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Abstract

The aim of this work was to study the effect of gadum content on the corrosion
behavior of magnesium alloys in 1 wt.% NaCl solatat 21.5 (£0.5) °C. Four Mg-Gd

alloys, namely Mg-2 wt.% Gd, Mg-5 wt.% Gd, Mg-10.%tGd, and Mg-15 wt.% Gd,

were studied. Weight loss measurements, potentaodymn tests, electrochemical
impedance spectroscopy, XR diffraction, and scapeilectron microscopy combined
with energy-dispersive X-ray spectroscopy (SEM-ED&re performed on the four
Mg-Gd samples. The results showed the influencth@fGd content on the corrosion
behavior of these alloys in 1wt.% NaCl solutioneTdorrosion resistance of the Mg-Gd
alloys was improved with the introduction of 10 %tGd in Mg matrix. Thus, weight

loss and electrochemical measurements revealdgetter corrosion resistance for Mg-
10 wt.% Gd alloy. Further addition of Gd exceediywt.% in a magnesium matrix

reduces the corrosion resistance of Mg-alloy anddiges an incremental increase in the
corrosion rate.

Keywords: magnesium alloys, biomaterials, corrosion restgagadolinium alloying

Introduction

Properties of high strength-to-weight ratio and hhigfiffness-to-weight ratio
make magnesium based alloys very attractive fors usbere lightweight
materials are required [1-6]. However, due to théxcompatibility, magnesium
alloys are suitable candidate for degradable nedtas implants. Moreover, these
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materials have received considerable attention thethe fact that their
mechanical characteristics are close to those tfraabone [7-10]. The main
limitation of magnesium for use as an implant g very high corrosion rate,
especially in wet or aqueous environments. Theoston of Mg is accompanied
by hydrogen evolution and basification of the elggtic solution. One of the
most efficient ways to protect Mg from corrosiorbig alloying it with different
metals. Therefore, efforts have been made to imgitsvcorrosion performance
by modifying the composition with one or more el@tsein various weight
percentages. Thus, alloying is commonly used taeptoMg against corrosion
phenomena that rely greatly on their microstructarel the distribution of
alloying elements in the Mg matrix [11-15). In orde improve the corrosion
resistance of such Mg alloys, this present reseaas carried out. Magnesium
alloys containing particularly high solubility raearth metals (RE) such Gd, Dy,
Y, Nd, La, and Ce [11-21] have recently been suldiéhe distribution of these
alloying elements in the Mg matrix was responsifde the change of the
corrosion behavior of Mg alloys by the formationrdw a corrosion resistant
crystallographid3-phase [22-24]. Even though the corrosion resigtasfcsome
magnesium alloys can be enhanced by adding eleptbetdatter should have
low toxicity for biomedical applications. Recenfeences suggest that Mg-Gd
alloy is suitable for a biocompatible implant as @bk high solubility in solid
Mg [7]. As yet, literature reports are relativelgasce [7,25]. However,
investigation of the influence of the amount of Gdinary Mg-Gd alloys on the
corrosion behavior in 1 wt.% NaCl solution has shaWwat introducing Gd in
optimum concentration led to a reduction of ther@sipon rate as long as the Gd
was in solid solution. The corrosion rate increasigaificantly as soon as there
were precipitates in the microstructure of the Mg-&loys [7]. However, some
recent studies on Mg-Y and Mg-Gd alloys preparedniggnetron sputtering
reported that there was no significant change inctimeosion rate with alloying
content in 3.5 wt.% NaCl solution saturated with(Ragi). [25]. It was reported
that the investigation was carried out on Mg-allexgeng long-term techniques
such as weight loss determinations and hydrogersunements, or short term
techniques such as potentiodynamic measuremesetstrahemical impedance
spectroscopy, and surface characterization (SEM;ERSD, and XPS). In
general, good corrosion resistance of a given nahtean be identified by low
corrosion current density, high corrosion potentadd high polarization
resistance.

