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The influence of heat treatment on the corrosion resistance of magnesium alloy Mg10Gd1Eul1Zn0.2Zr
in 1wt% chloride solution has been studied by weight loss, potentiodynamic polarization,
electrochemical impedance spectroscopy (EIS), X-ray diffraction and scanning electron microscopy
(SEM). The study indicates that the corrosion rate of magnesium alloy is quite sensitive to the heat
treatment. The Open circuit potential (OCP), the corrosion potential (Ecor), the charge transfer
resistance (Rct), and the corrosion resistance increased while the corrosion current density (Icorr) and
hence the corrosion rate decreased in the following order F, T4 and T6. The X-ray diffraction (XRD)
has shown well crystallized Mg(OH), patterns beneath the Mg alloy immersed in chloride solution.
The morphology of the alloy after immersion in the chloride solution presents a film of corrosion
products with cracks and pits which depend on undergoing heat treatment.

Keywords: Mgl0GdlEulZn0.2Zr, Mg Alloy, Biomaterial Implant, Heat treatment, Polarization
measurement, EIS, Corrosion rate, X-ray diffraction, Scanning electron microscopy.

1. INTRODUCTION

Magnesium and magnesium based alloys have been investigated due to several properties that
make them promising candidates for biodegradable materials for medical application mainly
orthopedic fracture fixation devices. The main idea was to use resorbable implants that do not require
post-operative surgery after healing. However, it is of great importance to minimize the negative effect
of corrosion of these materials, like hydrogen gas evolution, local increase of pH and the citotoxicity
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of the elements. Also, desorption of the implant should match the rate of healing process of the tissue
[1, 2]. In this manner, the clinical function can be afforded by the implant and at the end, it may
disappear when the tissue has healed sufficiently [3].

Recently, several reviews have comprehensively addressed the development of biodegradable
magnesium alloys as ‘‘smart’’ implants of magnesium based alloys for orthopedic applications [4-13].
In fact, the biodegradability, the biocompatibility and the mechanical properties of these materials
make them a good candidate for clinical purpose [14, 15]. Besides, their corrosion in physiological
conditions allows avoiding another chirurgical intervention after bone healing. However, the corrosion
of magnesium alloys, when used as implant, undergoes hydrogen gas evolution underneath the skin
and pH change [15, 16]. In addition, the extensive use of Mg-based alloys is still impeded mainly due
to their high corrosion rates and significant losses in mechanical properties. It is, therefore, challenging
to increase the low corrosion resistance of these materials. Alloying metals are known [17] to impart
high corrosion protection to magnesium by lowering its corrosion due to the formation of protective
thin oxide film on its surface [17]. Also, coatings have been employed to achieve the surface
protection of the surface of Mg alloys by various conventional techniques [18]. This modification of
the surface forms a barrier between the material and its environment which hinders aggressive ions to
reach the metallic surface and thereby protects the alloy surface from corrosion. However, despite all
these efforts, the extensive use of Mg-based alloys is still hunted mainly because of their high
corrosion rates and considerable losses in mechanical properties. Despite many efforts devoted to solve
the technical problems, commercial implants are not yet available [19].

