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Corrosion and corrosion-related mechanical behaviors of Ti-microalloyed AZ31 Mg alloy (AZ31Ti) in
simulated body fluid (SBF) under a dynamic environment were investigated. AZ31 Mg alloy was used as a
control alloy. Microstructure analysis of the samples was performed by using a scanning electron micro-
scope and an x-ray diffractometer. Mass loss measurements and corrosion-related tensile tests were carried
out by immersing the samples in the SBF solution at 37:5� 0:5 �C for 24, 72, and 336 h under dynamic
conditions. Potentiodynamic polarization and electrochemical impedance spectroscopy measurements were
also employed in the SBF solution at 37:5� 0:5 �C. Microstructural studies showed that the b (Mg17Al12)
intermetallic phases in the AZ31 alloy are dispersed in the microstructure and formed as relatively angular
particles, and that the dimensions of the b phases transformed to a smaller size and globular form with Ti
microalloying. While the tensile strength and hardness values of AZ31 and AZ31Ti alloys were similar to
each other, Ti microalloying showed a considerable increase in the yield strength and elongation. This study
suggests that microalloying of AZ31 alloy with Ti is beneficial in terms of their corrosion resistance and
corrosion-related mechanical properties in an SBF environment under dynamic conditions.
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1. Introduction

In recent years, Mg-based alloys have been a focus of
degradable implant research due to their biodegradable, bio-
compatible, and better mechanical properties (Ref 1-3). Mg is
harmless since the metallic ion (Mg2+) released as a result of
dissolution is the fourth most common cation in the human
body, and its specific modulus is close to that of the human
bone (Ref 4). Therefore, the potential for future use of these
alloys as biodegradable metallic implant materials for plate and
screw production in orthopedic implant applications is of
interest (Ref 4-6). On the other hand, Mg corrodes very quickly
in solutions containing chlorine (Cl-), such as body fluid (Ref
5); therefore, the alloy loses its mechanical integrity with rapid
hydrogen (H2) gas accumulation before the tissue heals (Ref 7).
Thus, it is crucial to improve the corrosion resistance of Mg
alloys and to control their degradation for potential biomedical
applications. In this respect, many investigations have been
focused on the alloying design (Ref 8, 9) and post-treatment
(Ref 10) of such alloys. Zhang et al. (Ref 9) stated that more
attention should be paid to the corrosion mode and mechanical
integrity rather than the corrosion rate for studying biodegrad-
able Mg alloys. Particularly, the alloying design could be the

most effective approach if the alloying elements are carefully
selected and balanced in Mg alloys to enhance their corrosion
resistance and mechanical integrity.

Commercially available Mg alloys need to be re-designed to
be compositionally suitable for the human body since such
alloys are currently designed for automotive and electronic
industries. In this respect, various types of Mg-based alloying
designs have been introduced for biomedical applications (Ref
5, 10-15). For example, the use of Ca and rare earth elements
(Y, Ce, Pr, etc.) as an additional alloying element to AZ series
Mg alloys (Mg-Al-Zn alloys) improve the biodegradability
properties of these alloys (Ref 14, 16). It has been reported (Ref
16) that the addition of low Ca content (< 1 wt.%) improves
the corrosion behavior of AZ91 alloy exposed to simulated
body fluid (SBF), showing a plausible decrease in the ultimate
tensile strength (UTS) and elongation (e). On the other hand, a
higher Ca content (> 1 wt.%) in Mg alloys can cause poor
corrosion resistance (Ref 17). Li et al. (Ref 18) and Liu et al.
(Ref 19) suggested that the increase in corrosion resistance of
Ce added AZ91 alloy was attributed to suppressed micro-
galvanic corrosion in the alloys. Although Ce was reported to
increase the corrosion resistance of AZ series alloys, it has been
stated (Ref 20) that severe hepatotoxicity was observed in the
body. Literature studies (Ref 8, 21, 22) show that, despite the
beneficial effect of Al content in Mg alloys in terms of strength,
it must be kept to a minimum level due to the risk of
Alzheimer’s disease. Therefore, studies (Ref 4, 5) on the
development of Mg alloys with low amounts of Al have
attracted much attention.