The aqueous Mg corrosion process and hydrogen iwolcan be represented by
the reactions [8,26]:

Mg ~Mg?"+2¢ (anodic reaction) (1)
28 + 2~ 20H +H: (cathodic reaction) (2)
The overall corrosion reaction leads to the fororatf Mg(OH) accompanied

by the hydrogen evolution, following Equation 3:

Mg + 2HO - Mg(OHR+ Ho (3)
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In the presence of chloride ions, Mdpns react to form the soluble salt MgCl
according to Equation 4:

M+ 2CF - Mg(Cl)2 4)

It is well known that the corrosion resistance of-Blloys decreases as the
concentration of Clincreases in the aqueous solution, due to theudtisin of
the protective layer on their surface. Also, therasion resistance of such
materials is mainly improved in strong rather thamweak-alkaline solution, or
neutral or acidic solutions [27]. This is likely eluto the formation of a
compacted corrosion product layer on the surfacethef alloy in alkaline
solutions, which also occurs with a decrease incthrecentration of aggressive
ions. It was concluded that the corrosion protecpooducts layer was better at
high pH values of the solution. The stability obfactive layer decreased with
either increasing Ctoncentration or lowering of the solution pH [27].

In the present study, binary Mg—Gd alloys were stigated to determine the
influence of different amounts of Gd on the cormosbehavior of magnesium
alloys. Four different Mg-Gd alloys (2, 5, 10, ad® wt.%) were tested
electrochemically in 1 wt.% NaCl solution at 21@G. Weight loss, open circuit
potential, Tafel polarization curves, electrocheahiompedance spectroscopy
(EIS), scanning electron microscopy combined wittergy-dispersive X-ray
spectroscopy (SEM- EDS), and XR diffraction weredisThe main objectives of
the present study were (i) to investigate the ¢fé¢«&d content on the corrosion
behavior of Mg-Gd alloys, and (ii) to answer theesfion “can alloying improve
and tailor the corrosion resistance of the Mg-Gdyai?”.

Experimental

Materials and samples

For the present investigation, Mg-2 wt.% Gd, Mg-6% Gd, Mg-10 wt.% Gd,
and Mg-15 wt.% Gd were used. These materials wieeeal by a German team
that has already described the preparation methdtedvig alloys in a previous
publication [7]. All investigated materials wereliogdrical in shape (15 mm in
diameter and 4 mm thickness) cut into Mg-alloy rod$ie samples were
prepared by grinding each side with 1200 grid empaper, the surfaces
degreased ultrasonically with ethanol and finallyed in open air prior to
corrosion testing. 1 wt.% (10 gl sodium chloride aqueous solution was
prepared using bi-distilled water. The initial pldlwe of the prepared solution
was 6.5 (x0.1) and the temperature was kept at ¢0%) °C using a DBO-
meter chamber. The pH was measured using a pH-ifiateak 766 Calimatic).
All reagents used in this work were analytical grad

Weight loss measurements

After cleaning, samples of each alloy type were ersad (i.e., suspended) in
200 mL of naturally aerated quiescent 1 wt.% Nagllitson at 21.5 (+ 0.5) °C.

The samples were weighed before and after immersitime unstirred solutions,
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which were open to the atmosphere. After exposcoesosion products were
removed by immersing the samples in 180'gchromic acid for 20 minutes at
room temperature [7]. After acid cleaning, samplese rinsed ultrasonically in
ethanol, dried in the open air then reweighed. difference in mass of the Mg-
alloy samples per surface unit area is defineth@asorrosion rate (CR¥M/S) in
the solution after 24 hours of immersion. Each mesament was performed
twice on a new specimen and the average was repdrbe standard deviation
of the observed weight loss was less than 6%. Aflehours of immersion and
before acid cleaning, all specimens increased imghweAn analytical balance
with an accuracy of £0.1 mg was used for weighhrgyMg-alloy specimens.

The average corrosion resistance of the alloysalss calculated and expressed
in mm.year* according to the following equation (7):

CR= 876x10" Am

5
AxTx p ()

where:Am = weight change [g]; A = surface area fnh = time [hour], ancp =
density of the alloy [g.cr].

