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Abstract

This work presents the results of a systematic screening for magnesium corrosion inhibitors. The ability to

form stable soluble complexes with Fe" was considered on first place when choosing the compounds for
hydrogen evolution tests. Inhibiting effect of 151 individual compounds was tested towards six alloys (AZ31,
AZ91, AM50, WE43, ZE41 and Elektron 21) and three grades of pure magnesium. Newly identified and
previously reported inhibitors are ranked by their inhibiting efficiency and compared with Cr (VI) reference. A

number of new inhibitors are discovered with efficiency exceeding that of chromate.
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1. Introduction

Efficient surface and coating technology for magnesium is a well-known challenge. Surface pre-
conditioning [1], [2-5] and various types of coating technologies [6-8] are typically adapted to fit the
requirements given by the magnesium material application and possible corrosion exposure scenarios. These
facts indicate that a more general viable technology would be a great benefit. Such a technology can be
achieved by efficient corrosion inhibitors embedded into various types of conventional surface treatments [8-
10]. However, efficient and environmentally friendly corrosion inhibitors are lacking. Reviews on corrosion
inhibitors for Mg alloys are scarce: perhaps, only one comprehensive review has been published recently [11].
The challenge is that often literature provides dissimilar data describing the effect of the same inhibitor on
different Mg alloys or even controversial data for the same Mg alloy. Meanwhile, the field of Mg corrosion
inhibitors develops rapidly. Novel inhibition systems for magnesium are reported regularly [12-22]. In
particular adsorption and barrier effects of anionic surfactants [13, 14, 23] have shown high corrosion
inhibition efficiency due to blocking the species exchange between the electrolyte and anodic/cathodic
surface areas. Theoretically, a purely anodic acting inhibitor would be of great interest and is expected to be
very efficient. Such an inhibition system would need a very fast interaction kinetic in order to suppress the
anodic dissolution of Mg (typically a-phase). As shown by theoretical studies from Chen et al. [24] the strong
and fast adsorption of hydroxyl ions on electrochemically active Mg surfaces is a determining step for the Mg
interaction kinetics. This fits well to statements of Taylor and Francis [25, 26] derived via atomistic studies on
chemisorption properties of involved ions on top of hexagonal closed packed Mg surfaces in frame of water
dissociation reaction schemes. Even highly reactive fluoride ions, typically used in conversion coating
treatments [27, 28], compete with OH ions [29] during passive film formation. No inhibiting system is known
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up to now which fully satisfies the requirements of efficient passivation of the anodic a-phase in Mg corrosion
since the affinity to react with species like O,, OH or H is high [30].

However there is another possibility to suppress the corrosion process: inhibition of cathodic activity.
This approach was also found to be efficient for different aluminium alloys [31-36]. Given that noble inclusions
(e.g. Fe, Cu, Ni) present in magnesium based engineering materials, act as cathodes, the suppression of their
activity can be the key for efficient corrosion inhibition. Recently, we have shown that initial cathodic process
on Fe-rich particles and anodic dissolution of Mg around it leads to the loss of galvanic protection and
detachment of iron particles from magnesium substrate by undermining. Self-corrosion of detached Fe-rich

" These species can be reduced to metallic Fe and re-plated back to Mg

particles occurs with formation of Fe
substrate creating Fe patches. This leads to growth of the total cathodic area and acceleration of general
corrosion process [37]. Binding Fe'M by specific complexing agents prevents Fe re-plating and greatly inhibits
magnesium corrosion. The efficiency of this general approach to corrosion inhibition has been already
validated [17].

In this paper we continue investigating the role of iron complexing agents on corrosion inhibition of
Mg. These were considered on the first place at the inhibitor pre-selection stage since Fe is known as the most
relevant impurity also because it is the most difficult to get rid of in the processing chain. Although we briefly
discuss the inhibiting mechanism of some suggested inhibitors, it is out of the scope of this paper to study the
mechanistic details of all the tested compounds. Rather, the aim of this work is to set up an extensive inhibitor
database (with ranking by inhibition efficiency on various Mg-based substrates) for future detailed studies and

outline the applications not only for the inhibitors but also for the substances accelerating dissolution of Mg.

2. Experimental Part

Given that corrosion and hence inhibition mechanism can vary significantly depending on the
composition of Mg based material, a number of industrially important magnesium alloys and pure magnesium
with different amount/distribution of impurities were tested. The magnesium alloys ZE41, AZ31 and Elektron
21 (hereafter E21) from ingot casting (for wrought applications), and cast magnesium alloys WE43, AZ91 and
AMS50 were used as substrates for testing the inhibiting efficiency. Additionally, two types of high purity Mg
(HP-Mg-50ppm and HP-Mg-51ppm) and commercial purity magnesium CP-Mg-220 were tested. A
SPECTROLAB spark discharge optical emission spectroscopy device (SD-OES) with “Spark Analyser Vision”
software was used to determine the average elemental compositions. All the measurements were repeated 3
times on 3 different samples of the same material resulting in 9 values for each element. The samples for
analysis were taken from different sections of the ingots. The analytical chemical composition of all the
metallic substrates was determined by optical emission spectroscopy and presented in Table 1.

The ingots of HP-Mg-51ppm, HP-Mg-50ppm, WE43, ZE41, E21, AZ31, AZ91 and AM50 were milled to
produce small metallic chips with the effective surface area of 240 to 550 cmz/g. This was done to ensure high
surface area and the identical chemical composition of each portion of the alloy used for testing inhibiting
efficiency. Due to different mechanical properties of the alloys and varying settings of the shaving equipment,
the surface area of the chips received from each of the alloys varied. The representative testing chips are
shown in Fig.1.

Commercial purity magnesium (CP-Mg-220ppm) was tested as plates. Bare material was cut into
coupons of 5.0 cm?/g, abraded with 1200 grade silicon carbide paper, rinsed with ethanol and dried in a
stream of compressed air. The effective surface area of each tested material is presented in Table 2.



Table 1. Chemical composition of pure Mg and alloys as analysed by spark (optical) emission spectroscopy.
The values are in ppm or in at. % when indicated.

E'i't“e 2(:2P(;:'\:l|log|';l :;“:s" g:::f" WE43 ZE41 E21 AZ31 AZ91 AMS50
Ag <1 0,71+0,27 0,5 32+2 9+2 3143 <1 <1 <1
Al | 130£15 | 50:62 | 34,1:2,5 | 133+47 | 144+10,1 | 145:7,3 |2,86+0,05% | 7,95£0,29% | 4,83+0,03%
Ca 413 <1 3+2,9 22515,0 27%0,3 42+0,7 5 10£2,2 6
Ce <4 <4 <7 206%4,7 |0,65+0,03% | 70+19,1 9 <9 <9
Cu 543 <1 <1 47+4,2 1940,5 2010,7 1410,5 48+8,6 13+0,6
Fe 220+30 51+1,1 50+2,2 38+7,2 1548,3 12+2,3 1743,5 22+6,7 940,83
La <5 <5 <5 0,14+0,01% | 0,42+0,02% 2649,1 <2 <2 3+1,9
Mn 150165 8+3,8 8+1,2 60+2,2 79+2,2 38+1,2 0,36+0,01 | 0,23+0,01 |0,40+0,02%
Ni <2 <2 <2 46+1,9 74,7 5215,2 30,9 <2 3,4+1,9
Pb <4 <4 11+2,4 9213,1 74,0 1848,1 - - 8
Si 53+45 <1 21,3 0,92+0,2 212 4145 271+28,5 561+87,1 590410
Sn 342 <3 4+0,7 38+1,9 49+2,8 70£3,5 <5 24+7,8 <5
Zn 412 10415,5 36+0,9 268+11,6 4,2+0,1% |0,29+0,01% | 0,74+0,01% | 0,54+0,04% | 349+13,6
Zr 5+4 23+12,2 <5 0,17%+0,02 | 0,300,01% |0,19+0.01% <6 <6 18+2,2
Mg | oo | ovome | oosen | e | BT | 0w | sooe | s0am% | so0ms
Pr - - 0'101;)'002 647136 340+11

