6.75 ± 0.8 1.91 ± 1.0 
480 1.2 ± 0.11 0.49 ± 0.01 2.32 ± 0.08 1.6 ± 0.6 7.40 ± 0.2 2.72 ± 0.4 1.72 ± 0.215 6.43 ± 0.2 0.52 ±0.07 0.14 ±0.005 3.3 ± 1.4 0.61 ± 0.3 6.01 ± 0.7 3.87 ± 0.5 
570 1.3 ± 0.12 0.47 ± 0.05 2.3 ± 0.07 0.92 ± 0.09 7.38 ± 0.4 2.37 ± 0.7 1.75 ± 0.141 6.9 ± 0.08 0.51 ±0.04 0.13 ±0.002 4.4 ± 0.9 1.75 ± 0.9 7.45 ± 1.0 1.96 ± 0.8 
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Fig. 13. Relative cell viability of NIH3T3 cells after incubation in Mg alloys 
(a) ZE41 and (b) EZ33 extracts for 24, 48 and 72 hrs. The Mg alloy extracts 
were extracted after 3 and 8 days and the data were normalized with respect 
to the negative control. 
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The overall frequency-dependent impedance response of
he circuit model was determined using Eq. (5) [88] : 

 Z | t ot al = R u + 
R 1 

1 + R 1 Q 1 ( jω ) n 1 
+ ( R L + jωL ) 

1 + ( R L + jωL ) ( jωC ) + ( ( R L + jωL) / R 2 ) 
(5)

After circuit simplifications, the total resistance, also
nown as polarization resistance (R p ), was calculated from
q. (6) and can be defined as the difference in the impedance
etween the low frequency asymptote and the solution resis-
ance [88] : 

 p = 

(
R 1 R 2 + R 1 R L + R 2 R L 

R 2 + R L 

)
(6)

Hence, as the frequency is approaching zero, capacitive
omponents of a system approach infinite impedance and in-
uctive components approach zero impedance. The R p vs.
ime plot shown in Fig. 9 (a) indicates that ZE41 exhibited
igher polarization resistance than EZ33 up to 140 min after
hat a slight decrease up to 320 min followed by significant
rop in the resistance was observed. The R p value of EZ33
howed an initial sharp rise, i.e. from 55 min to 140 min
ollowed by a slower but continuous and steady rise with ex-
osure time. These results corroborate the trends observed in
he Nyquist and phase angle plots ( Fig. 7 ). 

Potentiodynamic polarization (PD) was carried out to eval-
ate the corrosion behavior of both alloys under polarization
ondition after 570 min of exposure as shown in Fig. 9 (b).
he i corr was measured using Tafel extrapolation only with

he cathodic branch ( βc ) because of negative difference effect
NDE) of the anodic branch ( βa ) in Mg alloys as reported ear-
ier [96] . The parameters obtained from PD curves are listed
n Table 3 . From the PD curves shown in Fig. 9 (b), it is seen
hat the profile of both alloys is similar in shape where the
orrosion potential, E corr , of the alloys (EZ33 ∼−1510 mV and
E41 ∼−1600 mV) moved slightly towards a positive direc-

ion from OCP values. However, the higher current density
hown by ZE41 reflects the higher corrosion rate. Further-
ore, the higher cathodic slope associated with ZE41 also

mply that the cathodic reaction kinetics is related to the mi-
rostructural characteristics [97] . The pitting potential values
f EZ33 and ZE41, ∼−1356 mV and ∼−1531 mV respec-
ively, are nobler than OCP in both cases. However, the dif-
erence between OCP values and pitting potentials of EZ33 is
ore than the difference observed in ZE41 indicating compar-

tively high pitting susceptibility in EZ33. This agrees with
he surface morphology of EZ33 shown in Fig. 5 (a) where
ntergranular corrosion was seen after 1 day of immersion
hile not visible in ZE41. Though, after 7 days of immer-

ion, ZE41 showed aggravated localized corrosion in which a
omplete layer of grains disintegrated, compared to the rela-
ively uniform corroded surface of EZ33 which suggests the
ormation of a more stable surface film as was evident in EIS
lots ( Fig. 7 ). Furthermore, the corrosion current density of
E41 was higher than EZ33 whereas the corrosion potential
f EZ33 was nobler than ZE41. Table 3 summarizes the cor-
osion rates obtained by hydrogen evolution and weight loss
easurements and EIS. Both immersion tests showed similar

orrosion rates at the end of 7 days for both alloys where
E41 values about 3 times more than EZ33. Corrosion rates
alculated through EIS showed the same trend but with lower
ates for both alloys since it was carried out for 9.5 h only
o maintain a pH below 10.4 as explained earlier. 

To understand the nature of the surface film and double
ayer on the two alloy surfaces, capacitive values were also
alculated from the equivalent circuit model ( Table 2 ) and
lotted vs. exposure time where Fig. 10 shows the evolution
f the double layer capacitance, C dl and capacitance of the
orrosion layer, C f . Except for 220 and 320 mins, C dl val-
es for EZ33 alloys increased steadily and becomes almost
onstant with minor fluctuations up to 570 min. However,
 sharp rise was observed for ZE41 for 220 and 320 mins
ollowed by a decline in capacitive values up to 570 min of
mmersion. Similarly, C f which describes the properties of the
urface film developing on the alloy, exhibited lower values
p to 320 min for ZE41 followed by a sharp rise for 480
nd 570 min. While C f of EZ33 sharply decreased initially,
ecame stable with minor fluctuations, and continued to sta-
lize until 570 min. For an ideal capacitor, the film thickness
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Table 3 
Corrosion rates evaluated by hydrogen evolution, mass loss and electrochemical parameters obtained from PD in HBSS at 37 ± 1 °C. Corrosion rate by 
hydrogen evolution and weight loss were calculated after 7 days of immersion PD parameters obtained while EIS computed after 9.5 h. 