Electrochemical measurements

Mg-alloy samples in disc form were used as the wagrlelectrodes in quiescent
1 wt.% NaCl aqueous solution at 21.5 (£0.5) °C. §pecimens were mounted
on a glass tube using Araldite epoxy resin and onky side of the specimen was
in contact with the electrolyte (1.8 émn The electrical contact with the
remaining side of the test electrode was made wsiigjd copper wire.
Electrochemical studies were carried out in a skggimpartment three-electrode
glass cell. The potential of the working electrodas measured against a
saturated calomel electrode (SCE) (0.240 V vs. SHBR¢ SCE was connected
through a KCl-containing agar-agar salt bridge, tipeof which was placed as
close as possible to the surface of the workingtedde in order to minimize the
solution resistance between the test and referetmetrodes (IR drop). The
aerated and unstirred electrolyte had a volumeDOfrAL. The counter electrode
consisted of a platinum plate, 6 £in surface area. The volume of the aerated
and unstirred electrolyte used was 200 mL.

The electrochemical study was performed using apchenized electrochemical
potentiostat set Voltalab PRZ 100 (Radiometer-Atedy). The corrosion
behavior of the Mg-alloys was investigated usingeptodynamic polarization
technique. The polarization curves were measuréel aletermination of the
open circuit potential of the test electrode. Hoekectrochemical investigations,
the open-circuit potential (OCP) was measured foteast 90 minutes. The
polarization curves were recorded in the range2d to + 1.0 V vs. SCE in 1
wt.% NaCl aqueous solutions at a scan rate of Isthihile each specimen was
held in the vertical position.

The experimental procedures and conditions emplogetthe EIS study were
similar to those described previously [28,29]. A@ Aoltage amplitude of 5 mV
peak-to-peak voltage excitation and a frequencygeanf 10?-10° Hz were
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employed during the impedance measurements. Resals displayed in the
form of Nyquist plots. Each experiment was repeaéedeast three times to
ensure reproducibility.

SEM- EDS and X-ray diffraction

The corrosion morphologies of the Mg-alloys werarelecterized using a high
resolution SEM (Zeiss Ultraplus 40, Germany) eqatpwith an energy
dispersive X-ray spectrometer (EDS) to analyzectimaposition of the samples.
The phase content of the samples was monitored) u&iray diffraction (XRD)
(Pan Analytical X’Pert PRO, CuK= 1.5406 A) from Kiel University, Germany.

Results

pH measurements

The corrosion of the Mg-alloys immersed in 1 wt.%Q\ aqueous solution was
accompanied by hydrogen evolution, according toaverall reaction (equation
3), leading to an increase of the alkalinity of #wution. Fig. 1 depicts typical
hydrogen evolution through the pH change as a fomaif immersion time of a
specimen Mg-alloy in 200 mL of 1 wt.% NacCl solutian21.5 °C. The solution
was homogenized prior to the pH measurements. Fhegiues of the solution
increased rapidly from 6.5 to 9.3 during the fitSt minutes. This was followed
by a period of slower pH increase between 9.3 ah@ Huring the next 30
minutes.

After 90 minutes, the pH of the solution reachesl skeady state (10.5). The pH
of the used solutions did not exceed 10.7 irrespeaf the composition of the
samples and the immersion time. This result probalals due to Mg(OH)that
was suspended in water (called milk of magnesiaghvbxhibits a pH between
9.5 and 10.5. The formation of one Mg(QIHjolecule leads to formation of one
H2 molecule (equation 3).

12
15/_/—/_/_‘
E 4

-

a 20 40 ] &0 0o 120
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Figure 1. pH measurements during time of immersion of Mgyalin 1 wt.% NacCl
solution at 21.5 °C.

pH
Y

Doepke et al.[30] reported that the rising pH dgrimmersion of Mg in NaCl

solutions was most likely moderated by the formmated a corrosion product
laying on the surface of the Mg sample that dee@dise overall corrosion rate.
In addition, the increased pH of the solution dekd the corrosion activity
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due to the precipitation of a passivating film oa #urface [31]. Generally, the
magnesium alloy has high corrosion resistance kaliasolution but is active in
acidic or neutral environments [27,32]. In strorikghne solution, much of the
Cl ions were replaced by Ohbns so that the adsorption of @n the layer was
consequently reduced.