In past years, corrosion of magnesium alloyed with various rare earth (RE) elements was
studied in various media. Birbilis et al. [20] prepared binary alloys of Mg with a RE element (Ce, La or
Nd) and studied their corrosion behavior in 0.1M sodium chloride. The study revealed the deleterious
effect of RE additions on the corrosion performance of magnesium. RE alloying elements improve the
cathodic reaction kinetics and thereby, markedly enhance the corrosion rate. It was recently reported
that cast Mg—3X alloys (X = gadolinium Gd, yttrium Y, scandium Sc) were prepared and then oxidized
in pure oxygen atmosphere [2]. Chen et al [4] were studied Mg-3Gd, Mg-Y and Mg-Sc samples due to
the high thermodynamic stability of their oxides leveraged corrosion protection of Mg surface as the
native oxide MgO is known to be non-protective and low stability in aqueous solutions. The corrosion
resistance of these 3 alloys carried out in Hanks' balanced salt solution, at 37°C, decreased in the order:
Mg-3Gd< Mg-3Sc<Mg3Y. The corrosion rate of Mg—3Gd was tenfold lesser than that of
Mg—3Gd-1Y and twenty times lesser than that of Mg—5Gd—1Y [4]. Li et al [21] studied Mg alloys,
Mg—(1-5)Zr—(0-5)Sr (wt.%) and reported that both Zr and Sr are excellent candidates for Mg alloying
elements in manufacturing biodegradable Mg alloy implants considering the biological benefits of Sr,
Zr and Mg. Further, the composition of Zr/Sr less than 5% in the alloy is suitable for the implant
materials. Other studies were developed on in vitro corrosion of binary Mg-1wt%X (X = Al, Ag, In,
Mn, Si, Sn,Y, Zn or Zr) to find an acceptable alloying element for biomedical magnesium alloy design
[22]. It has been observed that addition of rare-earth (RE) elements to magnesium improves the
corrosion resistance of the alloy.

Zhang et al. [23] studied biocorrosion properties of quaternary patent alloy Mg—Nd-Zn—Zr,
namely Mg—3.09Nd-0.22Zn-0.44Zr and compared with commercial AZ31 and WE43 alloys in SBF.
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They also studied microstructure, biocorrosion behaviour and cytotoxicity of as-extruded promising
high-strength biodegradable Mg-11.3Gd-2.5Zn-0.7Zr and Mg-10.2Gd-3.3Y-0.6Zr alloys, in Hanks’
solution in order to develop new biodegradable magnesium alloy [24]. The corrosion rates of both
alloys were calculated according to the hydrogen volumes and found to be 0.17 and 0.55 mm/year for
Mg-11.3Gd-2.5Zn-0.7Zr and Mg-10.2Gd-3.3Y-0.6Zr alloy, respectively. Mg-8Y-1Er-2Zn (wt%)
alloy containing long period stacking ordered (LPSO) phase are investigated before and after corrosion
in a simulated body fluid (SBF) at 37°C as potential orthopedic materials.

HORT et al [25] recently studied as-cast binary Mg—Gd alloys containing 2%—15%Gd. They
observed the minimum corrosion rate with 10% Gd. This result was further confirmed by Zidane et al
[26] in a similar investigation on the same Mg-alloys in 1wt% sodium chloride at 21.5°C. However,
Chang et al [27] investigated the effect of Gd additions (6—12 wt%) on the corrosion behavior of Mg
—Y—Zr alloy, keeping the composition of other alloying elements (Y & Zr) constant and found that
10wt% Gd addition was the worst.

Feyerabend et al. [28] evaluated the toxicity and in vitro cytotoxicity of the various rare earth
elements yttrium (), neodymium (Nd), dysprosium (Dy), praseodymium (Pr), gadolinium (Gd),
lanthanum (La), cerium (Ce), europium (Eu). The influence of biocorrosion on microstructure and
mechanical properties of deformed Mg—Y-Er—Zn biomaterial containing 18R-LPSO phase was studied
by Leng et al. [29]. The as-extruded Mg alloy exhibits excellent tensile properties before immersing in
SBF and its corrosion rate is calculated as 0.568 mm/y. The hydrogen evolution volume per day
fluctuates between 0.21 and 0.32 ml/cm? throughout the whole immersion time. It seems that
magnesium alloyed with 5 to 10 wt% provides better corrosion resistance for the alloy. Recently, some
reports also start to focus on improving the corrosion resistance of Mg-Gd-X type alloys (X=Y or
Zr). Liang et al. [30] investigated the effect of heat treatment on the corrosion behavior of Mg—7Gd—
3Y-0.4Zr alloy with aim at improving the corrosion resistance by change in microstructure. This paper
mainly focuses on and studies alloys as-cast (F), solution-treated at 520°C for 8 h and quenched into
hot water at 70°C (T4), and peak-aged (T6) in 200°C in an oil bath for 200h using immersion tests and
potentiodynamic measurements in sodium chloride solution (5wt.%). The results show that the order of
the corrosion rates is F > T6>T4. Mg10Gd1Mn was found to have the greatest corrosion resistance
among the series (Al, Mn, Zn, Y) and was better than the Mg10Gd alloy [31]. So, one can conclude
from the statement that the behaviour of Mg-RE depends on the distribution of RE in the Mg structure.