Alloy Hydrogen evolution corrosion 
rate 

Weight loss corrosion rate PD E corr PD i corr Cathodic Tafel slope βc 

(mm/yr) (ml/cm 

2 ) (mm/yr) (mg/cm 

2 ) (V) ( μA/cm 

2 ) (mV/decade) 

ZE41-T5 12.9 ± 1.3 39.6 ± 4.0 13.7 ± 0.5 45.7 ± 1.7 −1.61 ± 0.08 140 ± 17 −312 ± 26 
EZ33-T5 3.6 ± 0.7 11.1 ± 2.2 5.0 ± 1.4 16.8 ± 4.7 −1.41 ± 0.09 170 ± 10 −370 ± 17 
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 δ) estimated from the effective dielectric film capacitance
 Table 2 ) can be calculated using the following equation [98] :

= 

εεo A 

C f , id 
(7)

here ε is the relative dielectric constant of the MgO passive
lm and is taken to be 9.8, εo is the permittivity of free space
8.854 × 10 

−14 F ·cm 

−1 ), and A (cm 

2 ) is the surface area of
he sample. Based on the capacitance values determined from
he equivalent circuit, the film thickness of ZE41 is greater
han that of the EZ33 up to 320 min which is also supported
y the R 2 values. 

.3. Mechanical behavior 

The mechanical properties of as-received ZE41 and EZ33
n T5 condition were obtained at 37 ± 1 °C by uniaxial ten-
ion test and the stress-strain curves are shown in Fig. 11 (a)
nd (b), respectively. Among the two alloys, ZE41 presented
igher yield and ultimate strengths in uniaxial tension test
74] . ZE41 also had double the tensile elongation compared
o EZ33. These results are largely consistent with ASM hand-
ook mechanical property values of both alloys in T5 con-
ition obtained at ambient temperature [99] . The influence
f biodegradation on the mechanical strengths of both alloys
as investigated through tension, three-point bend tests and
icrohardness measurements on specimens immersed for dif-

erent durations in HBSS at 37 ± 1 °C. The tensile stress-
train curves of the studied two alloys for different immer-
ion times along with that of as-received material in T5 (AR-
5) condition are shown in Fig. 11 (a) and (b), respectively.
oth immersed alloys show decreased strength and some-
hat increased ductility compared to the as-received T5 sam-
les. The variation of microhardness for the alloys with re-
pect to immersion time are also presented as bar graphs
n Fig. 11 (a) and (b). Fig. 11 (c) and (d) show the flexural
tress-displacement curves of both alloys for different im-
ersion times. The changes in tensile (yield and ultimate

ensile) strengths for the alloys are presented in Fig. 12 (a).
igure 12 (b) summarizes the loss in flexural strengths of both
lloys in their as-received T5 condition and after different im-
ersion times. 
With increase in immersion time, strength of the alloys de-

reased, with ZE41 alloy showing higher decrease in strength
ompared to EZ33 alloy. ZE41 experienced a 16% reduction
n yield strength and about 14% reduction in ultimate tensile
trength. A similar reduction in yield strength of 17% was
een in EZ33 but the ultimate tensile strength was reduced
y 8% and this drop in strength is significantly less than the
eduction seen in ZE41. Under flexural testing, ZE41 suffered
 7% decrease in flexural strength after 24 h of immersion
nd about 14% after 4 days. In contrast, EZ33 maintained its
exural strength through the first 24 h and lost only 8% at

he end of the fourth day of immersion. By the end of the
eventh day of immersion, ZE41 sustained a total of 18% loss
f flexural strength in comparison with 13% experienced by
Z33. A decrease in microhardness after 1 day of immersion
as observed in both alloys, however after 7 days of immer-

ion, increase in microhardness was observed. Overall, after
 days, a total of 9% loss in microhardness for EZ33 was
bserved compared to a 17% loss for ZE41 ( Fig. 11 (a) and
b)). 

As mentioned previously, strength calculations were per-
ormed using original cross-sectional area of the specimens
nd not the decreased actual cross-sectional area of corroded
ample. In literature, studies have utilized similar approach to
alculate materials strength post immersion. Song et al. also
sed engineering stress-strain curves to evaluate the mechan-
cal integrity of a Mg-2Zn-Mn-Ca-Ce alloy after subjecting it
o a combined processing route of ECAP and water-annealing
30] . Hou et al. studied the biodegradability and mechanical
ntegrity of rolled and annealed ZX11 Mg alloy, by calcu-
ating the tensile and yield strengths after different immer-
ion times using the actual post-immersion cross-sectional
rea [75] . These “calculated strengths” were then compared to
he “measured strengths”, obtained using the original cross-
ectional area. Hou et al. showed that for immersion times
elow 7 days, both values agreed, and discrepancies were ob-
erved at longer immersion times. It was also reported that, at
onger immersion times, the strength values using the original
rea where much lower than the values obtained from calcula-
ions performed with the degraded area. Therefore, using the
riginal cross-sectional area post exposure to a corrosive en-
ironment is a conservative approach in studying the mechan-
cal integrity of a degraded material with localized corrosion
amage, surface cracks and other inhomogeneities. 

.4. Cytotoxicity 

Figure 13 shows the relative viability of NIH3T3 cells in-
ubated in the alloy extracts after 24, 48 and 72 hrs. 

The four extracts reduced the viability of NIH3T3 cells
o 46.4 – 51.2%. Overall, higher cell viability was observed
hen culturing with the EZ33 extracts than the ZE41 extracts
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Table 4 
Cytotoxicity grades ∗ for the two alloys. The NIH3T3 cells were incubated with ZE41 and EZ33 extracts for 24, 48 and 72 hrs. The extracts were obtained 
using 10% FBS supplemented DMEM extraction media and an initial metal to medium concertation of 1000 μg/ml, while the extraction time was 3- and 
8-days. 