Weight loss measurements

Weight loss determinations for the four Mg-alloyave been performed after
immersion in 1 wt.% NaCl solution after 24 hour2at5 °C, and the results are
depicted in Fig. 2. The weight of the corrosiondurets that remained insoluble
on the Mg-alloy surface was determined by weighigcorroded sample before
and after cleaning. It was observed that the cmngsroducts that formed during
immersion in the NaCl solution remained largelyolnble on the surface of the
samples. Table $ummarizes the corrosion rates obtained for thierémt Mg-
alloys. It can be observed from the data that thkees of corrosion rate (CR)
decreased and reached 2.6 mgiatay! which corresponds to 4.0 mm.y&ar
when the percentage of Gd increased to 10 wt.%.edew the corrosion rate
was the highest (16.6 mg.cday') for the alloy containing 15 wt.% Gd. In
addition, the color of the solution used with the Wt.% Gd sample turned
whitish, which could be clearly observed with theked eye during the
immersion test period. This milk-like colorationutd be due to the presence of
great quantity of Mg(OH) i.e., milk of magnesia, in colloidal form in the
solution.

Wigight loss
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Figure 2. Weight loss of Mg-alloys (mg.c®) in 1 wt.% NaCl solutions during 24 hours
at 21.5 °C.

Table 1Corrosion rates of Mg-alloys in 1wt.% NaCl solutiafter 24 hours immersion
at 21.5 °C.

Mg-alloys Density of the alloy* Corrosion rate (CR)
(g.cntd) (mg.cni?.day?) (mm.year?)
Mg-2wt% Gd 1.86 9.1 17.9
Mg-5wt% Gd 2.05 3.2 5.7
Mg-10wt% Gd 2.35 2.6 4.0
Mg-15wt% Gd 2.66 16.6 22.8

*The density of different alloys is computed toeletine corrosion rates (mm.y&a Equation 5).
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For the same binary Mg-Gd alloy and under the seomelitions, Hort et al. [7]
reported from weight loss measurements that theosn rate initially
decreased and then increased. Mg-10 wt.% Gd allidybked the lowest
corrosion rate. A similar trend was also reportéith whe binary Mg-10 wt.% Dy
alloy [17], and the mechanism responsible for aimmgd corrosion resistance for
Mg-10 wt.% RE (rare earth metals) is under invedian. The corrosion process
of Mg-alloys when immersed in NaCl solution coule é&xplained on the basis
that the surface of the alloy is covered with efdf corrosion products. In some
part of the alloys surface, the film is permealktkich may permit the Cions to
penetrate and reach active sites on the surfat¢beoélloy beneath the formed
corrosion product film. Clions may also dissolve Mg(Otyvhich in turn will
thin the passive film, allowing the aggressive idoseach the alloy substrate
more easily.
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Figure 3. Evolution of the open-circuit potential versus tioreMg-alloy electrodes in
1 wt.% NaCl solution at 21.5 °C.

Open circuit potential

Fig. 3 shows the open circuit potential (OCP) @& Mg-alloy electrodes versus
time in aerated and unstirred 1 wt.% NaCl solutiens21.5 °C. The curves
demonstrate that most of the Mg-alloy electrodexchied a steady from the
beginning, except in the case of the Mg-10 wt.%aBdy. The OCP values of
the Mg-alloys changed in the following increasinger: Mg-15 wt.% Gd < Mg-
2 wt.% Gd < Mg-5 wt.% Gd < Mg-10 wt.% Gd. At thesen of corrosion there
was an incubation period, during which the OCP dof-M wt.% Gd tends
initially to decrease abruptly towards the negatdmection (during the first
minute), indicating that a film has been formedtba surface of the specimen,
before reaching a steady state at -0.888 V vs. S®E.steady state condition
indicates that a dynamic balance has been estadllisetween development of
the corrosion activity and the deposit of the csigo products on the surface of
the alloy when the whole specimen surface has dedoThe time needed to
attain a steady state was about 3-4 minutes. Fbtgghlloys, the OCP remained
constant up to 100 minutes. The steady state gondiight be due to the lack
of variation in the interface composition. By comripg the OCP values obtained
for all the specimens it can be observed that tG® ®alue of Mg-10 wt.% Gd
shifted to a noble potential value by at least\0.@his increase of OCP suggests
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a reduction of susceptibility of the alloy to thermsion process but the OCP
values do not provide any information on the camosinetics [33]. That is to
say that the Mg-alloy interfaces immersed in 1 wiNACI solution probably
undergo formation of a magnesium hydroxide film vene the adsorbed Gbns
do not reduce the effectiveness of the protectlae f
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Figure 4. Polarization curves of different Mg-alloy electrada 1 wt.% NaCl solution,
scan rate 1 mVsat 21.5 °C.