A lot of research work have been carried to improve the corrosion behaviour of Mg-alloys with
change in the composition [32], microstructure [25, 33], coatings [34-37] grain size and texture [38-
40]. The homogeneity microstructure of the alloy induced higher corrosion resistance. The heat
treatment influences the structure of the alloy which in turn influences its corrosion behaviour [41].

Even if the heat treatment significantly changed the corrosion resistance, the influence of
solution-treated, T4 and artificially-aged, T6 conditions is still discussed. The Corrosion performance
of Mg-3.5AI-5Gd alloy has been investigated as cast, after T4 and T6 treatment. The T6 treated alloy
presents the highest corrosion resistance followed by T4 and as cast alloy F, measured by the hydrogen
evolution and potentiodynamic polarization measurements. The same treatment was experienced on
corrosion behaviour of Mg-3Nd-0.2Zn (wt.%) and Mg-3Nd-0.2Zn-0.4Zr (wt.%) in 5% sodium
chloride solutions at 25°C [42]. The corrosion resistances of two alloys in the above three conditions
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(F, T4 and T6) decrease in the following order: T4 > T6 > F. While Yang et al. [43] reported that the
degradation rates of the heat-treated Mg—10Dy (wt.%) and Mg-10(Dy + Gd)-0.2Zr (wt.%) alloys are
always in the range from 0.3 to 0.5 mm year™, regardless of the treatment conditions. It is reported that
the heat treatment of the AI-Mg-Zn-Sc—Zr alloy has a positive impact on corrosion resistance of the
alloy which consequently, changes the electrochemical behaviour of the alloy [44].

In the present work, we have investigated the effect of heat treatment on the corrosion behavior
of Mg10Gd1Eu1Zn0.2Zr as cast, F, T4 and T6, in 1wt% sodium chloride solution by potentiodynamic
polarization, electrochemical impedance spectroscopy and scanning electron microscopy. To our best
of knowledge, similar study has not been reported in literature.

2. EXPERIMENTAL PROCEDURE

2.1 Alloy and testing solutions

In the present study, the rod of Mgl0Gd1EulZn0.2Zr wt% alloy (graciously provided by
Helmholtz-Zentrum Geesthacht, Germany) has been used as the basic material. The specimens used
for the study were in form of cylindrical shape (5 mm in diameter and 4 mm thickness) and cut from
heat treated Mg-alloy ingots. Three cases of simples as cast condition F, solution-treated T4 and
artificially-aged, T6 heat treatments as indicated in ref [25] were investigated. For T4 treatment, the
simple is annealed at temperature of 525°C for 24 hours. A water quench of the specimens followed
immediately after the heat treatment. Ageing at 250 °C for 6 h was done for the treatment on T6
specimens that had also been treated for the T4 conditions [25, 45]. The Mg alloys used for this study
were prepared by grinding each side with 1200 grid emery paper and degreasing the surfaces
ultrasonically with ethanol, washing properly by bi-distilled water and finally drying in open air prior
to corrosion testing. 1wt% (10g/L) sodium chloride (Sigma Aldrich) aqueous solution was prepared
using bi-distilled water. The initial pH of the prepared solution was 6.5 + 0.1. pH was measured using
pH-meter (Knick 766 Calimatic) and the temperature was kept at 21.5 + 0.5 °C using the DBO-meter
chamber.