Biocorrosion-related degradation of Mg alloys for biomed-
ical applications have mainly been investigated by exposing
them in a static environment (Ref 23). However, considering
the physiological flow conditions in the human body, exper-
iments in a static environment may not reveal plausible results
(Ref 23). Due to different corrosion behaviors of Mg alloys
under dynamic and static conditions, recent research studies
have focused on the flow-induced biocorrosion behavior of Mg
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alloys (Ref 24, 25). Wang et al. (Ref 24, 26) investigated the
corrosion behaviors of AZ31 stents and MgZnCa plates and
reported that the flow rate significantly alters the corrosion
behaviors of the alloys. Recent studies (Ref 25, 27) reported
that the flow-induced biocorrosion behaviors of pure Mg
porous orthopedic implants (in SBF) and AZ31 alloy coronary
stents (in DMEM) under dynamic conditions was much higher
than those in static conditions. Han et al. (Ref 28) investigated
the influence of flow rate on biocorrosion of AZ31B alloy and
reported that the corrosion rate of AZ31B alloy increased with
increasing flow rate of both SBF and phosphate-buffered
solution (PBS) under dynamic conditions.

Our previous studies (Ref 29, 30) and patent (Ref 31) have
shown that the corrosion resistance and mechanical properties
of Ti-microalloyed AZ series alloys improve significantly in a
NaCl environment. Later, Choi and Kim (Ref 32, 33) reported
similar results that microalloying of AZ series Mg alloys with
Ti effectively improves their corrosion resistance in a NaCl
environment. However, to the best of our knowledge, studies
on the biodegradability properties of Ti-microalloyed AZ31 Mg
alloy (AZ31Ti) in an in vitro environment have not been
reported. Ti is also considered to be the most biocompatible
metal in body environment. Therefore, the aim of this work is
to investigate the corrosion and corrosion-induced mechanical
behaviors of Ti-microalloyed AZ31 alloy in SBF solution under
dynamic conditions.

2. Materials and Methods

Preparation of the alloy specimens were carried out by a
casting process. For the casting process, Mg, Al, and Zn ingots
(min. 99.90% purity) were used. Commercial grade Al-10Ti in
stick form was used for Ti microalloying. The master alloying
procedure was carried out by placing Mg and Al ingots together
with the Al-10Ti alloy stick in a crucible (graphite) followed by
melting under an Ar gas atmosphere at 750 �C, then pouring
the molten alloy into a permanent mold. The addition of Zn was
performed 1 min prior to the casting process in order to prevent
Zn evaporation. The prepared master alloys were remelted, then
cast into a preheated (� 250 �C) cast iron permanent mold
having a 22 mm diameter and a 220 mm length under a
protective gas (SF6) atmosphere. Table 1 illustrates the
chemical compositions of the alloys obtained by using optical
emission spectrometry (OES). All the specimens used in this
work were in as-cast form.

For microstructural evaluation, samples having an approx-
imately 18 mm diameter and 10 mm thickness were machined
from the cast alloys. 220, 400, 600, 800, 1200, 2000, and 2500
sand emery papers were used for the grinding stage. Samples
were then polished down to 1 lm with diamond-based paste.

Optical microscopy (OM) (Olympus/GX4) and scanning
electron microscopy (SEM) (Zeiss Supra 40 VP) equipped with
energy dispersive x-ray spectroscopy (EDS) were used for

microstructural evaluation. The samples were etched in 5 g
picric acid, 5 ml acetic acid, 10 ml distilled water, and 100 ml
ethanol solution. The linear intercept method was used to
determine the grain size of the alloys. X-ray diffraction (XRD)
analysis (PAN analytical/ Empyrean diffractometer) was carried
out under CuKa radiation with the incidence beam angle of 2�.
The diffraction angle range was between 20� and 80� with a
step increment of 0.02� and a count time of 1 s.