Th i i 10?6%)52% 10?6%93% 920435

Ti - - 7810,7 12+1,3 34+1,9

Y - - 4,49+0,12% 5010 72+5,6

Nd 1,95+0,03% | 0,24+0,01% | 3.210,2%
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Fig. 1. Visual appearance of 0.5 g of testing materials with the surface area of 400 cm?/g.

Hydrogen evolution tests were performed using eudiometers (art. nr. 2591-10-500 from Neubert-Glas,
Germany). 0.50 g of chips or a coupon of CP-Mg-220 was put in the electrolyte container (500 ml) of
eudiometer. The electrolyte was constantly stirred at 350 £ 100 rpm. The immersion electrolyte contained 0.5
wt.% sodium chloride with or without inhibitor. In most cases 0.05M solution of inhibitor in NaCl was used. In



some special cases less concentrated or saturated solutions (Ci,n < 0.05M) of inhibitors were prepared.
Hydrogen evolution tests were repeated 6 times in pure NaCl solution and normally performed once for the
electrolytes containing potential corrosion inhibitor. The best inhibitors were then re-tested two or three
times to confirm the results.

Table 2. Average surface area of each tested Mg material.

Material CP-Mg- | HP-Mg- | HP-Mg- | \yeas | zean E21 AZ31 AZ91 | AMS50
220ppm | 51ppm 50ppm
f
Sur :r;‘i /agrea' 5.0 550 240 400 490 360 180 430 550

The main goal of this study was to examine the inhibiting efficiency towards Mg corrosion of a wide
range of chemical compounds. Following our previous work [17] the selection of potential inhibitors was
based mainly on their ability to form soluble complexes or precipitates with Fe’* or Fe**. Apart from that,
chemical compounds previously reported to have inhibiting effect on Mg corrosion (Referenced within Table
3) were tested for reference and general ranking. All chemical compounds tested were purchased from
commercial suppliers (mostly from Sigma-Aldrich) and used without additional purification. Amount of
reagent necessary to prepare 0.05M solution was added to 0.5% NaCl solution and stirred until it dissolves.
The pH of all the electrolytes was adjusted by NaOH or HCl to the values varying between 5.5 to 7.2,
controlled by Metrohm-691 pH meter equipped with Mettler-Toledo LabExpert Pt-1000-pH glass electrode.
Hence, all the chemicals purchased as acids were tested as their sodium salts.

The metallographic samples of HP-Mg-51ppm, HP-Mg-50ppm and CP-Mg-220ppm were prepared by
grinding the coupons with SiC paper to 4000 grit finish and then consecutive polishing in 3 um diamond
suspension (Schmitz) and in a mixture of 1um diamond and OPS™ suspension (Fumed Silica Suspension 0.2 pm
water free). Scanning electron microscope (TESCAN Vega3 SB) combined with an energy dispersive
spectrometer (EDS) from eumeX (iXRF Systems) was used to examine the microstructure of Mg materials.

3. Results and discussion

3.1 Inhibitor screening results

Hydrogen evolution as a function of immersion time in 0.5% NaCl solution was used as an inhibitor
performance measure. Although time-consuming, it does not require application of external polarization and
does not imply the use of carcinogenic chromic acid necessary for cleaning corroded magnesium for weight
loss measurements. Besides, hydrogen evolution measurements usually correlate well with the weight loss
measurement for Mg materials because one mole of dissolved magnesium generates one mole of hydrogen
gas [38]. Most of the compounds were tested at concentration of 0.05M. Some were also tested at lower
concentrations if 0.05M solutions could not be prepared due to the limited solubility or lower concentration
was earlier reported to have higher inhibiting efficiency. The duration of the tests was 22 to 78 hours, the cut
off time for calculating all the inhibiting efficiencies was established at 20h. The example of hydrogen
evolution curves in pure 0.5 wt.% NaCl is given in Fig. 2.

Average (of six measurements) volume of H, evolved after 20h was determined and used for
subsequent calculations of the inhibiting efficiency. Based on the results of hydrogen evolution tests, the

inhibiting efficiency (n) of each inhibitor was defined by the following equation:
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where VF?2 and VH";hare the amounts of H, (ml) evolved at 20 hours of immersion in pure NaCl solution and in

NaCl solution containing corrosion inhibitor. The values of calculated inhibiting efficiency are given in Table 3.
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Fig. 2. Normalized hydrogen evolution rate in 0.5% NaCl for nine tested Mg materials.

Positive inhibitor efficiency indicates that corrosion was retarded while negative values mean that
corrosion was accelerated. The table also contains the structural formulas of corresponding compounds, and
references in case the substance had been previously reported as magnesium corrosion inhibitor.

Although a number of compounds demonstrated high inhibiting efficiency, they should not be
immediately recommended for industrial application. Verification of environmental amiability of each new
inhibitor is critical when making the decision about its wide applicability. The information about the acute
toxicity and carcinogenicity provided in Table 3 was extracted from safety data sheets (SDS) for corresponding
reagents (mostly from sigmaaldrich.com). Chemical substances are divided in five categories of toxicological

severity based on LD50 (50% lethal dose) measured in mg/kg of bodyweight [39]. The gradations are the
following: Category 1 — 5 mg/kg; 2 — 50, 3 — 300, 4 — 2000, 5 — 5000 mg/kg. Note, that even if the chemical
compound is neither toxic nor carcinogenic nor mutagenic, it still might be harmful to environment (e.g. like
Ce(NOs); or Salicylaldehyde). The statement “not identified” in Table 3 is a short form of carcinogenicity
statement in SDS that literally reads as “No component of this product present at levels greater than or equal
to 0.1% is identified as probable, possible or confirmed human carcinogen by IARC”. Toxicity to fish usually
considers LC50 (50% lethal concentration). When not available, EC50 level is shown (half maximal effective
concentration) for fish or for daphnia or other aquatic invertebrates. As explained above, all the acids were
neutralized for the measurements to pH 5.5 to 7.2. But the toxicological information for the reagents bought
(usually acid) is shown in Table 3. Note that toxicity of salts is usually lower than that of acids.
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Table 3. Inhibiting efficiency (n, %) of all tested compounds for nine Mg substrates. _iting
efficiency indicates that corrosion was suppressed, while

correspond to accelerated

dissolution of Mg. The inhibiting efficiency was calculated based on the H, evolution values after 20h in 0.5%
NaCl at 23.3 + 1.9 2C. All the compounds described as “acid” and amino-acids were tested at initial pH 5.5 to
7.2 adjusted by NaOH, making tested compounds sodium salts of specified acids. The pH values after the
immersion test (Final pH) are also shown but only for CP-Mg-220ppm.