2.2. Weight Loss Measurements

After cleaning, Mg alloy sample was aged (in hanging position) in 200 ml of naturally aerated
quiescent 1% sodium chloride solution at 21.5 + 0.5 °C. The sample was weighed before and after the
immersion in the unstirred solution in open air. The corrosion products were removed after being
cleaned in 180 g L™ chromic acid for 20 minutes immersion at room temperature [25]. After acid
cleaning, sample was rinsed ultrasonically in ethanol, dried in the open air and then weighed. The
difference in mass (Am) of the Mg-alloy sample per unit surface area (A) per unit immersion time is
defined as the corrosion rate, CR (=Am/AT). Each measurement was performed with duplicate
specimens and the CR values reported in text are average ones. The standard deviation of the observed
weight loss was less than 5 %. After immersion time and before acid cleaning all specimens showed
increase in weight. The analytical balance with an accuracy of +0.1mg was used for weighing the Mg-
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alloy specimens.

2.3. Electrochemical Measurements

Electrochemical test was carried out at 21.5°C in quiescent 1% sodium chloride aqueous
solution using the Mg-alloy, in ring form as the working electrode. The specimens were mounted in a
glass tube using Araldite epoxy resin. Only one side of the specimen (0.2 cm?) was in contact with the
electrolyte. The electrical contact with the remaining side of the test electrode was made using a rigid
cupper wire.

Electrochemical studies were carried out in a three-electrode with single-compartment glass
cell. The potential of the working electrode was measured against a saturated calomel electrode (SCE)
(0.240V vs. SHE). The SCE was connected through a KCl-containing agar-agar salt bridge, the tip of
which was placed as close as possible to the surface of the working electrode in order to minimize the
solution resistance between the test and reference electrodes (IR drop). The aerated and unstirred
electrolyte is used with the volume of 200 ml. The counter electrode consisted of a platinum plate of 6
cm? surface area. The electrochemical study was performed using a computerized electrochemical
potentiostat set VVoltalab PRZ 100 (Radiometer-Analytical). The corrosion behaviour of the Mg-alloys
was investigated using potentiodynamic polarization technique. The polarization curves were
measured after the determination of the open circuit potential (OCP) of the test electrode. For all
electrochemical investigations, the OCP was measured for at least 30 minutes. The polarization curves
were recorded in aqueous sodium chloride solutions at a scan rate of 1 mV.s™. All the specimens were
held in vertical position.

The experimental procedures and conditions employed in the EIS study were similar to those
described previously [46, 47].

An AC voltage amplitude of 5 mV peak-to-peak voltage excitation and a frequency range of
102-10° Hz were employed in the impedance measurements. Results were displayed in the form of
Nyquist plots. Each experiment was repeated at least three times to check the reproducibility.

2.4. SEM and X-ray Diffraction

The morphology of the Mg-alloys was observed using a high resolution SEM (FEI QUANTA
200). The chemical compositions of the samples were monitored by X-ray diffraction (XRD) (X’Pert
PRO, PANalytical CuKo = 1.5406 A). SEM and XRD analysis were done in UTARS unit of CNRST,
in Rabat.

3. RESULTS AND DISCUSSION

3.1. pH evolution of the test solution

The immersion of the Mg-alloy in sodium chloride solution induces an increase of its pH.
Figure 1 displays time evolution of pH of aerated 1%wt sodium chloride solution performed during
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immersion of three kinds Mg-alloys at 21.5°C. All the curves have similar shapes. This figure
demonstrates that shortly after immersion, the pH of the solution firstly tends towards positive
direction quickly and then it changes slowly until steady state is established around pH = 9.75, 9.74
and 9.50 for as-cast condition F, solution-treated T4 and artificially-aged and heat treated T6,
respectively.
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Figure 1. Evolution of the 1wt% NaCl solution pH as function of immersion time for the Mg alloys F,
T4 and T6.