Alloy Extraction time Cytotoxicity grades 

(days) 24hr 48hr 72hr 

ZE41-T5 3 1 1 3 
ZE41-T5 8 2 1 3 
EZ33-T5 3 1 1 2 
EZ33-T5 8 0 1 2 

∗ NB: Grade 0/1: material is non-cytotoxic, Grade 2: material needs further evaluation and Grade 3/4: material is highly cytotoxic. 
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ut the two alloy extracts largely behaved in a similar manner
nd demonstrated cytotoxicity. In all cases, the cell viability
educed with increase in incubation time except in the EZ33
-day extracted case, where the cell viability first increased
fter 24 hrs and subsequently decreased after 48 and 72 hrs
n a consistent manner. In the present study, 3- and 8-days
xtraction durations were chosen to understand the influence
f extraction time on cytotoxicity and possibly correlate the
nalysis with immersion test findings. However, no significant
ell viability differences were observed among the extracts
xtracted after 3- or 8-days for both alloys, especially after
ncubation for more than 24 hrs. Reports in the literature on
n vitro studies have shown that increasing the surface/volume
atio and incubation time prior to extracting increases the con-
entration of alloy ions in the supernatant fluid and hence
ncreases the sensitivity of the test [ 100 , 101 ]. However, in
his study, it was concluded that given the corrosion kinet-
cs of the two alloys, large ratio between alloy surface and
he extraction medium volume, the alloy ions concentrations
ere likely maximized at 3-days extraction and therefore no
iscernable differences were seen the cell viability with the
-days extraction cases. 

Although the four extracts were obtained in a different
anner (powdered alloy, 3- or 8-day incubation period), than
hat is prescribed in the ISO 10,993–5 standard, cytotoxi-

ity grades were assigned using the 5-point grading system
roposed in ISO 10,993–5 standard, to evaluate whether the
tudied alloys meet the requirement for cell toxicity [76] . The
rades are from 0 to 4 and are evaluated as follows: i) cy-
otoxicity grade 0 or 1 indicates the material is eligible for
se, ii) cytotoxicity grade 2 indicates that further evaluation
f the material is needed through morphological analysis, and
ii) cytotoxicity grades 3 and 4 indicate that the material is
ot eligible for use [102] . Grades were assigned to the fol-
owing percentages of cell viabilities: i) grade 0 - 100%, ii)
rade 1 – between 80% and 100%, iii) grade 2 – between
0% and 80%, iv) grade 3 – between 30% and 50%, and
) grade 4 – less than 30%. Table 4 presents the grades as-
igned to the two alloys based on the cytotoxicity results of
ells seeded with 10% FBS supplemented DMEM media and
xposed to extracts for 24, 48 and 72 h. The assigned grades
emonstrate that the in vitro cytotoxicity of EZ33 was found
o be between Grade 0 and 2, indicating that it is a relatively
ess cytotoxic for the NIH3T3 cells while ZE41 cytotoxicity
ith both 3- and 8-day extractions were found to be between
rade 2 and 3. 

. Discussion 

.1. Influence of alloying additions on corrosion behavior 

The corrosion behavior of multi-phase Mg alloys can be
inked to the microstructure by investigating three main char-
cteristics: a) the composition of α-Mg matrix, b) the com-
osition of secondary phases, and c) the morphology, amount
nd distribution of the secondary phases [ 1 , 34 , 89 , 103–108 ].
n particular, the secondary phases in Mg alloys are nobler
han the matrix and tend to have a dual effect on corrosion
here they enhance corrosion resistance by enriching the pro-

ective film or cause a coupled micro-galvanic effect with the
atrix, and hence accelerate corrosion in different environ-
ents [ 1 , 34 , 58 , 105 , 109 , 110 ]. In T5 condition, the matrix of

oth alloys was Mg-rich, contained Zr-rich particles located in
he grain interior and T-phase precipitates located at the grain
oundaries. As expected, the RE rich T-phase enveloped the
rain boundaries due to the limited solubility of the Ce, La
nd Nd in Mg (0.23 wt.% for Ce, 0.74 wt.% for La and
.6 wt.% for Nd) [111] . Among the two alloys, as EZ33 had
bout three times the total wt.% of REs than ZE41 ( Table 1 ),
ts microstructure contained relatively higher volume fraction
nd a more continuous distribution of T-phase along the grain
oundaries. 

In the present study, the corrosion behavior of both alloys
evealed that there are two micro-cathodes that are present:
i) a presumably eutectic T-phase concentrated at the grain
oundaries, and (ii) Zr-rich intermetallic particles located in-
ide the grains. Coy et al., deduced that these cathodic micro-
onstituents, namely T-phase and Zr-rich precipitates, had a
elative volta potential difference of + 100 mV and + 180 mV,
espectively, with the α-Mg matrix [112] . This resulted in for-
ation of microgalvanic couple between the precipitate and
-Mg-matrix. It was also deduced that higher concentration of
r and Zn in the precipitates made them more nobler than α-
g matrix and enhanced their cathodic activities [112] . Sur-

ace morphologies of ZE41 alloy shown in Fig. 4 uncovered
nalogous corrosion behavior in agreement with Coy et al.
112] and Neil et al. [77] confirming that the Zr-rich precip-
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tates did indeed influence the alloy corrosion response, by
nhancing the attack within the grains. 