Determination of micro hardness values were carried out by
the Vickers (Shimadzu HMV-2) hardness test at 5 N load.
Hardness values were recorded as an average of at least ten
hardness measurements on each sample.

Tensile test samples were machined according to ASTM E
8M-99. For corrosion-related tensile tests, the samples were
isolated thoroughly except for the gauge area to be exposed to
the corrosion media. Photographs of the tensile samples for
control and immersion tests are shown in Fig. 1. The isolation
was performed by painting followed by tight covering with
Teflon stripe thoroughly. Tensile tests were performed on the
previously immersed tensile samples at a crosshead displace-
ment rate of 0.25 mm/min at room temperature by using a
Shimadzu AG-IS model testing machine. Each data represents
an average of at least three samples in the tensile tests. The
0.002 strain offset method was used to calculate yield strength
(YS).

The chemical composition of the corrosion media (i.e., SBF)
with a volume of 1 L is composed of 8.035 g NaCl, 0.225 g
KCl, 0.355 g NaHCO3, 0.311 g MgCl2Æ6H2O, 0.231 g
K2HPO4Æ3H2O, 0.292 g CaCl2, 39 mL 1.0M-HCl, 0.072 g
Na2SO4, 6.118 g Tris, and 0-5 mL 1.0M-HCl, as proposed in
Ref 34. Before the corrosion experiments, the pH of the
solutions was adjusted to 7.4 ± 0.5.

For the immersion experiments, a dynamic test apparatus
was designed and manufactured. The dynamic test apparatus
consisted mainly of a corrosion medium reservoir, peristaltic
pump, thermocouple, pH meter, heat bed, and real-time
controlling unit, as shown schematically in Fig. 2. The
corrosion medium volume in the reservoir was 1.5 L, corre-
sponding to � 40 mL cm�2 sample surface area, and the
solution temperature was adjusted to 37.0 ± 0.5 �C by an
electronic controlling unit. The samples were placed in the
center of the apparatus. The velocity of the solution flow was
maintained by the peristaltic pump at approximately
0.336 cm s�1, similar to the flow velocity reported in (Ref 28).

The mass loss measurement samples were machined and
prepared with the similar sizes used for the microstructural
examinations. Both the mass loss and corrosion-related tensile
test samples were immersed together in the apparatus and
exposed for 24, 72, and 336 h in SBF under the dynamic fluid
condition. For the mass loss experiments, the sample surfaces
were cleaned with deionized water followed by alcohol and
their weight recorded prior to immersion.

The dynamic test apparatus was sealed with a tight lid to
avoid evaporation of the fluid during the exposure period. The
pH value was checked at 1 h intervals by the real-time

Table 1 Chemical compositions of AZ31 and AZ31Ti Mg alloys (wt.%)

Alloys Al Zn Mn Fe Ni Cu Ti Mg

AZ31 2.7 1.02 0.20 <0.018 <0.002 <0.004 … Rest
AZ31Ti 2.9 0.90 0.18 <0.018 <0.002 <0.004 0.05 Rest
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controller and maintained at around 7.4 ± 0.5 during the
immersion period. When the pH value increased to � 8, 1.0 M
HCl was added to the solution to maintain the pH at 7.4.

After the immersion tests, the mass loss samples were
cleaned with 200 g L�1 CrO3 solution for 15 min to remove
the corrosion residuals followed by cleaning with deionized
water, drying, and weighing. Sample weight loss was calculated
in mg cm�2, taking into account the total sample surface area.
Hereinafter, this will be referred to as corrosion loss.

Potentiodynamic curves and electrochemical impedance
spectroscopy (EIS) were performed by means of a Gamry
model PC4/300mA potentiostat/galvanostat controlled by a
computer with DC105 corrosion analysis software. A three-
electrode cell configuration was used for the measurements,

working electrodes (alloy samples), a platinum electrode as
auxiliary, and a saturated Ag/AgCl/KCl reference electrode. In
order to minimize the ohmic drop, a Luggin capillary was used.
Electrochemical experiments were realized in a glass cell
containing SBF solution at 37.0 ± 0.5 �C temperature under a
static condition. The temperature of the glass cell containing the
SBF solution was maintained by a heat bed controlled by an
electronical unit. The impedance spectra were acquired by
using a perturbation amplitude of ± 10 mV (vs. stabilized
open circuit potential (OCP) after 1 h), and a frequency interval
from 100 kHz to 50 mHz. Potentiodynamic scans were per-
formed directly after the EIS tests, starting from � 0.5
to + 0.5 V versus OCP at a scan rate of 1 mV s�1. Measure-
ments were performed three times to ensure the reproducibility
of the results.