Tafel polarization measurements

Potentiodynamic polarization measurement is a coew and effective method
to characterize the thermodynamics and the kinetidbe reaction which takes
place on the working electrode surface. The casrogpotential (kr) and
corrosion current ) values can be extracted from the potentiodynamic
polarization curves. Fig. 4 shows Tafel currenteptial curves for the Mg-alloys
after 90 minutes of immersion in aerated stagnamt.% NaCl solutions at 21.5
°C. The polarization curves are not symmetricaltbe anodic and cathodic
branches. The curves are recorded over the pdteatige of -2.0 to +1.0 V vs.
SCE and scanning in the positive direction at an sete of 1 mV.3. All of the
polarization curves showed the same trend. Theodatlpolarization curves are
assumed to represent the hydrogen evolution thraedhction of the water
molecules and followed Tafel behavior, while theodin polarization curves
represent the dissolution of magnesium. The patarm curves obtained were
similar to each other in terms of current densided corrosion potential, with
the exception of the polarization curve obtained foe Mg-10 wt.% Gd
electrode. Thus, the electrochemical behavior eftinee Mg-alloys was similar.
The potentiodynamic polarization curve obtained tbe Mg-10 wt.% Gd
electrode clearly shows that both the cathodic amablic current densities were
reduced and the corrosion potentiatori= was shifted by about 0.6 V in the
positive direction (less active region). The infloemf the Gd content on the free
corrosion potential was negligible for the otherreth Mg-alloys. The
ennoblement of corrosion potential by about 0.6 houd indicate good
corrosion resistance for the Mg-10 wt.% Gd alloyisTresult was consistent
with weight loss and OCP measurements.
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Table 2. Electrochemical parameters (OCRerEElcorr, and Rct) for Mg-alloy electrodes
immersed in 1 wt.% NaCl solution at21.5 °C.

Voc Ecorr lcorr -Pc Ric
Mgalloys |\, vs SCE) (v vs. SCE) (mA.cm?) (mBV) Q.cn?)
Mg-2% wt Gd| -1.586 | -1472 | 0.497| 210 213
Mg-5% wt Gd| -1.463 | -1452 | 0.223| 195 253
Mg-10% wt Gd -0.888 | -0.933 | 0.090| 242 325
Mg-15% wt Gd -1.640 | -1.669 | 4.133| 132 208

The cathodic curves indicated that the cathodiccgse was not diffusion
controlled. During the cathodic process, hydroges wroduced in the form of
bubbles on the electrode surface. Therefore thgeshd the cathodic curves was
steep.

Despite having the same shape, it can be seerbtthtthe anodic part and
cathodic part obtained for Mg-10 wt.% Gd electrqoesented low current
density values compared to the other alloy eleesodhis means that the Mg-10
wt.% Gd content had significant effects on retardihg cathodic hydrogen
evolution reaction and on the dissolution of Mgwll The electrochemical
parameters obtained from the polarization curvasluding the open circuit
potential (OCP), corrosion potentialcgk), and corrosion current densitiego),
are summarized in Table 2. The values of corrosiorent were estimated based
on the Tafel extrapolation method for the mostdingart of the cathodic branch
of the polarization curve back teds and are given as a function of the nature of
the alloy. It is clearly shown that for the 10% @kkctrode, the open circuit
potential (OCP) was the highest and the corrosioreat density was the lowest.
Judging from the polarization curves (Fig. 4 andbl&a?), the cathodic reaction
and the anodic reaction were significantly lowemagsult of the addition of 10
wt.% Gd.

It is evident that the corrosion potentiak{# values are slightly different from
those of open circuit potential (OCP) due to thdiincation into the Mg-alloy
electrode surface.
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Figure 5. Nyquist diagrams of different Mg-alloy electrodesli wt.% NaCl solution.