The corrosion of Mg-alloy undergoes Mg dissolution, magnesium hydroxide formation and
hydrogen gas evolution. Mg corrosion proceeds followed by Mg dissolution (reaction 1) at the anodic
and hydrogen evolution reaction (reaction 2), at the cathodic regions of the same alloy surface [48].
The increase of pH is due to the formation of OH" as one of the reaction products in reaction 2 [49-51].
Reactions 1 and 2 can be shown as follows:

Mg — Mg + 2e (1)

2H,0 +2e > H, +20H (2)

The sum effect of reactions (1) and (2) results in corrosion of magnesium and production of H,
and OH" ions.

Regarding the evolution of pH concomitant with the corrosion phenomena, it is obvious that
the corrosion rate increases at the beginning and slowly thereafter. According to the report of Song and
Atrens [50], the formation of Mg(OH), film on the magnesium surface is likely the reason of the
enhanced corrosion resistance.
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3.2 Weight loss

Corrosion rate (mg/cm2.h)

Figure 2. Corrosion rate of Mg alloy F, T4 and T6 immersed in 1wt% NaCl solution for 24 h at 21.5°C
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Figure 3. Open—circuit potential vs. time for F, T4 and T6 Mg alloys electrodes immersed in 1wt%
NaCl solution.

Figure 2 illustrates the weight loss of the soaked Mg-alloys in 1wt% sodium chloride solution
for a period of 24 hours. The corrosion resistance derived from weight loss expressed in unit of mg cm”
2 htincreased in the order: F<T4<T6. As we have seen previously, it is likely that the increasing of the

corrosion resistance is due to the formation of homogeneous Mg(OH), film which protect partially the
Mg substrate.
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3.3. Open circuit potential (Eqc)
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Figure 4. Polarization curves of F, T4 and T6 Mg alloys in 1wt% NaCl solution, v=1 mV s,

Figure 4 depicts the variation of open circuit potential, E, of the test samples in 1wt% sodium
chloride up to half an hour. Shortly after immersion, E,. started from a more anodic potential,
decreased 20-30 seconds and then displayed heading towards the nobler position before reaching a
stable value of the potential (see also Table 1).

Table 1. Electrochemical parameters extracted from Tafel curves

Samples Eoc Ecorr lcorr Be Pa
(MV/SCE) | (mV/SCE | (mAcm™) | (V dec?) | (V dec?)
)
F -676 -669 0.351 -0.345 0.335
T4 -585 -602 0.253 -0.360 0.233
T6 -486 -552 0.042 -0.344 0.168

Thus, from Table 1, it appears that E,. of the Mg-alloys is sensitive to the treatment conditions.
As shown herein, E, of both F and T4 Mg alloys were more negative in comparison to T6 Mg alloy.
Among tested specimens, T6 Mg alloy seems to be less sensitive to degradation behavior which is
likely due to homogeneity of the material which promotes the stability to the passive layer.
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3.4. Potentiodynamic polarization

To evaluate the effect of heat treatment on tested specimens, polarization curves of three kind
of alloys are shown Figure 4. The derived electrochemical parameters extracted from these curves are
summarized in Table 1. It could be seen that the corrosion potential, Ecor, Values increased in the sense
F<T4<T6 while the corrosion current density, lcorr, decreased in the same direction. Values of E,c, and
Ecorr, are practically the same in the case of samples, F and T4 but they differ by 66mV in the case of
the sample T6. Further, both E (-486 mV) and Ecor (-552 mV) values observed for T6 sample are
significantly nobler than those observed for F (Eq.= -676 mV & Ecor = -669 mV) and T4(Eq.= -585
mV & Eqr = -602 mV) samples. The Tafel slopes observed for the cathodic reaction on all the three
simples are nearly the same, whereas they decrease significantly for the anodic reaction, from sample F
(0.335 V dec™) to T6 (0.168 V dec™). Figure 4 demonstrates that the anodic process, i.e. the
dissolution of Mg is greatly suppressed in the case of sample T6 as the anodic polarization curve gets
shifted towards the lower current density. This indicates that the passive film formed during the anodic
polarization protect the T6 alloy surface fairly well. Thus, it can be concluded that the heat treatment
has strong influence on the corrosion behavior of the alloy. It possibly modifies the microstructure of
the alloy sample and thereby the nature of thin protective passive surface film formed on the alloy
surface. The corrosion behaviour obtained from potentiodynamic polarization methods reinforces the
results obtained by weight loss method.