3. Results and Discussion

3.1 Microstructure

Figure 3 presents OM micrographs of as-cast AZ31 and
AZ31Ti alloys. It is evident that the Ti microalloying refined
the microstructure of the AZ31 alloy. The mean grain size of
the AZ31 alloy was � 110 lm, whereas it was reduced
to � 68 lm with Ti microalloying of the AZ31 alloy.

SEM microstructures of AZ31 and AZ31Ti Mg alloys,
together with their EDS analysis at selected areas, are illustrated
in Fig. 4. Mainly, two different phases were distinguished
alongside with a-matrix; eutectic morphology and nodular-like
bright phase. According to the EDS results, the intermetallic
phases with eutectic morphologies (#9-14 in Fig. 4a and #11-15
in Fig. 4b) have the compositions equivalent to the b
Mg17Al12ð Þ phase in accord with literature (Ref 35, 36) on
as-cast AZ31 alloys. When the Mg-Al phase diagram is
examined (Ref 37), the eutectic b phase occurs as the Al rate in
the Mg matrix rises above 13 wt.% under equilibrium cooling
conditions. However, in the non-equilibrium cooling condi-
tions, i.e., during casting, the eutectic structure of Al can occur
even at around 2 wt.%. (Ref 38). As reported previously (Ref
29, 30, 39), fully, partially, and/or lamellar eutectic b phasesFig. 1. Photographs of the tensile samples for (a) control and (b)

immersion tests

Fig. 2. Schematic of the dynamic test apparatus in vitro
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occur in AZ series Mg alloys depending on their Al ratios and
solidification conditions. The b phase has formed, along the
grain boundaries and in the a-Mg matrix, as an Mg17Al12
intermetallic compound. In the initial stages of solidification,
the enrichment of Al in front of the dendrite arms occurs due to
the constitutional undercooling and the segregation tendency of
Zn. Formation of the eutectic b phase within a-Mg could occur
owing to the enriched Al in front of the dendrites. XRD
diffractograms of both alloys shown in Fig. 5 indicate that a-
Mg could be clearly detected; however, the b phase could not
be identified due to the low ratio of Al in the alloy. Similar
results have also been reported in the work of Wang et.al. (Ref
11), which showed that identifying the b phase was difficult in
AZ31 alloys by XRD analysis owing to the low amount of b
phase in the microstructure. When high magnification SEM
microstructures of AZ31 and AZ31Ti alloys are compared, b
phases in the Ti-containing alloy show finer, smaller grain size
and relatively spherical forms in the microstructure (Fig. 6).
This was attributed to the grain refining effect of Ti on the a-
grain structure. Choi and Kim (Ref 32) also reported similar
results that the addition of Ti (0.007%) to AZ31 alloy refined
the grain structure, in agreement with the present study. At the
same time, the EDS results for the nodular-like bright phases
(#5-8 in Fig. 4a and #6-10 in Fig. 3b) show that they are
composed of Al and Mn, which was thought to be Al8Mn5
phase (Ref 36). Furthermore, it has been reported (Ref 36) that

the Mg21(Zn, Al)17 phase in the AZ31 as-cast Mg alloys could
exist alongside with the b phase.

