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Abstract- Mg alloys have a vast usage where weight reduction is really significant since they
do the features really well for materials of ultra-light weight. However, Mg is inherently a
reactive metal and its alloys generally possess quite weak corrosion resistance that widely
restricts their technological usages, especially in some rough service conditions. Despite, many
investigations on the passive and electrochemical properties of Mg alloys and their relation
with the microstructure of these alloys, few reports have been devoted to investigate the
semiconducting behavior of the formed oxide layers on these alloys. Mott—Schottky
measurement is a major in-situ technique to analyze semiconductor behavior of passive layers.
In this review, the semiconducting properties of formed passive layers on Mg alloys (AZ91D,
AZ31B, AZ80, Mg-Y-Rare Earth-Zr alloys) by Mott-Schottky measurement has been
assessed. Mott—Schottky measurements revealed the formed passive films on Mg alloys show
mainly n-type behavior regardless the microstructure, pH, immersion time, and temperature of
electrolyte.
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1. INTRODUCTION

Corrosion protection against some metals and their alloys is done via the growth of passive
layers in aqueous electrolytes [1-3]. This surface property is required in order to make tolerable
progressions in many applications and industries where metallic components are used. Passive


mailto:a.fattah@basu.ac.ir

Anal. Bioanal. Electrochem., Vol. 12, No. 3, 2020, 301-317 302

layers do not mostly surpass a few nanometers of thickness at ambient temperature [4—6].
Passive layers are great adherent and efficiently detach the substrate from the aggressive
ambience. However, passive layers are keen to localized corrosion in the presence of aggressive
species [7—10]. The passive current density of many reactive transition metals including Fe,
Ni, Cr and their alloys which are faced with aqueous media is of the order ~0.01—1.0 pA.cm™
[6,11]. The really complex passivation phenomena could be affected by some factors like alloy
composition, the conditions of formation and the ambience characteristics [12]. Oxide passive
films which were grown on surfaces of metals and alloys have been highly studied [4,13,14].
Magnesium and its alloys have got an extensive utility in a lot of uses where reduction of weight
is really important as they do the features really well for materials of ultra-light weight
structural like high special strength, low density, great castability, machinability and damping
features [15-25]. Nevertheless, Mg is inherently a reactive metal and its alloys normally
possess quite weak corrosion resistance that highly limits their technological usages,
particularly in several rough service conditions [26-30].

Based on the Pourbaix (E-pH) diagram of Mg, it can be seen that Mg corrodes over a wide
range of pH and potential. In fact, the main disadvantage of Mg alloys is their low corrosion
resistance that is normally; much lower while comparing with many other competing metals
and alloys, such as steels or aluminum alloys [19,31]. However, the surface layer is protective
at high pH (more than 11), in the area specified as passive [32].

A lot of investigations about the passive properties of Mg alloys in alkaline electrolytes
have been carried out recently [33]. Mott—Schottky (M-S) test depicted that the created passive
layer on magnesium alloys, presents semiconducting properties on account of its non-
stoichiometric nature [18]. In spite of the widely published papers about the passivity of Mg
alloys, little data about the semiconductive properties of the created passive layer on Mg alloys
was accessible.

2. M-S ANALYSIS

M-S test has been shown to be an important analysis for studying semiconductor behaviors
of passive layers. This test has been mainly used to evaluate the passive layers semiconducting
behavior like the passive layers on Cu and its alloys [34-51], Ni and its alloys [52-62], Al and
its alloys [63-69], Ti and its alloys [70-80], Ta and W [81-88], Cr [89-91], Zn and its alloys
[92-95], Zr and its alloys [96-98], Fe and carbon steels [99-104] and stainless steels [10,105—
115]. Based on the point defect model (PDM) [13,116-119], the defects are cation and oxygen
vacancies, and cation interstitials in the passive layer. It is discussed that cation interstitials and
oxygen vacancies are electron donors, resulting in n-type doping as cation vacancies are
electron  acceptors and consequently, doping the barrier layer p-type.
M-S test is a strong method in order to analyze the semiconductive properties of passive layers
on metals or their alloys [37,47,48,120-122]. M-S relations that are used to evaluate
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semiconductor type of the passive layers and the dopant density, are [8,9, 111, 123]:
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where Np is the donor density, Na shows the acceptor density, ¢ stands for the passive layer
dielectric constant (€=9.6 [15,16]), €o is the vacuum permittivity, and Ers presents the flat-band
potential [8,9,111,123]. Table 1 indicates the magnesium and its alloys semiconducting
properties.