KNO; 0,05M

51ppm |50ppm

Mg |(WE43| ZE41 | E21 | AZ31 | AZ91 |AM50| Structural formula

Acute Toxicity
LD50 Oral ™, mg/kg
Carcinogenicity
Toxicity to fish,mg/I

Refe-
rence

52
Carcinogenic to
humans
17,6

[8, 40]

3750
Probably
carcinogenic to

KNO3 0,005M

11,6

humans
22,5

Harmful to aquatic life

[41],[42]
[43]

KNO, 0,05M

10,9

157,9
Probably carcinogenic
to humans
0,94

Very toxic to aquatic life

[42]

KCN (initial pH 7.5)
0,05M

10,5

K3F€(CN)5 0,05M

10,9

NaSCN 0,05M

10,6

7,49
Not identified
0,11
Very toxic to aquatic
life with long lasting
effects

[17]

2970mouse
not identified
869

764
Not identified
233

[17]

148,5
Toxic if swallowed
Not identified
200

(40, 44-
46]

n/a

Not identified
n/a

[40, 47]

2980
Not identified
>100

5989
Not identified
120

[47]

[47]

[49, 50]

NaF 0,05M 11,7
N33P°4 0,05M 7,6
Na;PO, 0,01M 2| 8,7
NazPO, 0,0002M 11,4
K,P,0, (Pyrophosphate) 1 3%
0,05M ’
K4P,0; (Pyrophosphate) 87
0,02 M !
Na,SO4 0,05MmM 11,3
NaHCO3 0,002M 10,7*
Na,MoO, 0,05M 11,9*
NavO; 0,05M 9,8*
CeCl; 0,05M 7,1
CeCl; 0,01M 9,7*
CeCl; 0,005M 2 10,2
Ce(N03)3 0,05m 3| 6,1
Ce(N03)3 0,005m 3| 7,4
La(NOs); 0,05M 7,9

[51, 52]

n/a
Not identified

n/a

[8, 15]

4200
Not identified

0.3

Very toxic to aquatic life
with long lasting effects

[45]

Intraperitoneal Mouse
410™""




Not identified
n/a

4184
Not identified
n/a

¢
§-ONa
oL
GHs(CHz)10CHz

500
Not identified
3,2

[13, 14,
53],[46,
54]

CH; O

:
CHa(CHz’QCHZYN‘)LONa
0

5000
Fatal if inhaled
Not identified

107

[13]

o]
CH3(CH2)150H2)LOH

2000
Tumorigenic in tests
on mouse
n/a

[23]

o

CHyCHRCHE Ao

74000
Not identified
205

[16]

A/

o]
I

1200
Potentially mutagenic
18

[14, 46,
53, 55-
59]

-C
I

(=]
]

W
i

n/a
Not identified
n/a

z

OH

4000
Not identified
n/a

2520
Not identified
420

z
I
3

E\Z /i

n/a
Not identified
n/a

n/a
Not identified
322

(60]

n/a
Not identified
n/a

[60]

n/a
Not identified
n/a

(60]

n/a
Not identified
n/a

(60]

o

n/a
equivocal evidence for
germ cell mutagenicity

n/a

[55]

750
Not identified
n/a

6450
Not identified
520

La(NOs); 0,005M 2| 10.0
LaCl; 0,05M 7,9
LaCl; 0,005M 2| 96
Dodecylbenzene 112
Sulfonic acid 0,05M !
N-Lauroylsarcosine Na

0,04M 108
Stearic acid 0,02M 10,3
Oleic acid 0,01M 8,3
8-Hydroxyquinoline 9.7
Saturated (0,01M) !
8-Hydroxyquinoline 109
0,005M ’
8-Hydroxy-5-quinoline- 110
sulfonic acid 0,025 M !
8-Hydroxy-7-iodo-5-
quinolinesulfonic acid 7,6
0,025 M
8-Hydroxy-7-iodo-5-quino- 11.9
linesulfonic acid 0,05M ’
2-Hydroxy-1,4- 104
Naphtoquinone 0,04 M !
5-Aminoisoquinoline

0,002 M 10,7
2,6-Pyridinedicarboxylic 11
(Dipicolinic) acid 0,05M ’
2,6-Pyridinedicarboxylic 11.0
(Dipicolinic) acid 0,03M ’
2, 5- Pyridine-

dicarboxylic (Isocincho- | 10,9
meronic) acid 0,05M 2
3,4-Pyridinedicarboxylic
(Cinchomeronic) Acid 11,0
0,038M

2,3-Pyridinedicarboxylic 111
(Quinolinic) acid 0, 05M 3 ’
Quinaldic acid 0,05M 2| 11,2
Quinaldic acid 0,015M
Picolinic acid 0,05M 11,4
Nicotinic acid 0,05M 10.8
(Niacin or Vitamin B3) !
Benzotriazole 0,05M 9,6
Benzotriazole 0,02M 9,3
Benzotriazole 0,005M 10,2
Benzotriazole 0,0005M | 10,9
5-chlorobenzotriazole 10,9

0,01M

560
Equivocal tumorigenic
agent
25
Harmful to aquatic
life with long lasting
effects

[16, 61-
64]

n/a

Not identified

[16]




5-chlorobenzotriazole
0,001M

10,2*

3,5- Dimethylpyrazole

n/a

1060
Not identified
n/a

(64, 65]

1010
Fetotoxicity
111

[64]

idem

idem

970

Presumed human
reproductive toxicant

280

2600
Not identified
1800

[12]

idem

idem

2730 trapericonear

Not identified
n/a

[12]

20000
Not identified
49000

[66]

5000
Not identified
972,2

1648
Not identified
760

3, 16,
45, 64,
65, 67

25000
Possibly carcinogenic
>100

[16]

n/a
Not identified
n/a

Tntrapericonear 200 mouse

Not identified
n/a

100
Not identified
n/a

132
Not identified
n/a

n/a
Not identified
n/a

n/a
Not identified
n/a

891
Not identified
> 500

[17, 68]

445
Not identified
n/a

[69]

CHa

1800
Not identified
n/a

[69]

0,05M 10.8
Pyrazole 0,05M 11,0
Pyrazole 0,0056M 10,8*
Imidazole 0,02M 10,2
Piperazine 500 ppm 10,3
Piperazine 0,05M 10,1
Pyrazine 500 ppm 10,8
Hexamethylenetetramine 111
(Urotropine) 0,11 M 16g/I ¢
5,5-Dimethylhydantoin 95
0,05M !
1,2,4-Triazole 0,05M 10,0
3-Amino-1,2,4-triazole 9,9
2-animo-5-trifluoro-
methyl-1,3,4-thiadiazole 10,7
Saturated
1,3,4-thiadiazole-2,5-dithiol 100
(DMTD, Bismuthiol I) 0,05M ’
2,2’ Bipyridyl 0,06M 2| 10,7
1,10-Phenanthroline 10,7
0,005M