ElS study

EIS measurements were performed to characterizenéiggesium alloy/solution
interface. In order to investigate the corrosiohawor of the alloys and stability
of the film formed on the interface, the EIS measugnts were carried out at the
OCP in 1 wt.% NaCl solution. Fig. 5 depicts typibblquist plots for the studied



N. Zidane et al. / Port. Electrochim. Acta 33 (2p289-304

Mg-alloys. It can be seen from this figure that @llimpedance spectra were
rather similar, except the difference in the seroieidiameter. The EIS diagram
presents the ‘semicircles’ for capacitive behawabrhigh frequencies (HF) in
combination with an inductive loop at low (LF) fugencies. The impedance
response of the electrode, which was apparent thenmigher impedance values
obtained, changed with the Gd content.

Many studies support the use the capacitive loopxtoact the charge transfer
resistance Rct to obtain information on the cooosgiate [34-37].The diameter
of the capacitive loop is associated with the chamgnsfer resistance of the
corrosion process [35-37]. Rct is inversely relatedthe corrosion current
density. The literature associates the corrosionmagnesium alloys to the
diameter of this capacitive loop in the higher treqcy region with the charge
transfer resistance (Rct) of the corrosion pro¢88k Thus, Rct increases in the
following order: Mg-15 wt.% Gd < Mg-2 wt.% Gd < Mgwt.% Gd < Mg-10
wt.% Gd, which ranked the corrosion resistance lloiya in the same way as
shown in Table 2. The decrease of Rct means tleatdhrosion of Mg-alloys
accelerates. These results also were consisteht tivé results obtained by
weight loss, OCP and potentiodynamic measurements.

The second loop is present with all the specimerdsw magnitude. King et al.
[39] studied the corrosion of Mg using EIS and asskthat the electrochemical
response usually displays inductive behavior widtrdasing frequency. The
inductive loop interpretation has been discussedthi literature and was
attributed to species adsorption [40,41]. Thus,itldective loop was ascribed to
a process involving Mgeven though there was no firm evidence for thegee
of the Md ion [42,43], or as M% ions, or MgOH, and to the dissolution of the
protective film on the electrode surface [38]. Bters, the interpretation of the
inductive behavior observed in the Nyquist plotinsmaterial in studies of
electrochemical corrosion as the kinetic informatis estimated from the
capacitive arc [38,44].

SEM and EDS

The morphology and the composition of corrosiordpiais formed on Mg-alloys
after the 4 hour immersion test in 1 wt.% NaCl wharacterized by means of
scanning electron microscopy equipped with eneiggeaisive X-ray
spectroscopy (SEM-EDS). Fig. 6 (1 to 4), show tB#MSnicrostructures of the
Mg-alloy surfaces after 4 hours immersion in 1 whN#Cl at 21.5 °C. In general,
the film of products was fragile and uncompact. filne formed on the Mg-alloy
surface with 2 and 5 wt.% Gd showed a cauliflovileg-porous shape at a low
magnification. At relatively high magnification thdeposits were gypsum
flower—like. The corrosion compounds formed on dheace of these two alloys
contained crevices. The surface obtained aftemtingersion test of the specimen
with 10 wt.% Gd was less rough than the former appleared to be covered by
an accretion. The formed film appeared thicker amidbother than on the other
alloys, and should protect the Mg metal. The insl@wcorrosion products on the
surface of the alloy slow down the corrosion rdiee corrosion products formed
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on the 15 wt.% Gd were smoother but crackled. Eliengh the layer was thick,
it did not offer strong protection.

— e . e ———
Figure 6. SEM of Mg-alloys after 4 hours immersion in 1 wtNaCl at 21.5 °C. (1)
Mg-2 wt.% Gd, (2) Mg-5 wt.% Gd, (3) Mg-10 wt.% Gahd (4) Mg-15 wt.% Gd.

The differences may be caused by the differentibdigion of alloying elements
in microscopic scale and the microstructure ofyaljavhich are the fundamental
reasons for the metal corrosion morphology andoston resistance. In order to
identify the elemental composition of the corrosipnoducts of different
specimens, EDS analysis was performed on the gsiormrgoroducts from the
alloys after 4 hours immersion in 1wt.% NaCl and thsults are listed in Table
3. It can be seen that the formed corrosion filmLlOfo Gd alloy contained the
highest amount of Gd and surprisingly the highesbant of Naand Cl ions, in
addition to a small amount of La.