However, contrary to the findings of Birbilis et al. [113] ,
he increased volume fraction of REs in EZ33 did not have
 negative impact on the corrosion resistance of the alloy
ut enhanced it. EZ33 presented lower cathodic kinetics and
 more positive corrosion potential than ZE41 except at a
otential close to ( ∼−260 mV) where the limiting current
ensity was lower. Furthermore, EIS results revealed that the
lm formed on the surface of EZ33 was stabilizing and pro-
ided more protection with increased exposure time while
he film developed on ZE41 deteriorated over time ( Fig. 7 ).
ig. 9 and Fig. 10 showed the evolution of polarization resis-

ance, surface capacitance and double layer capacitance. There
as a clear trend in both R 1 and R 2 , where the charge trans-

er resistance (R 1 ) and film resistance (R 2 ) were improved
ith immersion time. Film capacitance (C f ) for both alloys

howed slight changes until 320 mins, followed by a sharp
ise for ZE41 for 480 and 570 mins where the behavior for
ach alloy starts to differ. C dl for ZE41 showed a sharp rise
or 220 min and 320 min followed by a sharp decline. The
igher film capacitance values in EZ33 compared to ZE41
p to 480 mins may be attributed to the availability of more
urface area for corrosion reactions to occur due to the larger
olume fraction of secondary phases evident in EZ33. Also
he continuous slight decline observed in the double layer ca-
acitance of EZ33 is an indication of comparatively lower
xposure of the metal/hydroxide interface to the electrolyte
114] . On the other hand, for ZE41, the C f values compara-
ively showed lower values and sudden rise for 480 and 570
ins indicates larger exposed metallic surface to corrosive so-

ution and therefore an indication that surface film is breaking
own. This phenomenon is also shown by very high values
f C dl at 220 and 320 min, indicating that more corrosive
ons and water molecules are adsorbed at the solution/surface
nterface, resulting in surface film destruction. Consequently,
ased on the response of both alloys, the larger volume frac-
ion of REs distributed in a more continuous manner in EZ33
an be attributed to the increase in corrosion resistance due
o decrease in anodic reaction kinetics thereby counteracting
he increase in cathodic reaction kinetics. 

The observed corrosion responses of ZE41 and EZ33 in
mmersion tests were also in agreement with the corrosion
ehavior explained above that was concluded from the fit-
ing parameters of the circuit model ( Table 2 ). The hydrogen
volution corrosion rate over a period of 7 days indicated a
ignificant difference between the two alloys over extended
eriods of immersion (see Fig. 3 ). In ZE41, hydrogen evolu-
ion was divided into three stages: an incubation period where
he corrosion rate was at its lowest, followed by an increase
n hydrogen evolution then a decrease after 24 hrs until it
eached steady state. The slow increase in hydrogen evolution
fter the incubation period confirmed that a partially protec-
ive surface film was formed, while the subsequent increase
n corrosion rate can be attributed to the breakdown of the
lm and the initiation of localized corrosion. A similar re-
ponse was observed in the OCP of ZE41 ( Fig. 3 (b)) where
he initial OCP increased steadily and continuously for the
rst few hours, an indication of the incubation period, be-
ore starting to decline as immersion time increased owing
o the breakdown of the initial surface film. The comparison
etween OCP and hydrogen evolution is more evident during
he first 10 h of immersion. For ZE41, the lower OCP value
ndicates that the film formation process is slow due to low
ctivity of the surface which causes a partially protective thin-
er film to form in the beginning. At this stage, the rate of
lm formation is lower than the rate of film dissolution hence
ynamic balance is not established. With increased immersion
ime, the OCP seems to stabilize indicating the dynamic equi-
ibrium is reached. There was also a slight decrease in OCP
bserved after 480 min indicating that saturation of the sur-
ace film with aggressive ions has occurred. Similar behavior
an be observed in the hydrogen evolution plot ( Fig. 3 ) where
 slight rise at the start of immersion was observed followed
y relatively stable profile. The sudden rise in the hydrogen
volution rate after 8 h, proves that the film has broken down
nd cathodic sites are exposed for the reaction. This corrosion
ehavior was consistent with the conclusions found through
IS measurements and similar observations reported for ZE41
y other studies [ 41 , 106 , 115 , 116 ]. 

In comparison, the corrosion behavior of EZ33 was sig-
ificantly different where there was no incubation period but
nstead a sudden increase in the evolved hydrogen, followed
y a slow decrease until finally reaching steady state. The
hortened incubation period was due to the faster initiation
f corrosion in EZ33 than ZE41 and that was also shown
n its OCP ( Fig. 3 (b)) where the period of increase in po-
ential was relatively short and the hydrogen evolution rate
as at its maximum ( Fig. 3 ). This behavior indicates that a
artially protective and thicker film was formed quickly com-
ared to ZE41, due to higher surface activity because of the
ncreased number of nucleation sites. The quick formation
f film was due to the high rate of oxidation/reduction reac-
ions occur on the surface. Once the film reached sufficient
hickness which can provide covering of reactions sites, the
ate of film dissolution and formation slow down, and a dy-
amic equilibrium is reached between these reactions. This
ehavior can be confirmed from the hydrogen evolution up
o first 10 h of immersion. The potential continued to show a
low and steady increase which was translated to the slow de-
rease in hydrogen evolution, also verifying the development
f a protective corrosion surface film [89] . The steadfast hy-
rogen evolution rate and OCP in addition to the trends in
olarization resistance and capacitances confirmed that EZ33
as able to develop a more stable surface film. 
Further examination of post-immersion surface morpholo-

ies at different time points confirmed the enhanced corrosion
esistance of EZ33 as was observed through immersion and
lectrochemical results ( Fig. 4 and Fig. 5 ). For short immer-
ion times, EZ33 showed higher corrosion rates and a less
table surface film. This was represented by the initiation of
ntergranular corrosion in EZ33 ( Fig. 5 (a)) which was not ob-
erved in ZE41 ( Fig. 4 (a)). As immersion progressed, deep
its due to the detachment of clusters of grains resulted in fur-
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her exposure of the metal surface in ZE41 to the electrolyte,
s indicated in the EIS tests, causing an increase in hydrogen
volution, and hence the breakdown of the surface film. While
n EZ33, the larger network of REs was able to protect the
rains and delayed their detachment which was observed by
he seventh day of immersion while it was observed in ZE41
y the fourth day. As a result, it was concluded that EZ33
eveloped a more protective surface layer that was maintained
hroughout the testing period of 7 days in contrast to ZE41,
here the film started to break down within a few hours. 