Bathophenanthroline 110
0,0005M ’
5-Nitrobarbituric Acid 93
0,05M 20 7
Salicylic Acid 0,05M 2| 11,3
3-Methylsalicylic 0,05M | 10,9
4-Methylsalicylic 0,05M (11,0*
5-Methylsalicylic acid

0,05M 104
5-Methylsalicylic acid 11.1*
0,032M !
4-Aminosalicylic acid 10,5

0,05M 2

I
3
Q
o]
o
o T
I

1000
Not identified
n/a

[17, 69]

o
o
I

NH;

4000
Not identified
n/a

[69]




5-Aminosalicylic acid

2800
Not identified
n/a

[69]

n/a
Not identified
n/a

[69, 70]

n/a
Not identified
n/a

n/a
Not identified
n/a

[69]

860
Not identified
n/a

[69]

520
Not identified
2,3
Toxic to aquatic life with
long lasting effects

5000
Limited evidence of
carcinogenicity in
animal studies

n/a
Not identified
3.23

[55]

n/a
Not identified
n/a

10000
Not identified
>99,4

n/a
Not identified
n/a

[70]

2360
Not identified
44.6

Harmful to aquatic life

[53, 54,
64]

2340 mouse
Not identified
n/a

[64]

n/a
Not identified
n/a

[64]

473
Not identified
4

[64]

n/a
Not identified
n/a

n/a
Not identified
n/a

n/a
Not identified
n/a

0,05M 110
5-Sulfosalicylic Acid

0,05M 114
Thiosalicylic acid 0,005M| 9,8
Thiosalicylic acid 0,002M| 10,8
3-Nitrosalicylic acid 11,4
3,5 - Dinitrosalicylic acid 95
0,05M !
3,5-Dinitrosalicylic acid 112
0,002M 2|
Salicylaldehide 0,05M 9,1
Salicylalhydroxamic acid 8.1
0,05M !
Salicylaldoxime 0,05M 9,1
Phthalic acid 0,05M 11,2
4-Hydroxybenzoic acid | 10,1
3,4-Dihydroxybenzoic 91
acid 0,05M ’
Benzoic Acid 0,05M 10,8*
p-Toluic acid 0,05M 10,4
4-Isopropylbenzoic acid 95
(Cuminic acid) 0,005M !
4-tert-butylbenzoic acid 120
0,05M ’
2-amino-5-methyl- 9.7
benzoic acid 0,05M ’
2-amino-5-methyl- 108
benzoic acid 0,006M !
3-methyl-2-nitrobenzoic 101
acid 0,05M ’
3-methyl-2-nitrobenzoic 10.8
acid 0,03M !
5-methyl-2-nitrobenzoic 101
acid 0,02M 2 !
5-methyl-2-nitrobenzoic 112
0,005M ’
2'-Hydroxy-4'-methoxyaceto- 10.7
phenone (Paeonol) 0,05M ’
2'-Hydroxy-4'-methoxy- 10,9

acetophenone 50ppm

490
Not identified
54,9

[19]




Mandelic acid 0,05M

11,2

4100 intraperitoneal

Not identified
n/a

1-Phenyl-1,3-
butanedione
(BenzoylAcetone) 0,05M

10,6

Quinic acid 0,05M 2

n/a
Not identified
1,1mg/I

10,8

Kojic acid 0,05M

Subcutaneous 10000
Not identified
n/a

111

Kojic acid 0,02M

9,8

Maltol 0,05M

250
Equivocal
tumorigenic
n/a

11,0

Formic acid 0,05M

1410
Not identified
n/a

10,8*

11200
Not identified
> 954

Acetic acid 0,05M

11,0

Glycolic acid 0,05M 3

3310
Not identified
> 1000

11,0

Diglycolic acid 0,05M

2040
Not identified
5000

10,9

500
Not identified
105

Oxalic acid 0,05M 2

I
$
o
.

11,2

Propionic acid 0,05M

1080
Not identified
160

[17, 40]

10,6

3455,1
Not identified
n/a

Lactic acid 0,05M

Z 3
]
O o
£ |2

10,4

Glyceric acid, Ca salt
0,05M

n/a
Not identified
n/a

11,1

I

(o]

I %
o

o]

I

o
T

n/a
Not identified
n/a

Malonic acid 0,05M

O
(@]

10,4

T
QO
o
I

1310
Not identified
150

Succinic acid 0,04M

11,0

T
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(o]
o
I

2260
Not identified
>100

Citraconic acid 0,01M

T
=
(@]

5
Y
o

O
T
O.

11,0

Maleic acid 0,05M 3

1320
Not identified
n/a

o]
(o]

10,9

708
Not identified
75

Fumaric acid 0,05M 3

T
o]
|
]
o]
T

11,0

I
o]
[o]
;/é:
g

9300
Not identified
> 100

Tartaric acid 0,05M 3

O
T
O

i
i
o
I

10,3

O
o
I

Malic acid 0,05M

>2000
Not identified
93,31

11,2

Malic acid 0,03M

=
o]
10
o]
I

11,1

O
o
I

5500
Not identified
n/a

Citric acid 0,05M 2

O
o]
I
O

10,9

T
Q
e}
I

07 "OH

D-gluconic acid

375
Not identified
10

I
o
o
I
0
I
o

11,7

[}
I
[elIR
I

n/a
Not identified
n/a
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5560
Not identified
46

>5000
Not identified
> 100

(59]

n/a
Not identified
n/a

[71]

2260
Equivocal
tumorigenic agent
37

>5000
Not identified
n/a

(18, 21]

Adipic acid 0,05M 10,8
Lactobionic acid 11,2
Phytic acid 0,05M 7,4
Phytic acid 5g/L 7,7
Tannic acid 0,005M 5,91
Alginic acid 11,2
Chitosan 7,5g/L 6,8
Dextran 0,05M 10,8

> 10000
Not identified
1,73
Toxic to aquatic life

Streptomycin sulfate
0,05M

8,3

OH

n/a
Equivocal

--0-CH;

j:o . .

oH tumorigenic agent
O - n/a

Penicilin G, Na salt
0,05M

9,9*

430
Suspected human
reproductive toxicant
>180

Deferoxamine
mesylate 0,02M

10,4

6916
Not identified
n/a

Folic acid

(Vitamin Bg) 0,05M

8,8

17300
Not identified
n/a

D-Panthenol
(Provitamin B) 0,05M

10,3

n/a
Not identified
n/a

Ascorbic acid
(Vitamin C) 0,05M

10,6*

15000
Not identified
n/a

Urea 0,05M

10,8

11900
Not identified
n/a

Thiourea 0,05M

11,1*

il
NH,—C—NH2z

8471
Not identified
17500

Uracil 0,05M

8,9

S
HzNJ\NH2

1750
Probably carcinogenic
Suspected human
reproductive toxicant

10000

Glucose 0,05M

10,7

T
fLNH
N
H

o]