3. SEMICONDUCTING PROPERTIES OF AZ91D Mg ALLOY

M-S curves of the solution annealed (SA) and as-cast AZ91 Mg alloy samples obtained
after 1, 7, 14 and 21 days of immersion in borate buffer solution having pH of 9.2 are indicated
in Fig. 1 [16]. From the M-S plots it is realized that the semiconductor behavior of the oxide
layers on the SA and as-cast samples changes varies with time. It is observed that the acquired
plots for 24 h of immersion show a negative slope from -1.2 Vsce downward to more cathodic
potentials. This change in the capacitance with the employed potential is a kind of
p-type behavior.
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Fig. 1. M-S curves of the SA and as-cast AZ91D Mg alloy samples in borate buffer solution
after different immersion immersions: (a) 1, (b) 7, (c) 14, and (d) 21 days [16]; Reprint with
permission from Ref. [16] (License Number: 4758170050435, License date: Jan 29, 2020)
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Table 1. The semiconducting properties of Mg alloys

304

Mg Solution Semiconducting behavior Year | First author
Alloys [Ref.]
AZ91D | Sodium borate Effect of anodic oxidation on the corrosion | 2011 | El-Taib Heakal
solutions (pH=9.2) performance of AZ91D in borate solution reveals [15]
that higher anodizing potentials, induce better
protection due to formation of rather thicker and
more resistive n-type semiconducting surface films
with high anti-corrosion properties
AZ91D | 0.05 M H3BO; + M-S plots showed that semiconducting behavior of | 2013 | Lopes de Oliveira
0.075M oxide films changed from p-type after 1 day of [16]
Na,B407.10H,0 immersion to n-type for longer periods for both the
(pH=9.2) as-cast and solution annealed specimens
AZ31B | 0.01 M NaOH M-S analysis revealed that passive films displayed | 2014 | Fattah-alhosseini
n-type semiconductive characteristics, where the [18]
oxygen vacancies and interstitials preponderated.
Based on M-S analysis, it was shown that calculated
donor density (Np) increases linearly with increasing
formation potential
AZ31B | NaOH solutions M-S results showed that Np are in the range of 10% | 2014 | Fattah-alhosseini
cm? and decreased with decreasing NaOH [19]
concentration
AZ31B | 0.01 M NaOH M-S analysis showed that the semiconducting | 2015 | Fattah-alhosseini
characteristic of AZ31B Mg alloy with and without [20]
MAO coatings displayed n-type behavior
AZ31B | 0.05M NaOH M-S results showed that Np are in the range of 102! | 2015 | Fattah-alhosseini
cm= and increase with increasing chloride [21]
concentration
AZ31B | 0.01 M KOH M-S results showed that Np increases by increasing | 2015 | Fattah-alhosseini
immersion time from 1 to 6 h, while it decreases [22]
when immersion time reaches 9 and 24 h
AZ31B | 0.01 M NaOH M-S analysis indicated that the semiconducting | 2016 | Sabaghi Joni
behavior of AZ31B Mg alloy with and without MAO [23]
coatings displayed the n-type behavior
AZ80 Phosphate buffer M-S analysis revealed that passive films displayed | 2016 | Fattah-alhosseini
solutions n-type behavior and Np increased with increasing the [24]
pH from 10.69 to 13.05
Mg-Y- | Phosphate buffer M-S analysis revealed that the formed passive layers | 2018 | Fattah-alhosseini
RE-Zr solutions on Mg-Y-RE-Zr alloy behaved as an n-type [25]
semiconductor. An increase in Np accompanying
solutions of higher alkalinity is thought to result in
the formation of a less resistive passive layer
EV31A | 0.1 M NaCOH M-S results pointed out that light illumination | 2018 | Ninlachart
induced surface defects of n-type character [17]
AZ31B | 0.01 M NaOH M-S measurements showed the formed passive film | 2019 | Sabaghi Joni
(pH=12) on AZ31B magnesium alloy indicates an n-type [33]