.2. Role of microstructural features 

To capture the effect of different microstructural con-
tituents on the corrosion response of the two Mg alloys, in-
itu corrosion test also known as drop tests were performed.
his test is aimed at capturing the effect of microstructural
onstituents on the alloy’s corrosion response real time and at
n accelerated speed, since the chloride-containing corrosion
edium is refreshed at regular time intervals. The sequence of

mages starting from exposure of alloy to chloride-containing
orrosion medium leading to corrosion front propagation, re-
ulting in hydrogen gas formation are shown in Fig. 14 (a) and
b) for ZE41-T5 and EZ33-T5 alloys, respectively. From the
mages it could be observed that ZE41 alloy showed faster
nitial corrosion response with dissolution of α-Mg around the
-phase precipitates ( Fig. 14 (a)). In the case of EZ33 alloy,
orrosion started at a later time compared to ZE41, but once
he corrosion started it continued for a longer period of time
nd was more widespread (up to 94 mins in Fig. 14 (b)). After
his, a stable surface film has formed on EZ33 and corrosion
as occurring at relatively slower steady pace, with hydrogen

volution seen even during end of test at 420 mins. In the case
f ZE41 alloy, although a passive layer formed and corrosion
lowed as seen at 150 mins, hydrogen evolution could be
bserved at 300 mins, indicating the unstable nature of the
assive layer. This was further accelerated since both the T-
hase and Zr-rich particles acted as cathodes [112] , resulting
n anodic dissolution of α-Mg around them. This is shown
n Fig. 14 (b) by the red solid (hydrogen evolution around T-
hase precipitate) and red dashed (hydrogen evolution around
r-rich precipitate) arrows at 420 mins. This explains the re-
ponse observed for both alloys in the open circuit potential
s shown in Fig. 3 (b). Anodic dissolution of α-Mg around
oth T-phase precipitate and Zr-rich particle in ZE41 alloy,
esults in falling of some grains and exposure of new grains
eneath the surface, as seen in Fig. 4 (e) and (f). 

Based on observed results from the drop tests, a schematic
or the corrosion sequence of ZE41 and EZ33 alloys in T5
ondition is proposed and is shown in Fig. 15 (a) and (b), re-
pectively. In the case of ZE41 alloy, initially the T-phase pre-
ipitate followed by Zr-rich precipitate act as cathodes leading
o the unstable passive layer formation. In the case of EZ33
lloy, the Zr-rich region in the middle of the grains did not
nfluence the alloy corrosion response and hence a more sta-
le passive film was formed. This could be attributed to the
ifference in size and distribution of Zr-rich phase in the two
g alloys. To observe the distribution of Zr-rich phase on
oth alloys, EDS maps for elemental (Mg, Zn and Zr) distri-
ution were obtained and the results are shown in Fig. 16 . The
lemental maps show that ZE41 alloy shows a more concen-
rated Zr-rich phase while EZ33 showed a more diffuse dis-
ribution of Zr. The less concentrated Zr-rich phase in EZ33
lloy resulted in less effective micro-galvanic coupling lead-
ng to more uniform corrosion. EDS maps of the alloys post
rop test shows falling of T-phase precipitates followed by
issolution of α-Mg around the Zr-rich precipitates in ZE41
lloy as shown in Fig. 17 (a). In comparison, the EZ33 al-
oy shows falling of T-phase precipitates and Zr-rich phase
s more widespread and does not influence the alloy overall
orrosion response, as shown in Fig. 17 (b). 

In addition to the influence of T-phase and Zr-rich precip-
tates on the alloy corrosion response, the distribution of the
recipitates also plays a role. Although both ZE41 and EZ33
g-RE alloys show microgalvanic coupling between the sec-

ndary precipitates and α-Mg matrix, EZ33 shows a relatively
ore uniform corrosion compared to ZE41. This is a result

f the combination of the additional effect of the Zr-rich pre-
ipitates acting a micro cathodic site in ZE41 alloy along
ith distribution of secondary T-phase precipitates along grain
oundaries. As explained earlier, the secondary precipitates
an either act as galvanic couple (lower concentration and
roken distribution) or anodic inhibitor (higher concentra-
ion and continuous distribution), depending on its distribu-
ion [ 117 , 118 ]. In the present study, EZ33 alloy shows more
niform network of secondary T-phase precipitates ( Fig. 1 )
ompared to ZE41 and could possibly act as anodic inhibitor,
n combination with Zr-rich precipitates not influencing the
lloy corrosion response, resulting in higher corrosion resis-
ance and relatively uniform corrosion. 

.3. Mechanical integrity 

Temporary orthopedic implants are required to maintain
ufficient mechanical strength and avoid sudden failure, de-
pite continuous biodegradation, until the bone healing pro-
ess has completed. The main concerns when considering ma-
erials for such load-bearing temporary implants are rapid loss
f strength and premature failure of the implant. The preva-
ent corrosion mechanism ultimately dictates if a material will
ail prematurely in-service. For example, localized corrosion
uch as pitting has been reported to act as initiation sites for
tress-corrosion cracking thereby resulting in premature catas-
rophic failures [ 117 , 119 , 120 ]. For this reason, in addition to
nderstanding the general corrosion resistance, evaluating me-
hanical integrity of the alloys is important to understand how
orrosion mechanism impact their performance. 