From our previous works (Ref 29, 30), adding a small
amount of Ti (< 0.5%) to AZ91 alloy plays three roles. Firstly,
the addition of Ti refines the dendritic structure and grain size.
Ti in the Mg matrix limits the rate of dendritic growth during
solidification (Ref 40). During solidification, Ti probably
increases the constitutional undercooling at the solid/liquid
interface, thus ensuring that the dendrites are finer and the
formation of smaller grains accordingly. Zhao et al. (Ref 40)
and Choi and Kim (Ref 32, 33) showed that adding even a trace
amount of Ti (0.0013-0.0037%) caused refinement of the grain

Fig. 3. Optical microstructures of as cast (a) AZ31 and (b) AZ31Ti
alloys

Fig. 4. Microstructures and EDS analysis of (a) AZ31 and (b)
AZ31Ti alloys (Magnification: 500 X)
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size and a secondary phase in the Mg alloy. Secondly, the
addition of Ti promotes the formation of the fully divorced b
phase while suppressing the formation of the lamella eutectic b
phase. There are similar results that the addition of a small
amount of Ti to AZ61 and AZ91 alloys reduce the content of
partially divorced and lamella eutectic b phases (Ref 33, 41,
42). Thirdly, the addition of Ti increases the Al solubility in the

a-Mg matrix phase (Ref 29, 30, 32, 33). It is evident from EDS
analysis that the average Al amount in a-Mg within the AZ31
alloy is 1.18 wt.%, whereas it is 1.70 wt.% in the AZ31Ti alloy
(see Fig. 4a, b). These results are entirely consistent with our
previous study (Ref 29) and the works of Choi and Kim (Ref
32, 33).

3.2 Mechanical Tests

The tensile stress–strain curves for both AZ31 and AZ31Ti
alloys are shown in Fig. 7. Ti microalloying improved the yield
strength (YS), ultimate tensile strength (UTS), and elongation
(e) of the AZ31 alloy (Fig. 7). The hardness (HV), UTS, YS,
and e values of both alloys are also given in Table 2.
Microalloying of the AZ31 alloy with Ti did not result in any
significant change in HV and UTS values, whereas an
improvement of 18% in YS and 23% in e has been achieved.
The increase in YS and e of the AZ31Ti alloy was attributed to
the finer grain size and relatively spherical forms of b phase in
the microstructure, as explained earlier. It is believed that the
lower YS and e in the AZ31 alloy are mainly caused by the
coarse grains and casting defects. The similar HV values
between the AZ31 and AZ31Ti alloys may also be due to the
casting defects (i.e., porosity, microshrinkage, etc.).

3.3 Corrosion Behavior

Corrosion loss results of the AZ31 and AZ31Ti alloys are
given in Fig. 8. In the short exposure time (i.e., up to 24 h),
both control and AZ31Ti alloys showed similar corrosion
losses, whereas in the long-term immersion test (i.e., 336 h), a
considerable improvement was observed in the corrosion
resistance by Ti microalloying of the AZ31 alloy. Corrosion
loss of the AZ31 alloy for 336 h was 74 mg cm�2, while it was
54 mg cm�2 for the AZ31Ti alloy, leading to an improvement
in the corrosion loss of up to � 27%. Mena-Morcillo (Ref 43)
studied corrosion loss of AZ31 alloy in SBF for 168 h and
reported the corrosion loss of AZ31 alloy as 3.53 mg cm�2.
Discrepancies between the present work and the work of Mena-
Morcillo (Ref 43) was attributed to manufacturing and
experimental conditions. They (Ref 43) used rolled AZ31 alloy
sheet samples in their work, whereas in the present work, the
samples were in as-cast condition. In addition, corrosion loss
measurements in the present work were under a dynamic
condition, which may lead to an increased corrosion loss as
compared to a static environment (Ref 43). In Fig. 9, cross-

Fig. 5. XRD patterns of AZ31 and AZ31Ti alloys

Fig. 6. SEM morphology of secondary phases in (a) AZ31 and (b)
AZ31Ti alloys

Fig. 7. The tensile stress–strain curves for AZ31 and AZ31Ti
alloys
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sectional SEM microstructures of AZ31 and AZ31Ti alloys
exposed to an SBF environment for 72 and 336 h are shown. It
is clear that the AZ31 alloy is subjected to more severe
corrosion compared to the AZ31Ti alloy at a prolonged
exposure time, as shown in Fig. 9(c)-(d).