6000
Not identified
n/a

Glucose 0,005M

10,7

Glycine 0,05M

2

9,6

HO.

o]
OH

HO OH

OH

25800
Not identified
n/a

0
HN AL

7930
Not identified

n/a

[72]
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>5110

L-Alanine 0,05M 9,9 Not identified [72]
100
n/a
DL-Serine 0,05M 10,2 Not identified
n/a
5850
L-Cysteine 0,05M 9,9 Not identified [72]
100
Intraperitoneal
L-Threonine 0,05M 10,1 P 3098
Not identified [72]
L-Threonine 0,034 M 9,9 n/a
5000
Aspartic acid 0,05M 10,3 Not identified
n/a
2000
Lvaline 0,05M 07 o N oH e 7y
NH> 10000
o) > 16000
L-L . 0.05M 9.9 HacY\l)-k tumor-promoting activity| [72]
eucine ’ 4 OH for bladder carcinomas
CHz NH, n/a
[e]
HoN n/a
L-Asparagine 0,05M 98 | 1 2 \ﬂ/“\‘)I\OH Not identified
O NH, n/a
Q 36000
L-Methionine 0,05M 9,9 | 28 ”3°S\A|)\0H Not identified
NH, n/a
] n/a
DL-Norleucine 0,05M 10,3 Not identified
n/a
cls 10000
L-Ornithine : -
Not identified
hydrochloride 0,05M | **8 i
L-Lysine 0,05M 9,9 n/a
Not identified
L-Lysine 0,0064 M 10,3 n/a
>5110
L-Glutamic acid 0,05M | 10,1 Not identified [72]
> 100
> 15000
L-Histidine 0,05M 10,0 Not identified
n/a
. . 2534
Histamine ; -
dihydrochloride 0,007 M 9,6 Not 'i‘jgt'f'ed
n/a
DL-Proline 0,05M 10,2 Not identified
n/a
n/a
DL-Phenylalanine 0,05M| 10,3 Not identified [72]
n/a
. 7930
Glycylglycine . L
hydrochloride 0,05M 10,0 Not 'iigt'f'ed
Intraperitoneal 1.540
Bicine 0,05M 9,5 Not identified
n/a
Nitril d 1460
itrilotriacetic aci Possibly carcinogenic
(NTA) 0,05M 2 10,4 to humans (70, 73]
3100
K,EDTA 0,05M 12,0
4500 [63,
K,EDTA 0,02M 10,6 Not identified  |74],[73],
41 [70]
K,EDTA 0,001M 3|10,9
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N-(2-hydroxyethyl)
ethylenediamine-

Intraperitoneal 337

HO ,«\/N . «pe
N,N',N'-triacetic 12,0 \Q/\N\ O;\OH Not I(;(;r;tlfled [70]
acid (HEDTA) 0,05M o
Diethylenetriaminepent o Hfj‘ o o S > 3-2(:10
. . N j uspecte uman
a acetic acid (DTPA) 11,0 R ‘NT reproductive toxicant (70]
0,05M "y >100
OH
- n/a
g x.,:;hylcat“hd 9,8 4 | 16 @EOH Not identified
’ GHy n/a
Tiron HO. E—ONa
(Pyrocatechol-3,5- 9,0 a 1320
disulfonate Na) 0,05M O o Not |d¢jnt|f|ed [73]1,[70]
=g= n/a
Tiron 0,0072M 103 | 63 | oD
1,2-Diaminocyclo- ol o Intraperitoneal  ; 3
. . A~ N
hexanetetraacetic acid | 10,4 Lo Not identified [70]
(DCTA) 0,05M Y e n/a
. . N 250
g'gfclhylg'y“'me 103 | 22 MG Ao, Not identified
! oM n/a
. . Q 2000
:'Bes'mpms"hm'c acid | 1041 18 @/gf“ Not identified | [40]
’ n/a
. 3000
TRIS(:I'rls(hydroxymethyI 10,2 Not identified
)-aminomethane) >100
1200
Ethylendiamine 0,05M | 9,7 Not identified
115,7
. .. 1080
HoN NH
?D':tT%'egt;';:n"'"e 9,7 | 17 73 TN Notidentified | [75]
) 1014
. . 2500
H
(T)r(')estlclyle"ete"am'"e 9,6 B~ N~ | Not identified
’ H n/a
Acetylacetone 0,05M 10,7 Not identified
Hao CH3 106
h d o lvludpeluuueal> 2000
Acetohydroxamic acid Presumed human
(AHA) 0,05M 10,8 BN6 Hsc)LH'OH reproductive toxicant
S n/a
1-Phenyl-1, 3 - a
butanedione 0,05M 10,7 Wcm Not |d1er11t|f|ed
R . R n/a
2-Thenoyltrifluoro 03| 37 | 63 | 13 | 52 32 |21 | 71| 4 s CFa Not identified
acetone 0,005M
0o O n/a
. 217 mouse
2,3-Dimercapto- 99 | 48 HS™ ™y oH Not identified
1-propanole 0,05M SH n/a
oH 12600
Glycerol 0,05M 11,1 | 19 11 2 21 33 9 24 13 H H Not identified
O\»\/O n/a

* When CP-Mg-220ppm was not tested, the final pH values for HP-Mg-50ppm are reported as both were similar.

For the inhibitors tested twice or three times, the error magnitude decreases when the inhibiting
efficiency increases. The reproducibility of the results is in the range of 5% to 20% for the cases when

inhibiting efficiency was above 40%. However, the error increases when the inhibiting efficiency was low or

negative. This trend of increased error at lower inhibiting efficiency was also observed by Muster et al [76] for

Al corrosion inhibitors.

13




3.2 Why corrosion rate and inhibiting efficiencies differs markedly for two grades of high purity Mg?

Although the amount of Fe, Cu and Ni impurities is very similar in two types of high purity magnesium,
HP-Mg-50ppm and HP-Mg-51ppm, Table 1, they show completely different corrosion and inhibition
behaviour, Fig. 2, Table 3. Judging by the corrosion rate, HP-Mg-50ppm is similar to commercial purity
magnesium CP-Mg-220ppm containing 220 ppm Fe. The amount of Mn and Si in HP-Mg-50ppm and HP-Mg-
51ppm is also similar, but the content of Al and Zr in HP-Mg-51ppm is significantly higher, 50 and 23 ppm
respectively, while in HP-Mg-50ppm these elements account only to 34 and <5 ppm correspondingly. On the
other hand, HP-Mg-50ppm contains higher amount of Zn and Pb. In any case, these differences in bulk
content of impurities can barely explain significant difference in corrosion and inhibition behaviour of two
high purity magnesium substrates. Elemental composition of impurity particles found in three types of pure
Mg suggests better explanation, Table 4.

Table 4. Elemental composition of impurity particles in pure Mg as shown by EDS, at.%.