In the present study, microhardness, tensile, and three-point
end testing were utilized to study the changes in mechanical
roperties of both alloys after pre-immersion. As a measure
f mechanical integrity, percent loss in tensile and flexural
trengths compared to as-received T5 counterparts were con-
idered. As expected in the as-received T5 temper, ZE41 ex-
ibited superior mechanical properties than EZ33 at 37 °C
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Fig. 14. Sequence of optical microscope images showing real time monitored drop test on (a) ZE41-T5 and (b) EZ33-T5 alloys for a period of 420 min. 
The numbers on the images indicate time in minutes. The green arrows indicate T-phase precipitate, yellow arrows indicate Zr-rich precipitate, broken green 
arrow indicate fallen T-phase precipitate, red arrow indicates hydrogen gas evolution from T-phase precipitate and broken red arrow indicates hydrogen gas 
evolution from Zr-rich precipitate. 
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Fig. 15. Schematic diagram showing corrosion sequence in (a) ZE41 and (b) EZ33 Mg alloys in T5 condition. 
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nd predictably both alloys suffered some loss in tensile and
ending strengths. The percent loss in tensile strengths was
omparable to the flexural strength in both alloys. Among
he two alloys, the drop in important mechanical properties
n EZ33 was less pronounced than ZE41 in both uniaxial
ensile and bend tests. It was found that 7 days post im-
ersion (the longest duration considered in this study), EZ33
as able to retain about 92% and 87% of its tensile and flex-
ral strengths, respectively while ZE41 retained about 86%
f its tensile and 82% of its flexural strengths. Mechanical
ntegrity of Mg alloys evaluated under slow strain rate ten-
ile testing (SSRT) has shown drop in mechanical strength
nder exposure to chloride containing medium. ZE41 Mg al-
oy evaluated under SSRT at strain rates of 10 

−6 and 10 

−7 
 

− 1 , in 0.5 wt.% NaCl medium retained 80.9% and 66.1%
trength, respectively, in comparison to same material tested
n air [60] . The difference in corrosion behavior, as explained
arlier, translated into the distinct post exposure mechanical
erformance of the two alloys. The corrosion rate of ZE41
as substantially higher than EZ33 consequently the severity
f the corrosion damage experienced by ZE41 was greater
han EZ33, which explains its inferior ability to maintain me-
hanical integrity i.e., percent loss of mechanical strength post
xposure. 

The increase in ductility observed on immersed specimens
nder tensile testing, can be attributed to the anodic disso-
ution around the T-phase precipitates followed by trench-
ng and eventual falling of the brittle precipitates ( Fig. 4
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Fig. 16. EDS maps showing variation of elemental compositions, Mg, Zn and Zr for (a) ZE41 and (b) EZ33, both in as-received T5 condition. The maps 
show variation in distribution of Zr-rich precipitate/region between the alloys. 

a  

l  

H  

h  

o  

t  

t  

a  

g  

t  
nd Fig. 5 ). The T-phase precipitates in ZE41 and EZ33 al-
oys in T5 condition showed microhardness of 94.5 ± 12.9
V and 96 ±15.4 HV, respectively which are significantly
igher than the respective alloys ( Fig. 11 (a) and b)). Studies
n Mg alloys with brittle secondary precipitates have shown
hat under tensile loading, fracture initiates around the brit-
le secondary phases [ 121 , 122 ]. Since the T-phase precipitates
round the α-Mg matrix falls, the alloy hardness and strength
o down while the ductility increases. With further exposure
o the corrosion medium, the ductility and strength of the
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Fig. 17. EDS maps showing variation of elemental compositions, Mg, Zn and Zr for (a) ZE41 and (b) EZ33, both post-drop test of the as-received T5 
condition test specimens. 
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(  
E41 alloy decreases owing to loss of grains due to com-
ined action of T-phase and Zr-rich precipitates ( Fig. 15 (a)).
Z33 alloy on the other hand showed similar ductility and
trength for 4 and 7 days since the Zr-rich region in mid-
s  
le of grains did not influence the alloy corrosion response
 Fig. 15 (b)). 

Localized corrosion occurring intergranularly was observed
marked by arrows) in ZE41 and though the corroded EZ33
amples suffered some loss of material as well, the surface
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Fig. 18. Macroscopic surface images of immersed samples of ZE41 (left) and EZ33 (right) prior to bending tests. The samples were immersed for different 
durations in HBSS at 37 ± 1 °C. The red arrows indicate localized corrosion observed near the surface of the samples. Note the corrosion products were 
removed before optical microscopy. 
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ppeared to be relatively evenly corroded, as seen in Fig. 18 .
acroscopic surface images of the bend test specimens prior

o testing are presented in Fig. 18 . Features of corrosion dam-
ge observed here were consistent with those seen at the
icroscopic level in Fig. 4 and Fig. 5 . After 1 day of immer-

ion, minor surface changes representative of uniform cor-
osion was observed for both alloys, with ZE41 showing a
lightly rougher surface. At 4 days, substantial localized cor-
osion was evident on ZE41 with areas where the material
ad started to degrade specifically, in the material bulk where
avities, due to the disintegration of grains, seem to line up
s well as near the sample edges or free surface (indicated by
he red arrows). Comparatively after four days of immersion,
ome minimal degree of intergranular corrosion in the bulk
ith an unremarkable free surface was observed in EZ33.
his was again consistent with what was noted in the SEM

mages where larger areas of detached grains were identified
n ZE41 compared to EZ33, comparing Fig. 4 with Fig. 5 .
fter 7 days, the severity of the localized corrosion in ZE41

ncreased with the presence of deeper pits, coverage of the
ntire surface, as well as some loss in the overall dimensions
f the sample. The EZ33 sample also showed overall loss of
aterial but the corrosion pits were comparatively shallower

nd more dispersed. In fact, the morphology and degree of
amage on EZ33 bending test specimen, after 7 days of im-
ersion prior to the test, was very similar to what was ob-

erved for the ZE41 sample after 4 days of immersion. This
onfirms the reason behind the more substantial and rapid
oss in mechanical strength witnessed in the ZE41 than the
Z33 was pitting, rather than just loss of material due to
orrosion. 