Since the strength is equal to the force divided by the area,
as the corrosion proceeds, the cross-sectional area of the sample
also decreases, which leads to obtain the real cross-sectional
area of the degraded sample extremely difficult. Therefore, the
strengths of the alloys given here should be considered as the
forces it can bear. Force at rupture (strength) of AZ31 and
AZ31Ti alloys obtained after immersion in SBF medium for 72
and 336 h is given in Fig. 10. Photographs of the tensile
samples for AZ31 and AZ31Ti alloys after the immersion (72
and 336 h) tests are shown in Fig. 11. Before the immersion
tests, the forces at rupture of the AZ31 and AZ31Ti alloys were
4889 N and 5030 N, respectively. Their rupture forces are
reduced to 2487 N and 2543 N, respectively, after immersion
for 72 h. With further increasing immersion time (i.e., 336 h), a
dramatic reduction in their forces (1215 and 1978 N) were
observed. These results show that both alloys lose their
mechanical strength in the immersion experiments. However,
in the prolonged immersion tests (i.e., 336 h), the Ti-microal-
loyed AZ31 alloy showed much better mechanical properties
(i.e., � 60%) compared to that of the AZ31 control alloy. It is
thought that the reason for the better mechanical properties for
the AZ31Ti alloy in the long-term immersion tests may be due
to corrosion progress on the surface of the alloy. In the
prolonged immersion time, corrosion has progressed deeper
toward the inner part of the AZ31 control sample, whereas the
progression was much less pronounced in the AZ31Ti sample
(Fig. 9). As corrosion advances deeper toward the inner section
of the sample, it decreases the unit surface area leading to a
decreased force. In addition, the larger size of the notches
formed due to prolonged corrosion could be another factor in
creating crack sites. Zhang et al. (Ref 9) reported that the

Table 2 Results of microhardness and tensile properties
of cast AZ31 and AZ31Ti alloys

Alloys HV0.5 YS, MPa UTS, MPa e, %

AZ31 50 ± 7 98 ± 14 173 ± 16 13 ± 5
AZ31Ti 51 ± 4 116 ± 9 178 ± 12 16 ± 4

Fig. 8. Corrosion losses of AZ31 and AZ31Ti alloys exposed to
SBF solution for 24, 72, and 336 h

Fig. 9. Cross-sectional SEM images of the samples immersed in
SBF for 72 h ((a) AZ31, (b) AZ31Ti) and for 336 h ((c) AZ31, (d)
AZ31Ti)
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mechanical degradation of the GZ60K and GZ61K alloys
showed a decrease as the duration of immersion increased in
SBF, which is in agreement with the present work. However,
compared to the present work, a slight decrease was observed
in their work. This may be due to the composition, microstruc-
ture, and manufacturing processes.

Potentiodynamic polarization curves for AZ31 and AZ31Ti
Mg alloys in SBF medium are shown in Fig. 12, and their Icorr
and Ecorr values obtained from the polarization curves are given
in Table 3. The Icorr values of AZ31 and AZ31Ti alloys are 126
and 97 lA cm�2, respectively. Compared to the AZ31 alloy,
the Ti microalloying resulted in a slight negative shift of the
Ecorr value, whereas its Icorr values decreased. This indicates
that AZ31 is more prone to being thermodynamically
stable against corrosion, but in terms of kinetics, AZ31
corrodes faster. A promising alloying addition does not
necessarily raise the Ecorr of the alloy to a more noble potential
but rather shows a lower corrosion rate (Ref 44). In this study,
Ti addition, which improves the overall corrosion resistance,
does, in fact, lower Ecorr (more active) while decreasing the
corrosion rate, in accordance with the works of Sudholz et al.
(Ref 44) and Choi and Kim (Ref 32). Icorr values of the present
work do not agree with the works of Bertolini et al. (Ref 45)
and Mena-Morcillo (Ref 43), who investigated the corrosion of
AZ31B alloy in SBF. Bertolini et al. (Ref 45) reported the Icorr
value of AZ31B alloy as 10 lA cm�2, while Mena-Morcillo
(Ref 43) reported the Icorr value of AZ31B alloy as
52 lA cm�2. This may be due to the impurities (i.e., Fe, Cu,
Ni, etc.) in the alloy (Ref 46) as well as manufacturing variables
of the AZ31 alloys that were used. Manufacturing variables,
such as solidification conditions of the melt (Ref 30), machin-
ing parameters (Ref 45), etc., significantly affect the corrosion
behavior of AZ series alloys. Fig. 13 shows the Nyquist plots of
both AZ31 and AZ31Ti alloys. The larger the radius of the
loop, the better is the corrosion resistance. The AZ31Ti alloy
has larger capacitive loops than the AZ31 alloy, indicating that
Ti microalloying increases the corrosion resistance of the AZ31
alloy.