Atomic %
Jubstrate CP-Mg-220ppm HP-Mg-51ppm HP-Mg-50ppm
Element Low* Fe | High Fe |Average of 14| Low Fe | High Fe | Average of 7 | Low Fe | High Fe | Average of 9
Mg 87,2 42,9 72,0 +18,5 | 95,48 77,4 86,1%+8,1 83,5 76,1 82,4+6,6
Al 0,54 4,56 2,1+1,7 0,37 10,47 52+4,9 0,17 0,23 0,18 + 0,07
Si 3,8 13,3 6,7+4,2 0,21 11,39 6,1+5,1 58 6,5 48+1,9
Mn 0,19 061 |0,33+0,17 | 0,025 0,031 |0,02+0,01 | 0,09 0,132 | 0,10+ 0,05
Fe 7,4 384 | 18,2+129 | 0,14 0,45 | 0,34%0,15 9,1 16,2 11,4+4,9
Ni 0,19 0,16 0,23 £ 0,06 0,12 0,06 0,10 + 0,05 0,32 0,32 0,29 + 0,09
Cu 0,20 0,20 [0,10%0,07 | 0,030 0,002 |0,03%+0,02 | 0,29 0,18 | 0,27 +0,10
Zr 0,41 001 |0,24+0,61| 3,09 005 |1,91+1,88 | 0,09 0,31 | 0,35%0,40
Pb 0,02 001 [0,05+0,07| 0,53 012 |0,27+0,16 | 0,59 0,01 | 0,24+0,40

* low and high values of at. % correspond not to the lowest and the highest values detected, but to more representative
average low and average high values of at.% .

The size of the impurity particles in all three pure magnesium material vary between 0,5 to 3 micron
with the average size of 1 micron. Besides, the agglomerates of Fe impurity particles reaching ca. 100 micron
were also found in CP-Mg-220ppm. Fe-rich impurity particles were found and analysed by SEM/EDS. Note that
Mg is not expected to make part of the impurity particle, but due to the small size of the impurity particles,
EDS also gives the info about the matrix. Impurity particles in CP-Mg-220ppm are abundant and typically are
very rich in Fe (3 to 43 at.%) accompanied by Si (2 to 14 at.%) and either Al or Zr (average 2,1 and 0,24 at.%
correspondingly). These Fe-rich impurity inclusions are the initial points of micro galvanic corrosion. They act
as local cathodes favouring radial dissolution of Mg around each particle. Local concentration of Mg®* and OH’
is the highest in these sites resulting in precipitation of Mg(OH), on Fe-rich impurities, Fig.3. Similarly, the
impurities in HP-Mg-50ppm are also rich in Fe (3 to 19 at.%) accompanied by Si (1 to 8 at.%) and Zr (average
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0,35 at.%) but low in Al (average 0,18 at.%). On the contrary, the impurity particles in HP-Mg-51ppm are rare,
with low Fe content (average 0,34 at.%) accompanied by high Si, Al and Zr content (average 6,1, 5,2 and 1,9
at.% correspondingly).

The presence of different micro-alloying elements in the Mg-based substrates can significantly affect
the composition of Fe-containing precipitates and consequently their electrochemical activity as local
cathodes. Aluminium even at low concentrations influences the impact of Fe by forming Al-Fe compounds
that are less cathodically active. These can be e.g. AlsFe or Al,Mn(Fe)/ Al,(Mn-Fe) phases depending on the
alloy. The ratio of Fe/Mn in these compounds is also important for stoichiometric reasons and efficient
secondary phase formation [77]. The oxidation properties of such phases weaken the effect of iron on local
galvanic corrosion. The impact of Si on Mg corrosion does not relate to the formation of Mg,Si phases. Silicon
only has an impact on the availability of Fe-rich particles since it promotes their formation in solidifying
magnesium [78]. This is also the reason for the enrichment of Si in such particles. The addition of Zr for grain
refinement is well described [79]. Besides, Zr can purify Mg melt by forming Fe,Zr or FeZr, compounds and
thus decreasing corrosion activity of Fe [80]. However, in high amounts detrimental micro-galvanic coupling
can occur and Zr can become a corrosion hotspot [81]. More detailed information on the influence of
secondary inclusion on Mg corrosion can be found elsewhere [82-84].

Summarising, low content of Fe accompanied by relatively high content of Al or Zr, made Fe-containing
impurities in HP-Mg-51ppm only mildly active in initiating micro-galvanic corrosion. On the contrary, Fe-rich
impurities in HP-Mg-50ppm and CP-Mg-220ppm effectively initiated micro-galvanic corrosion. These matches
the general trend of the data presented in Table 3: correlation between inhibiting efficiency values for HP-Mg-
51ppm and HP-Mg-50ppm is lower (R?= 0,22) than that for CP-Mg-220ppm and HP-Mg-50ppm (R?= 0,50).

SEM MAG: 1.27 kx  View field: 300 pm
WD: 15.18 mm SEMHV: 15.0kV 50 ym
Helmholtz-Zentrum Geesthacht

Fig. 3. Iron-rich impurities in CP-Mg 220 before and after 30 minutes of immersion in 0.5% NaCl. The same site is shown.
The initial Fe content in five impurity particles varied between 3,2 to 37,3 at.%.

3.3. Discussion on inhibitors performance

Carcinogenic chromate Na,CrQq (initial pH = 6.2), tested here as a reference demonstrated efficiency in
the range of 60% to 90% with the exception of ZE41 alloy to which CrO4* repeatedly showed negative
inhibiting efficiency accelerating corrosion process.

Nitrate and nitrite (both described in SDS as “probably carcinogenic to humans”) showed high
inhibiting efficiency of 70% to 95%. Although both, NOs and NO, were previously reported [41, 43, 85] as
effective Mg corrosion inhibitors, the inhibiting mechanism is not clear yet. In [43] it was argued that
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inhibiting mechanism of NO3™ cannot be related to the competitive adsorption between NOs and Cl'. Given
that both, NO3  and NO, are commonly used inhibitors for steel effective at high pH, and in light of significant
influence of Fe on corrosion of Mg, we presume that inhibiting effect of NO3” and NO, on Mg might be related
with interference in Fe oxidation/reduction/replating cycle in the course of Mg corrosion. This is indirectly
corroborated by the fact that NO3 showed the lowest inhibiting efficiency in case of HP-Mg-51ppm with the
lowest content/activity of Fe in the impurity particles. Lower concentration of KNOs (0,005M instead of
0,05M) results in much lower inhibiting effect for commercial purity CP-Mg-220ppm and all RE alloys, while
remaining at roughly the same level for aluminium containing alloys.