3.5. Electrochemical impedance spectroscopy
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Figure 5. Nyquist plots of Mg alloys F, T4 and T6 electrodes after 30min immersion in 1wt% NaCl
solution.

Fig. 5 shows the EIS curves obtained at the corrosion potential for the studied samples after 30
min of immersion in 1wt% sodium chloride solution. Nyquist plots exhibit a similar single capacitive
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loop with varying arc diameters. This suggests the similarity of the corrosion mechanism with different
corrosion rates. Depressed semicircle is obtained at high and medium frequencies for the three Mg
alloy samples. At low frequencies, ingathering points were obtained. Taking into account the capacitive
loops obtained at high and medium frequency ranges to evaluate the kinetic parameters for the
corrosion of the alloys, special attention will be reserved to this part. The impedance parameters are
gathered in table 2.

Table 2. Electrochemical impedance parameters extracted from Nyquist diagrams

Samples | Rs/ Q.cm? | Rt/ Q.cm?* | CPE-T/Ss'.cm® | CPE-P
F 110.4 15976 1.0810 ' 0.6
T4 177.4 81844 9.11 10" 0.73
T6 168.0 91649 8.49 107 0.69

Table 2 shows that the charge transfer resistance, Rt, representing the diameter of the semicircle
increases in the sense F <T4<T6 (Fig. 5 and Table 2), indicating thereby that the corrosion resistance
also increases in the same order. Thus, the T6-treated alloy proves to have the best corrosion resistance,
which is once again in accordance with the results obtained by potentiodynamic and weight loss
measurements. Therefore, the results of the EIS also show that aging treatment can improve the
corrosion resistance of the Mg- alloys.

3.6. X-ray diffraction
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Figure 6. XRD plots of F, T4 and T6 Mg- alloy samples (a) before and (b) after immersion in 1%wt
NaCl solution for 24 h.

Fig. 6 displays the XRD spectra of different Mg-alloys before (a) and after (b) 24h immersion
into chloride solution. The XRD spectra of the Mg alloys in both cases are similar. It can be seen that
only Mg(OH); is shown on the Mg surface in contact with the aggressive medium.
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3.7. Surface analysis

Figure 7. Scanning electron micrographs of F, T4 and T6 Mg-alloys before and after immersion test
in 1%wt NaCl solution for 24h.

Surface images of F, T4 and F6 Mg- alloys before and after immersion tests in 1%wt sodium
chloride are given in Fig. 7. Before immersion test, the surface of the alloys presents a contrast likely
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due to presence of the treatment effect. It is clearly seen from the SEM images that the surface of the
steel after its immersion in 1%wt sodium chloride solution for 24 h presents the contrasted
morphology. The surface of F Mg-alloy presents broad holes here T4 Mg-alloy presents cracks.
However T6 Mg-alloy presents the deposition of the corrosion products on continuum substrate. This
may explain the good resistance of this alloy compared to the other ones.

4. CONCLUSIONS

The study has shown that the heat treatment markedly influences the corrosion resistance of
magnesium alloyMg10Gd1EulZn0.2Zr in 1wt% sodium chloride solution. All the studies performed
in the present investigation, namely the weight loss, the open-circuit potential , the electrochemical
polarization and EIS measurements indicate that the corrosion resistance of the alloy increases with
the heat treatment following the order: F<T4<T6. The XRD study has confirmed the formation
of Mg(OH), on the Mg surface in contact with the aggressive medium. The presence of different
alloying elements in the surface layer of the Mg alloy seems to improve its corrosion resistance."
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