Compared to the AZ31 control alloy, the higher corrosion
resistance of the AZ31Ti alloy could be based on three
interrelated reasons. The first reason is grain refinement and the
b phase in the microstructure; corrosion generally occurs at the
vicinities of both grain boundaries and secondary particles (i.e.,

b phase). The mean grain size of the AZ31 alloy decreased
from � 110 to � 68 lm with the Ti microalloying (Fig. 3).
The amorphous region at the grain boundaries causes a
potential difference, which leads to an increased corrosion
rate. It is expected that the potential difference in the
amorphous area around fine grains should be less compared
to coarse grains. In our previous study (Ref 30), it was reported
that the corrosion resistance of AZ91 alloy increased with
increasing melt cooling rate attributed to the refinement of grain
size. On the other hand, the volume fraction and morphology of
the b phase could be another influence. As discussed in the
microstructure section, the Ti microalloying increases the Al

Fig. 10. Rupture force of AZ31 and AZ31Ti alloys after 72 and
336 h immersion in SBF solution

Fig. 11. Photographs of the tensile samples immersed in SBF for
72 h ((a) AZ31, (b) AZ31Ti) and for 336 h ((c) AZ31, (d) AZ31Ti)
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solubility in the a-Mg matrix phase. This should reduce the
volume fraction of the b phase to be formed during solidifi-
cation in the AZ31Ti alloy. A decrease in the volume fraction of
the b phase by Ti addition to AZ series Mg alloys has been
reported in our previous works (Ref 29, 30) and the works of
Choi and Kim (Ref 32, 33). Choi and Kim (Ref 41) reported
that AZ61 alloys containing 0.02 wt.% Ti exhibited better
corrosion resistance than the 0.01 wt.% Ti-added alloy,
attributed to a decreased volume fraction and size of the b
phase, which reduced the galvanic corrosion effect. This is in
accord with the present work. Additionally, compared to the
AZ31 alloy, the b phase in the Ti-containing alloy formed as
finer and relatively spherical forms in the microstructure, as
shown in Fig. 6. Initially, corrosion takes place in the a-matrix

at the vicinity of the b phase, then the b phase falls off,
resulting in large corrosion losses at a prolonged immersion
time. In the AZ31 alloy, the bigger grain size and the coarser b
phase with higher volume fraction are involved and thus, the
non-uniform corrosion occurs, leading to a higher corrosion
current density. As for the AZ3Ti alloy, the b phase is finer and
globular in the a-matrix, and more uniform corrosion is
involved. In agreement with the present work, Gong et al. (Ref
13) reported that the smaller size and more dispersed b along
the grain boundaries resulted in more uniform corrosion in the
Mg-4Zn alloy containing up to 0.2% Sr. When the Sr content
was above 0.2%, secondary phase particles were coarsened,
which deteriorated the corrosion.