CeCl3 and LaCls greatly accelerated corrosion of all nine Mg substrates. Comparing 0,05M and 0,005M
solutions of lanthanide chlorides, detrimental effect reduces along with decreasing CeCl; and LaCls
concentration. In contrast, 0,05M La(NOs)3; and especially Ce(NOs); do show reasonable inhibiting effect to
most of the Mg substrates, again excluding HP-Mg-51ppm. In majority of cases, inhibiting efficiency
significantly decreases once concentration of La(NO3); and Ce(NOs); decreases to 0,005M. Comparing the
inhibiting efficiency of lanthanide nitrates and chlorides, and inhibiting efficiency of KNOs, it is likely that
inhibiting effect of La(NO3); and Ce(NOs)s is mostly caused by NOs™ rather than RE cation, though a synergistic
effect of Ce®" or La** with NOj3 cannot be excluded. Detrimental influence of CeCl; on corrosion of AZ31 has
been also recently reported by Williams et al [15], while Supplit et al [3] reported negative influence of Ce(IV)
acetate incorporated in silane coating applied on AZ31. Inhibiting mechanisms of lanthanide salts (including
Ce and La chlorides [34, 86, 87] and nitrates [36, 55]) described for Al alloys implies formation of Ce(OH)s or
La(OH)s precipitates on cathodic (Cu-rich) particles and on Al matrix due to elevated local pH [36, 86-88].
Given that high alkalinization accompanies Mg corrosion, it was assumed that lanthanides possess inhibiting
effect also for Mg substrates. Multiple experimental reports confirmed that once deposited in optimized
conditions, ceria based conversion coatings provide effective barrier for bare or PEO treated Mg alloys [7, 8,
56, 89-92]. Deposition is often done from acidic solutions (pH 3.6 to 4) due to the hydrolysis of cerium salts at
higher pH. However, under immersion conditions used in this work, when dissolution of Mg and alkalinization
of bulk electrolyte occurred very rapidly due to the high surface area of Mg, ce®* or La*" did not allow for
sufficient increase of pH on Mg surface which is needed to stabilise Mg(OH),. This is because OH’, formed as
product of water reduction reaction, are consumed to form Ce(OH)s/Ce(OH)4 and La(OH)s in diffusion layer or
in bulk solution, rather than on Mg surface. Note that pH of the electrolyte was below 8 for all lanthanide salts
after 24 hours of immersion, while stabilization of Mg(OH), occurs at pH 10.0 - 10.5.

The anionic surfactants, sodium salts of dodecylbenzenesulphonic acid and N-lauroylsarcosine, showed
inhibiting efficiency above 50% for most of the tested alloys. It has been previously shown [13] that these
systems possess double inhibiting functionality in contact with Mg: rapid adsorption on Mg surface and
formation of sparingly soluble compounds with Mg?*. Resulting protective layer blocks anodic dissolution of
Mg and cathodic water reduction. Ability of unsaturated fatty acid - oleic acid - to form thin adsorption layer
and inhibit commercial purity Mg was also described in [16]. We observed the same positive effect of oleic
acid on CP-Mg 220 ppm and RE alloys, while its inhibiting effect on Al-containing alloys was lower.
Surprisingly, saturated analogue of oleic acid - stearic acid - demonstrated similar inhibiting effect for CP-Mg-
220ppm and HP-Mg-50ppm, but adverse effect on HP-Mg-51ppm and all RE- and Al-containing alloys, Table 3.

8-hydroxyquinoline (8-HQ) and its derivatives chelate a number of di- and tri-valent cations including
Fe?/* and Mg?*. Interesting, that the trivial name of 8-Hydroxy-7-iodo-5-quinolinesulfonic acid is Ferron as it
used for spectrophotometric determination of Fe3*[93, 94]. 8-HQ and its derivatives did not inhibit corrosion
of the RE- and Al-containing alloys but showed inhibiting efficiency of 90% for CP-Mg-220pm and HP-Mg-
50ppm with the high content of Fe in the impurity particles. The same effect was observed for the sulfo- and
sulfo- / iodo- derivatives of 8-HQ tested in this work. Similarly, in [56] it was observed that corrosion
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accelerates in presence of 8-HQ loaded in PEO layer formed on ZK30 alloy. In contrast to this, inhibiting effect
of 8-HQ was reported for AZ91 [14, 59], AZ31[57], MAS8 [58] and ZK30 [46]. The discrepancy with previous
works in this case is likely to be explained by combination of adsorption/precipitation inhibiting mechanism of
8-HQ and high rate of corrosion due to the high surface area of samples used in this work. It was shown in [14,
46] that formation of protective layer due to adsorption of 8HQ on AZ91 and ZK30 alloys is a slow process
lasting for hours. Precipitation of Mg(Q), accompanies adsorption. Precipitation of Mg(Q2) starts at pH >7.6
[95] with the pH range of complete precipitation of Mg** being 9,4 - 12,7 and solubility product of Mg(Q2) =
6.8:10™® [55]. In the conditions of fast Mg dissolution observed in our work, slower adsorption process is
dominated by formation of sparingly soluble Mg(Q), chelates in the electrolyte rather than on Mg surface. This
accelerates dissolution of Mg. In case of CP-Mg-220pm and HP-Mg-50ppm materials, corrosion was controlled
by the rate of the cathodic reaction and high inhibiting effect was achieved because cathodic reaction on Fe-
rich impurities was suppressed by dampening the Fe/Fe**/Fe* redox cycle. In any case, 8-HQ is not likely to
find any industrial applications because it is light sensitive and is equivocally mutagenic according to SDS data.

Benzotriazole (BTA) was tested in a wide concentration range of 0.05M to 0.0005M. At concentration
of 0.05M BTA accelerated dissolution of most Mg materials. Corrosion acceleration diminished linearly with
decrease of BTA concentration. Weak inhibiting effect for the alloys was only observed at low concentration
of 0.0005M. More hydrophobic derivative, 5-chloro-benzotriazole exhibited slightly better performance at the
concentration of the same range. Inhibiting effect of benzotriazole (BTA) on Mg corrosion has been first
mentioned in [64] and then described in [63]. It was shown that the inhibiting efficiency decreases to zero at
0.05M concentration while at concentration of 0.03M, the inhibiting efficiency reaches maximum of 40%. The
results from [63] cannot be directly compared with recent studies on AMLite [62] that show corrosion
acceleration of BTA at pH 3 and pH 7 with inhibiting effect evident only at pH 10. Note, that in our testing
conditions, pH did not raise above 9.8 after 24 hours for all the tested alloys. Slight corrosion acceleration of
CP Mg in borate buffer in presence of BTA was also described in [16]. In any case, BTA is not likely to find any
industrial application because it suffer from photon induced degradation when exposed to UV irradiation [96],
is marked in SDS as equivocally tumorigenic agent and harmful to aquatic life with long lasting effects.

Nitrobarbituric acid exhibited high inhibiting effect for most of the alloys. It is known analytical reagent
for gravimetric determination of Mg as it forms Mg(NB), -8H,O [97] which is a sparingly soluble complex.
Based on this property, nitrobarbiturate can be grouped together with F-, PO,>, C,0.%,
dodecylbenzenesulphonate, N-lauroylsarcosine and 8-hydroxyquinoline as they all form stable precipitates
with Mg2+ and might contribute to Mg inhibition via suppressing anodic dissolution. Phosphate (or more
precisely the mixture of hydro- and dihydro-phosphates because initial NasPO, solution was adjusted to
pH=7.0) demonstrate weak inhibiting effect at concentration of 0.05 and 0.01M while much better results
were achieved at lower concentration of phosphate (0.0002M). This is because at higher concentrations,
phosphate buffered the pH at 8.7, which is below the value necessary for stabilization of Mg(OH),.