semiconducting  characteristics regardless the
immersion time and electrolyte temperature, and the
figured Np rises exponentially by increasing solution
temperature and immersion time
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Zhang et al. [124] indicated that adsorbed hydrogen on the magnesium surface of can lead
to a semiconducting behavior p-type, making vacancies of Mg in the oxide film that would be
the main charge carriers in the layer. The identical authors published that an identical properties
was seen for AZ91D [125]. Gas bubbles of Hydrogen erupted while dissolution of SA and as-
cast samples up to first immersion day. The observed p-type semiconductor properties in the
corresponding M-S curves (Fig. 1a) is a result of the produced hydrogen bubbles within the
primary corrosion procedure of AZ91D. As more compact and a thicker oxide layer that
developed with time, the progress of gas bubbles stopped. As a result, the hydrogen gas
adsorption on the electrodes surface was no longer feasible. Thus, the M-S plots slope got
positive from 7 up to 21 immersion days showing that the semiconducting properties of the
oxide layer was changed to that of an n-type behavior [126]. Both SA and as-cast samples were
imagined as the n-type semiconductor properties. For this kind of properties, anion vacancies
or cation interstitials are the principal defects in the oxide layer. Duan et al. [127] saw that the
oxide film on AZ91 indicated an n-type semiconductor properties while immersing within a
solution of 0.1 M Na2B407.10H20+ 0.05 M NaCl. Heakal et al. [15] have discovered a behavior
of n-type for the produced oxide layer on AZ91 while immersing in a solution of borate.

Provided that the oxide layer acts as an p- or n-type behavior, the same acceptors
(vacancies of magnesium) or donors (mostly vacancies of oxygen) is calculated using the slope
of the linear part in the M-S curves. This density is correlated with the number of defects within
the layer. A high doping concentration is same as a defective oxide film that in turn is related
with a lower corrosion behavior [105]. The concentrations of charge carrier related to the
average values of three distinct samples that were tested in each condition are indicated in
Table 2.

Table 2. Charge carrier concentration in the oxide layer formed on the as-cast and solution
annealed (SA) AZ91D Mg alloy samples in 0.075 M Na2B40O7.10H20 + 0.05 M H3BOzs solution
after different periods of immersion [16] (With permission from Ref. [16]; License Number:
4758170050435, License date: Jan 29, 2020)

Condition | Ng (cm™)
Immersion (days)

1 7 14 21

As-cast 2.91x10%2+ 3.84x10% | 1.83x10%2+ 2.63x10% | 2.90x10%°+ 9.40x10Y | 1.06x10% + 3.07x10'®

SA 1.21x10%?+ 1.40x10% | 8.50x10%'+ 1.24x10% | 9.95x10%°+ 3.20x10Y | 8.14x10%+ 1.31x10'8

The concentrations of the highest charge carrier were discovered after 24 h. Based on
Carmezim et al. [128] it is an obvious sign of a very disordered oxide layer. As mentioned
before, the oxide film behaved like a p-type behavior after immersing for 1 day. So, the defects
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are mostly vacancies of cation. According to Table 2, the number of defects persistently
declined with time for the SA and as-cast samples. In longer immersion, the oxide layer
indicated an n-type behavior. Cation interstitials and vacancies of oxygen are the principal
defects in this condition, behaving as electron donors. It has been related that the existence of
such doping species in the oxide layer prevents the cations migration from the materials
underneath the oxide film. Similar condition happens with the penetration of aggressive anions
from the solution like CI" and SO4 [129]. So, the corrosion resistance will augment while the
oxide film semiconducting behavior alters from p-type to n-type. The decrease in the number
of defects within the oxide layer with time was shown in Table 2 and also the points to form
more protective oxide films and less conductive.

4. SEMICONDUCTING PROPERTIES OF AZ31B Mg ALLOY

Fig. 2a indicates the M-S curves of AZ31B alloy in 0.01 M sodium hydroxide at selected
potentials.
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Fig. 2. (a) M-S curves and (b) Np of the passive layer produced on AZ31B Mg alloy in 0.01
M sodium hydroxide solution at different potential [18]
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As can be observed, C obviously declines with rising the formation potential [18]. In these
plots, the positive slopes are ascribed to behavior of n-type. Fig. 2b indicates the Np of the
formed passive layer on this alloy in 0.01 M sodium hydroxide [18]. The magnitude orders are
about 10%° cm and rises linearly with the potential. The values are similar to the Np of the
produced passive layers on AZ31B in solutions of NaOH [18,19]. Based on the PDM
[118,119], the oxygen vacancy flux and cation interstitials is necessary to the growth process
of layer.