The second reason is possibly due to the morphology and
continuity of the oxide film formed on the alloy surfaces. In our
previous study (Ref 39) on the corrosion behavior of AZ series
alloys, it was reported that the morphology of the b phase and
the oxide film formed on the surface caused different effects
between the initial stages of corrosion and the prolonged
exposure stages. Semi-passive Mg OHð Þ2 oxide film is formed
on the surface of Mg and its alloys in aqueous environments,
and the hydration of the MgO converts the cubic MgO to
hexagonal Mg(OH)2 having a volume twice that of the oxide
(Ref 47). On the other hand, a quantitative XPS study (Ref 47)
on the surface films formed on Mg and Mg-Al intermetallics
revealed that the oxide film on b intermetallics forms as
AlMgx(OH)y, and the film growth rates on the b intermetallics
were much faster than those on a-Mg. Disruption of the semi-
protective layer may take place more easily on the coarsened b
phase owing to differences in volume changes between the
different oxides on the a-Mg matrix and the b intermetallics, as
explained in Ref (Ref 39). Taking into account the dynamic
conditions in the present work, disruption of the oxide film may
be more severe.

The third reason could be the formation of an Al2O3 layer
between the quasi-passive film and the surface of the alloy. As
reported by Song et al. (Ref 48) and Esmaily et al. (Ref 49), the
oxide film on the AZ series Mg alloy consists of three layers: an
inner layer (rich in Al2O3), a middle layer (mainly MgO), and
an outer layer (Mg(OH)2). They suggested that the positive
effect of Al in the Mg alloy on improved corrosion properties
was due to the formation of an Al2O3 layer at the inner part
acting as a passive film between the quasi-passive film and the
surface of the alloy. In our previous work (Ref 29, 30) and the
works of Choi and Kim (Ref 32, 33), as well as in the present
work, the increase in Al content in the a-phase by Ti addition is
evident. The presence of increased Al content in a-Mg,
promoted by Ti microalloying, probably augments the forma-
tion of the Al2O3 oxide film on the surface of the alloy,
improving its resistance to the aggressive attack of Cl- ions. It
can be suggested that better in vitro corrosion resistance of the
AZ31 alloy could be achieved with Ti microalloying owing to a
less interrupted oxide film due to the formation of a finer grain
size and b phase as well as increased Al content in a-Mg.

4. Conclusion

Corrosion and corrosion-related mechanical behaviors of Ti-
microalloyed AZ31 Mg alloy exposed to 24, 72, and 336 h in
SBF solution under a dynamic condition were investigated. The

Fig. 12. Potentiodynamic polarization curves for AZ31 and
AZ31Ti alloys in SBF solution

Table 3 Ecorr, Icorr, and CR values of AZ31 and AZ31Ti
alloys derived from the polarization curves

Alloys Ecorr, mV Icorr, lA=cm2 CR, mm/y

AZ31 � 1632 ± 20 126 ± 22 2.9
AZ31Ti � 1660 ± 25 97 ± 15 2.2

Fig. 13. Nyquist plots of AZ31 and AZ31Ti in the SBF solution
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main conclusions from the experimental analysis that can be
drawn are as follows:

• Microstructural studies demonstrated that coarser b phases
in the AZ31 alloy transformed to a smaller size and glob-
ular form with Ti microalloying.

• While the UTS and HV values of AZ31 and AZ31Ti al-
loys were close to each other, Ti microalloying showed a
considerable increase in the YS and e. The improved duc-
tility and yield strength of the AZ31Ti alloy were attribu-
ted to the combination effect of grain refinement and
modification of the b phase.

• Corrosion loss experiments showed that the AZ31 alloy
has less corrosion resistance than that of its microalloyed
version, which is consistent with the trend of the potentio-
dynamic polarization results.

• Increased corrosion resistance of the AZ31 alloy by Ti
addition is attributed to the increased Al content in the a-
phase, which augments the formation of the Al2O3 oxide
film on the surface of the alloy as well as modifies the
beta phase in the microstructure.

• The Ti-microalloyed AZ31 alloy showed improved corro-
sion-induced strength loss in the prolonged immersion
tests, which was attributed to a relatively interrupted cor-
rosion progress toward the inner part of the alloy.

• The study suggests that microalloying of AZ31 alloy with
Ti is beneficial in terms of their corrosion-related mechan-
ical properties and degradation resistance in an SBF envi-
ronment under dynamic conditions.
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