The macroscopic images of immersed ZE41 and EZ33 ten-
ile tested specimens are shown in Fig. 19 . The as-received-
5 specimens showed signs of ductility while the immersed
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Fig. 19. Macroscopic surface images of broken tensile tested samples, ZE41 (left) and EZ33 (right), immersed for different durations in HBSS at 37 ± 1 °C. 
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pecimen showed localized corrosion leading to brittle frac-
ure. The ZE41 specimens showed higher localized corrosion
n the specimen surface compared to EZ33. The fracture sur-
ace of tensile tested ZE41 and EZ33 in as received-T5 and
-day immersed specimen are shown in Fig. 20 (a) and (b),
espectively. Both ZE41 and EZ33 alloys in as-received-T5
onditions showed predominant intergranular fracture, while 7
ay exposed specimen showed mixture of intergranular (IGC)
nd transgranular (TGC) cracking, indicating possible hydro-
en embrittlement of the alloys. Radhika et al., performed
tress-corrosion cracking test on ZE41 alloy under simulated
ody fluid corrosion medium and observed a mixture of IGC
nd TGC on the fracture surface [123] . The study observed
nodic dissolution around the T-phase precipitates and pitting
ccurred within the grains due to the Zr-rich precipitate act-
ng as micro cathode to the anodic α-Mg matrix. In addition,
ydrogen embrittlement of the alloy could also contribute to
he observed TGC in the fracture surface, resulting in loss of
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Fig. 20. (a) SEM images of ZE41 as-received T5 and 7 day exposed tensile tested specimen fracture surface. As received-T5 specimen shows predominant 
intergranular fracture, while 7 day exposed specimen showed mixture of intergranular (solid arrow) and transgranular (broken arrow) cracking. (b) SEM images 
of EZ33 as-received T5 and 7 day exposed tensile tested specimen fracture surface. As-received T5 specimen shows predominant intergranular fracture, while 
7 day exposed specimen showed mixture of intergranular (solid arrow) and transgranular (broken arrow) cracking. Higher magnification of the surface is 
shown from left to right. 
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uctility [123] . Analysis of surface hydroxide layer on Mg
E10 alloy has shown presence of Zr-rich particles on the
lm that aided inward penetration of hydrogen towards the
nderlying metal [124] . Kannan et al. also reported transgran-
lar brittle fracture in ZE41 alloy tested for stress corrosion
racking under NaCl solution [60] . In the current study, the
wo alloys are subjected to tensile testing immediately post
mmersion in corrosion medium unlike stress corrosion crack
tudies [ 60 , 125 ]. Exposure of the alloys to corrosion medium
rior to testing could result in hydrogen embrittlement that
ould also act as a factor for observed brittle fracture. ZE41
lloy showed higher area of transgranular cracks and could
e attributed to Zr-rich precipitates, since it influenced the
lloy corrosion response by acting as micro cathodes, lead-
ng to corrosion within grains and could have possibly led to
ydrogen embrittlement as well, which would require further
nalysis. 

.4. Biocompatibility 

Commercial RE containing magnesium alloys are mainly
esigned for structural applications with the aim to improve
he mechanical and corrosion properties and RE additions are
dded as undefined mixtures or in some cases as unseparated
lements, in the form of mischmetal. While some studies have
evealed that different REs when tested individually may be
oxic, for example La and Ce are known to be hepatoxic
y inducing fatty liver, jaundice and accumulation in liver,
eart and lung [ 45 , 69 ]. It remains an open question whether
E additions when contained within Mg alloys are safe for
iodegradable applications. The answer likely lies beyond the
nnate toxicity of RE elements and whether the amount of RE
lement or mixture containing species released during degra-
ation into the host remains within its cytotoxic threshold
imit [4] . For example, Feyerabend et al. studied the cyto-
oxicity of eight different RE elements on human cell lines
y creating seeding mediums using RE chlorides. Among the
tudied REs, five, including Eu, Pr, Nd, Ce and La (the later
hree being relevant to this study) showed high toxicity ex-
ept Eu. Ce and La were found to be highly toxic with the
argest influence on cell viability followed by Pr and Nd. In-
identally, all of these five RE elements have low solubility in
g. Feyerabend et al. hypothesized that REs with lowest sol-

bilities in Mg will likely release ions in a restricted manner
uring degradation since their concentration (solid solution
nd/or secondary phases) is limited in the alloy [45] . 

As explained earlier, the main REs in ZE41 and EZ33 are
e, La and Nd. All three REs were deemed toxic by the study
y Feyerabend et al. [45] , however they are also known to
ave limited solubility in Mg, 0.23 wt.% for Ce, 0.74 wt.%
or La and 3.6 wt.% for Nd [111] . Present results, although
btained using alloy extracts instead of chlorides, have ex-
lored the hypothesis outlined by Feyerabend et al. It was
ound that in the cells exposed to EZ33 extracts, percent vi-
bility was higher compared to ZE41 counterparts for both
- and 8-day extractions. Assuming 8-day extracts were more
oncentrated in dose, the cell viability trends remain the same.
oreover, the extracted test mediums used in this study, were
ndiluted and prepared by using powdered samples with sig-
ificantly higher surface area to medium ratio to ensure high
osage in extracts. This confirms that despite increased RE
lloying concentration in ZEZ33 (1.5 times REs while keep-
ng the other components i.e., Zn and Zr comparable), cell
urvival was superior compared to ZE41. Hence, RE concen-
ration and in vitro corrosion rate of an alloy both influence
he released amount and flux of species and keep them within
ytotoxicity thresholds. All these reasons suggest, EZ33 due
o higher concentration of REs and enhanced corrosion re-
istance yields lower corrosion rates in vivo and therefore a
ore viable candidate with superior cytocompatibility as a