Table 3. Atomic percentages of elements of different M@yl in 1 wt.% NaCl
solution after 4 hours of immersion at 21.5 °C.

Mg-alloys C 0 Na Mg Cl Gd La
Mg-2%wt Gd 3.69 66.66 0.19 29.05 0.14 0.26
Mg-5%wt Gd 5.20 67.49 26.62 0.20 0.48
Mg-10%wt Gd 8.94 66.21 0.62 2279 0.34 090 0.20
Mg-15%wt Gd 9.40 66.55 0.28 23.50 0.26
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X-ray diffraction

Observations with the naked eye of the Mg-alloysrad hours immersion in 1
wt.% NaCl solution at 21.5 °C showed that theirfate was covered with a
white compound. The XRD patterns of the 2 wt.% Galyaare presented in Fig.

7. Similar XRD patterns were obtained for the fetudied Mg-alloys but are not
shown. They were compared with the JCPDS Card Meal482 and with the
JCPDS card No. 35-0821 for identifying Mg(QHand magnesium metal,
respectively. The peaks at arourtd=218.5, 38.0, 58.7 and 68.8 were assigned to
the brucite type Mg(OH) The product could be indexed to the hexagonal
structure of magnesium hydroxide. In addition, geaks at aroundf2= 32.3,
34.5, 36.7, 47.9, 57.6, 63.3, 67.6, 68.8, 70.38,723.9 and 81.9 were attributed
to Mg metal. It is well known that the corrosionogucts of Mg in NaCl
solutions are mainly Mg(OH)ynd amorphous MgO phase [42,45].

Discussion

Alloying is one of the most used methods of enhant¢he corrosion resistance
of Mg and its alloys. The immersion of Mg-alloys WaCl aqueous solutions
involves a corrosion process that is concomitanth wi, evolution and
consequently an increase in the pH of the solutidme results obtained by
weight loss determinations, OCP measurements, fiagnamic scans, and EIS
plots were in accordance with the deduction of @sion process of the Mg-10
wt.% Gd alloy.
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Figure 7. X-ray diffraction patterns dfig— 2 wt.% Gd alloyafter 4hours of immersion
in 1 wt.% NaClsolution at 21.5 °C.
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Corrosion of this last alloy was lower in 1 wt.% @laalkaline solution because
of the lower mass loss, reduced corrosion curiesd (corrosion potential (&)
shift in the positive direction, and the enlargempacitive loop that which
represented larger charge transfer resistance, Ricé morphology and
composition of the corrosion compounds obtainedlierMg-10 wt.% Gd alloy
seem to be different to those of the other studlkxys. The predominance of the
B-phase in the Mg-10 wt.% Gd alloy should incredse ¢compactness of the
Mg(OH). formed on the Mg-alloy surface, which slows dowa tissolution of
the corrosion product and consequently decreagesdtrosion rate of the Mg-
alloy [7]. The reason might be that after the additof 10 wt.% Gd in the
magnesium matrix, thB-phase particles are easy to precipitate in thenesigm
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matrix during the process of heat treatment procgssFurthermore, the
morphology of the film, which is continuous oveetaxposed surface, plays the
role of a corrosion barrier. Additionally, based tve presence of Naand Ci
ions in composition of corrosion compounds, as shbow the EDS analysis, in
the case of Mg-10 wt.% Gd alloy, the formed filmpiedes diffusion of these
aggressive ions to the metal interface. In cassedjht loss experiments, visual
observation of the Mg-10 wt.% Gd electrode surfdegng the immersion tests
revealed a continuous decrease in the rate of ggdraas evolution on its
surface with time, compared with the other allegisggesting a decrease in the
corrosion rate.

Conclusions

The corrosion behavior of Mg-2 wt.% Gd, Mg-5 wt.%d,31g-10 wt.% Gd, and

Mg-15 wt.% Gd was studied using weight loss, OCHRecteochemical

measurements, SEM-EDS, and RXD techniques in 1 WG| solution. The

electrochemical results were consistent with theghteloss measurements.
Alloying was observed to play an important rolenmdulating the corrosion
behavior of the Mg-alloys. Thus, introduction of W0.% Gd in the Mg matrix

improved the corrosion resistance appreciablywt.% NaCl solution.
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