Fig. 3a reveals the M-S curves of the passive films produced on AZ31B in solutions of
NaOH [19]. It should be noticed that capacitances obviously decline with concentration of
solution. Also, all curves indicate one zone. Fig. 3b reveals the Np as a function of electrolyte
concentration. It can be seen that the Np obtained from plots of M-S are in the range of
10%° ¢m and declined by declining concentration of NaOH [19].
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Fig. 3. (a) M-S curves and (b) No of the passive layers produced on AZ31B alloy in sodium
hydroxide solutions [19]



Anal. Bioanal. Electrochem., Vol. 12, No. 3, 2020, 301-317 308

Fig. 4a shows the plots of M-S for the passive films formed on AZ31B in 0.01 M
potassium hydroxide [22]. All plots present one zone. Thus, this measurement depicted that the
produced passive films on AZ31B indicate n-type semiconducting behavior. The obtained Np
shows the oxygen vacancies concentrations are considered to be the most. Fig. 4b shows the
obtained Np as a function of immersion time. It can be seen that the No of AZ31B rise by
augmenting the immersion time from 1 to 6 h, whereas it declines as the immersion time attains
9and 24 h [22].
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Fig. 4. (a) M-S curves and (b) calculated No of passive layer formed at various immersion
times on AZ31B in 0.01 M potassium hydroxide [22]; Reprint with permission from Ref. [22]
(License Number: 4758040563033, License date: Jan 29, 2020)

Fig. 5 reveals the plots of M-S for the passive layers produced on AZ31B in 0.01 M
sodium hydroxide at 65, 45, 25 and 5 °C in various immersion times [33]. It is observed that
all of the capacitance values increased by formation potential. According to Fig. 5, the decline
in the slopes with the increment in temperatures of solution means an increase in Np [33].



Anal. Bioanal. Electrochem., Vol. 12, No. 3, 2020, 301-317 309

y=L31E+11y + 5.48E+11

1.20E+012 (a) ¥=L83E+11y + 7.77E+11 8.00E+011 0611
N =9,99F.
"=9.99F-(l
1.10E+012 - L= Relio)
gt 7.00E+011 -+
1.00E+012 -|
9.00E+011 ] T V= 127EH1y + 5.99E+11 S.00B:011 o1
2
8.00E+011 L3 ﬁ’-”E’"‘ ik ¥= LOZEH 1y + 2598411
g R'=9.97E-01
'g 7.00E+011 -] = S T
g S 4.00E+011
% 6.00E+011 -fiT B
& &
O 5.00E+011-F O 3.00E+011-F
4.00E+011 -]
2.00E+011 ) ¥=825E+10y + 1.64E+11
3.00E+011 ¥= LILE+11y + 2.47E+11 - R'=9.98E-01
R'=9.93E-01 J
S 1.00E+011 {557
1.00E+011 t t t t d t t t t 1
1.0 05 0.0 05 1.0 15 1.0 05 0.0 05 1.0 15
E (V vs. Ag /AgCl) E (V vs. Ag /AgCl)
5.00E+011 ¥=8.T0E+10y +3.14E+11 4.00E+011 — ¥=6.98E+10y + 2.40E+11

R'=9.96E-01 (d) R'=9.97E-01

ST

4.50E+011 -
3.50E+011

4.00E+011 “¥=TI8E+10y + 2.40E+11
RZ=9.%F,-(I>I 3.00E+011

s

3.50E+011

~ | s ~ 2.50E+011
g SRR v= TOLE+10y + 2.41E+11 z
o ” R'=9.99K-01 2
i 250E4011+0 o = 2.00E+011
< 2 Ny k3! T ’
2.00E4011 - =
; ¥= 660K+10y + LSSk+11 1.50E+011 4 ¥= 6.03E+10y + L5111
1.50E+011 R'=9.98E-01 : R'=9,98K-01
I 1.00E4011 % ¥=5.62E+10y + L1IE+11
1.00E+011 05 R'=9.88E-01
5.00E+010 - - ; . ) 5.00E+010 : . r : .
1.0 0.5 0.0 05 1.0 1.5 1.0 0.5 0.0 05 1.0 15
E (V vs. Ag /AgCl) E (V vs. Ag /AgCl)