iodegradable material. 
A more relevant study performed by Willbold et al. looked

t the in vitro and in vivo biocompatibility of binary Mg-
.27Ce, Mg-0.69La and Mg-2.13Nd alloys [111] . The study’s
n vitro results showed that all three binary alloys were cy-
otoxic using 100% concentrated test medium, but with 50%
nd 10% dilution, the cell viabilities of the alloys increased to
 70%. It is important to note that the percent weight fraction

f REs used in these binary alloys were significantly higher
han the corresponding individual REs present in both ZE41
nd EZ33. Hence the in vitro cytotoxicity results of Willbold
t al. with diluted extracted mediums are more relevant for
omparison. Hence, as ZE41 and EZ33 degrade in culture
edia prior to extraction, their extracts are expected to be

ess toxic than those developed by Willbold et al. Moreover,
E41 and EZ33 both have Zn and Zr which are two biocom-
atible elements that are known to be nontoxic to the human
ody within their specific limits, and are not discussed here
42] . To extend the possibility of using these alloys for devel-
ping biodegradable components and fixtures to support bone
ealing, an in vivo study is currently ongoing based on EZ33
lloy and the initial results are promising. It is also important
o note that in vivo experiments conducted by Willbold et al.,
n rabbits, confirmed that for all three binary Mg-RE alloys
istological findings did not reveal local cytotoxicity [111] . 

In summary, the analysis shows that beyond the innate el-
mental toxicity of REs, the cytotoxicity threshold levels of
ach RE element in a Mg alloy is a function of its solubil-
ty as it impacts the amount of REs present in solid solution
nd secondary phases. The latter (secondary phases) being
ore actively involved in surface processes and influences in-

ervice release rate and levels to the host environment during
orrosion or react to form corrosion products. Also, beyond
he innate toxicity of the RE alloying components, their sol-
bility limits and enhanced contact area with mediums prior
o extraction — the corrosion rates of the two alloys in the
ulture medium plays a role during cytotoxicity tests, given
he presence of chlorides and other aggressive ions in such
ediums and known differences compared to HBSS. It is im-

ortant to note that the findings of current study are specific
o NIH3T3 cells because in addition to alloy components,
xtraction parameters and different culture media impact dif-
erent cell lines with different sensitivities. Further studies
re needed to fully understand the competing effects of vari-
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us alloy components where RE solubilities in Mg matrix are
xceeded to account for the impact of degradation rate and
orrosion byproducts on cytotoxicity. Such endeavors are cru-
ial to develop more robust correlations between cytotoxicity,
mmersion response and to predict in vivo behavior. 

. Conclusions 

The effect of REs on in vitro corrosion behavior, mechan-
cal integrity, and cytotoxicity of two commercially available

g-Zn-Zr-RE alloys with distinctly different concentration of
Es was studied. The main observations and conclusions can
e summarized as follows: 

1 Both alloys possessed microstructure with T-phase precip-
itate along grain boundary with Zr-rich precipitate in the
middle of grains. Since EZ33 had a higher volume fraction
of RE, it contained more continuous and interconnected T-
phase precipitates along grain boundaries. 

2 The overall corrosion rate of EZ33 was approximately
three times less than ZE41. At short immersion times,
ZE41 exhibited higher polarization resistances and pre-
dominantly uniform corrosion indicating the development
of a protective surface film. However, at longer immer-
sion times, a significant drop in polarization resistance of
ZE41 in addition to trends observed in capacitance and
during open circuit potentials verified that EZ33 developed
a more stable and protective film. Potentiodynamic polar-
ization tests confirmed that the increased volume fraction
of REs in EZ33 resulted in a decrease in anodic reaction
kinetics therefore decreasing its corrosion rate. 

3 The corrosion response of both alloys was significantly
influenced by the alloy’s microstructure constituents and
their distribution. Real time in-situ corrosion analysis on
the alloys showed corrosion initiating adjacent to T-phase
precipitate along grain boundaries resulting in eventual
falling of the precipitates. Following this the corrosion
propagation on both the alloys varied significantly. In the
case of ZE41 alloy following the anodic dissolution around
T-phase precipitates, the Zr-rich precipitate in the middle
of the grains acted as a micro cathode and continued the
corrosion of α-Mg matrix. While in EZ33 alloy, the Zr-
rich regions did not influence the alloy corrosion response
resulting in lower corrosion rate and more uniform cor-
rosion. In addition, the more continuous distribution of T-
phase precipitate in EZ33 alloy acted as an anodic inhibitor
resulting in higher corrosion resistance and relatively uni-
form corrosion. 

4 Post-immersion mechanical testing revealed that, while
both alloys experienced some loss in their mechanical
strengths, ZE41 experienced a more substantial loss in
mechanical integrity compared to EZ33 alloy. ZE41 al-
loy showed severe localized corrosion and premature grain
detachments from SEM analysis on post-immersion tensile
and bending samples, resulting in higher loss of mechani-
cal integrity. 
5 Cytotoxicity results showed EZ33 alloy was comparatively
more biocompatible compared to ZE41, despite having
higher concentration of REs. IBoth 3- and 8-day extracted
mediums showed similar results, indicating that with both
concentrations of culture medium, EZ33 was less cytotoxic
despite having higher RE concentrations – mainly due to
its lower corrosion rate. 
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