Fig. 5. M-S plots of AZ31B at various temperatures in 0.01 M potassium hydroxide after
different immersion times: (a) 1200, (b) 2400, (c) 4800, and (d) 7200 s [33]

ND 10" cm“’)

Fig. 6. The concentration of Np as a function of immersion time and solution temperature [33]

The layer has MgO and the magnesium oxidation reaction has more inclination at higher
temperatures. In other words magnesium oxidation might be assumed as a substitute for Mg?*
inside the passive film which can make ionic species having cation within vacancies of oxygen
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or interstitial sites. It can be observed that at a constant temperature by increasing the
immersion time, the slopes of M-S straight lines will decline, showing an increase in Np. On
the other hand, the M-S analysis of passive behavior of Fe and Ni showed that the doping
density declined by increasing immersion time [130,131]. For AZ31B, prolonged immersion
time sounds to favor the absorption of H20 using the passive layer and H20 in a layer of n-type
may function as the donor impurities because of the increment in hydration of the passive layer
[132,133]. The density of donors as a function of electrolyte temperature and immersion time
are shown in Fig. 6. It is observed that the magnitude orders are about 10*® cm. Such high No
showed a highly nature of disordered passive layer on AZ31B [33].

5. SEMICONDUCTING PROPERTIES OF AZ80, Mg-Y-RARE EARTH (RE)-Zr
ALLOYS

Fig. 7a illustrates the plots of M-S for Mg alloy of AZ80 in phosphate buffer solutions with
various pHs [24].
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Fig. 7. (a) M-S plots and (b) calculated Np of the passive layers produced on AZ80 in
phosphate buffer solutions [24]; Reprint with permission from Ref. [24] (License Number:
4758041121805, License date: Jan 29, 2020)
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All plots indicate one zone same as that mentioned formerly for AZ31B in solutions of
NaOH [19]. The positive slope in this zone is ascribed to the behavior of n-type. The No was
analyzed using Eqg. (1) indicates the No where the oxygen vacancies concentrations and metal
interstitials are considered to be the most [19,24]. Fig. 7b indicates the Np as a function of
solution pH. It is seen that the Npo augmented by rising the pH from 10.69 to 13.05.
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Fig. 8. (a) M-S curves and (b) Np of passive film formed on Mg-Y-RE-Zr in phosphate buffer
solutions [25]; Reprint with permission from Ref. [25] (License Number: 4758360343963,
License date: Jan 29, 2020)

Fig. 8a indicates the M-S curves of the Mg-Y-RE-Zr alloy within solutions of phosphate
buffer with different pHs [25]. As it is observed, this alloy indicates n-type semiconductor
properties for all values of pH. Fig. 8b illustrates the comparison of the Np as a function of the
pH. As can be observed, the Np of the passive film augments with the increment in solution
alkalinity. This result displays that the higher Np causes the passive film be more defective and,
S0, less resistive against corrosion [25].



Anal. Bioanal. Electrochem., Vol. 12, No. 3, 2020, 301-317 312

6. CONCLUSION

The semiconducting behavior of produced passive layers on Mg alloys (AZ91D, AZ31B,
AZ80, and Mg-Y-RE-Zr alloys) by M-S analysis is reviewed in this study. M—S measurement
revealed that the passive layers mainly behave as n-type behavior. For AZ91D Mg alloy, the
M-S plots indicated that the semiconductor properties of the oxide layers altered from p-type
after 24 h of immersion to n-type for longer time for both solution annealed and as-cast
samples. The M-S analysis divulged that the layers grown on AZ31B, AZ80, and Mg-Y-RE-
Zr alloys are obviously n-type semiconducting behavior. For AZ31B alloy, in a constant
immersion time, the Np had a gradual trend for the density to augment with the increase in the
temperature of solution due to a less protective layer formation. Moreover, for a constant
temperature of solution, rising immersion time can make M-S curves slopes decreasing, the
higher immersion time, the lower M-S curves slopes.
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