Amino-, methyl-, thio-, nitro- and dinitro-derivatives of salicylic acid generally showed high inhibiting
efficiency for most of the tested Mg materials. This is likely to be related with suppressing iron re-deposition
activity. Salicylic and sulfosalicylic acids are known in analytical chemistry for forming high stability complexes
with Fe*" which are used in spectrophotometric analysis. However, unlike the aforementioned derivatives,
salicylic and sulfosalicylic acids themselves showed weak or even adverse inhibiting effect for the tested
alloys. This is because both acids also form stable complexes with Mg2+ (logl(l\s,,tgpr = 5.1 for sulfosalicylic

acid)[98]. In this case, the positive effect of iron complexing is offset by accelerated Mg dissolution. Amino-,
methyl-, nitro- and dinitro-derivatives of salicylic acid also form stable complexes with Fe*' (logKlfgsJ, =18.13
for 3-methyl-, logK,,fger = 14.57 for 5-methyl-, logKlf£3+ = 14.19 for 3-nitrosalicylic acid [98-100]). The highest
inhibiting effect of salicylic acid derivatives was found for highly corroding pure Mg (CP-Mg-220ppm and HP-
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Mg-50ppm) and aluminium containing alloys AZ31, AZ91 and AMS50. Related 4-hydroxybenzoic and 3,4-
dihydroxibenzoic acids greatly accelerated dissolution of all Mg substrates because apart from chelating Fe*,
they also form highly stable complexes with Mg?* (logK,\f,tgpr = 9.84 for 3,4-dihydroxybenzoic acid) [99].

Salicylaldehide demonstrated high inhibiting efficiency for RE containing alloys, but should not be considered
for the industrial use due to its toxicity to aquatic life.

A group of pyridinedicarboxylic acids, (2,6- , 2,5-, 2,3- and 3,4-PDCA) showed inhibiting efficiency
>70% on average for all tested alloys and pure Mg. In PDCAs, the nitrogen protonation capability is greatly
reduced due to enhanced deactivation of aromatic ring by second carboxylic group [101]. PDCAs are
tridentate ligands forming rather strong chelates with Fe**, Fe?* and weak complexes with Mg2+ (e.g. for 2,6-
PDCA logKIf§3+ =17.13, logK,f,,;H = 2.7 [102]). Given this, observed inhibiting effect is likely to be related

with suppression of cathodic reaction on Fe-rich inclusions. Related pyridine monocarboxylic nicotinic and
picolinic acids showed weaker inhibiting effect while quinaldic (quinolinecarboxylic) acid possesses high
inhibiting effect similar to PDCA:s.

EDTA exhibited slight inhibiting effect for highly corroding pure Mg (CP-Mg-220ppm and HP-Mg-
50ppm). This is in line with previous reports that EDTA exhibits positive inhibiting effect for Mg-Cag 45 alloy
[63] and recent report for pure Mg [74]. In contrast to pure Mg, corrosion of all the alloys was greatly
accelerated. EDTA is one of the most widely used complexing agents and forms highly stable complexes with
Fe’" and Fe®" along with Mg?*, Zn*, AI**, etc. Similar effect of high corrosion acceleration was observed for a
number of effective chelating agents: Tiron (pyrocatechol-3,5- disulphonate Na), nitrilotriacetic acid (NTA), N-
(2-hydroxyethyl) ethylenediamine-N,N',N'-triacetic acid (HEDTA), Diethylenetriaminepenta acetic acid (DTPA),
1,2-Diaminocyclo-hexanetetra-acetic acid (DCTA). All of them are the chelating agents forming stable
complexes with a number of cations and are used for chelate titration, masking or separation of cations. For
the listed compounds, logK*%es. > 15 and IogKStMgz+ > 5. Thus, just like in case of salicylic, sulfosalicylic and 3,4-
dihydroxybenzoic acids, positive inhibiting effect due to iron complexation might be levelled out by the
negative effect of complexing Mg2+ that accelerates Mg dissolution. Only at lower concentration, 0.001M
EDTA or 0.0072M Tiron, inhibiting effect slightly improves, in some instances to positive values.

Benzoic acid showed the highest inhibiting efficiency to the alloys compared to its alkyl derivatives, like
toluic, iso-propylbenzoic and tert-butylbenzoic acids. Interesting that amino- and nitro-derivatives of methyl-
benzoic acid exhibited high inhibiting efficiency specifically to AZ31 alloy.

The amino-acids accelerated corrosion of all the alloys and some exhibited weak inhibiting effect for
CP-Mg-220ppm and HP-Mg-50ppm pure magnesium with active iron impurities. Although the absolute values
of inhibiting efficiency are different, the ranking order of individual amino-acids is very similar to that reported
earlier for Mg—Al-Zn alloy [72]. Glycine, valine, alanine and leucine showed the lowest (negative) efficiency,
while lysine, cysteine and threonine showed the highest inhibiting efficiency.

Saturated carboxylic acids (formic, acetic, propionic), di- and tri-carboxylic acids (oxalic, malonic,
succinic, adipic, citric) and their hydroxy derivatives with one or more hydroxylic groups in alpha or other
positions (glycolic, lactic, glyceric, tartaric, malic, gluconic) form medium stability complexes with Fe®'/Fe*
and hence can dampen the Fe/Fe®'/Fe** redox cycle [98-100, 102]. E.g. logK*'es- = 3.1 for formic acid (and one
of the iron-hydroxy-formiates has logK*es: = 20.0), logK*'ses+ = 8.3 for acetic acid, logK*res: = 3.4 for propionic
acid) Most of these acids, tested in solutions adjusted to neutral pH, demonstrated high to medium inhibiting
efficiency, especially to aluminium containing alloys and pure Mg. The prominent exception is the citric acid,
which demonstrated enhanced hydrogen evolution for the alloys (but not for pure Mg with active Fe
impurities). The reason is that citric acid, apart from iron complexes (logK*ces: > 11.5), also forms soluble
complexes with Mg2+ (lOgKAS,Zgz+ = 3.37) [99]. For the substrates where the effect of Fe on corrosion is the
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strongest (CP-Mg-220ppm and HP-Mg-50ppm) the positive effect of iron complexation prevails over the
negative effect of facilitating Mg dissolution which takes over in case of HP-Mg-51ppm and all six alloys.

Three unsaturated carboxylic acids were tested: citraconic, maleic and fumaric. The latter two are the
cis- and trans- isomers of butenedioic acids. Interesting that while maleic acid has low inhibiting efficiency
ranging for the alloys from -5% to 26% only, its trans- counterpart, fumaric acid, demonstrated much higher
inhibiting efficiency (73% to 90%) for all (but ZE41) Mg materials. Although the stability constant of iron and
magnesium fumarates were not found, multiple reports are available on synthesis of iron(ll)-fumarate [103]
and its use as iron-rich food supplement [104, 105] which is the indication of relative stability of Fe-fumarate.

2,2-bipyridyl and o-phenantroline also possess moderate inhibiting effect to most of the tested Mg
materials. These two complexing agents are worth mentioning because they are the classical analytical
reagents for colorimetric analysis of Fe?* [106], although o-phenantroline also forms stable complexes with
Fe’* logK3tss = 23.5 [102].

As it was previously explained, three main factors were considered at the pre-screening stage when
selecting the compounds for hydrogen evolution tests:

a) forms soluble complexes with Fe**/Fe?".

b) forms sparingly soluble complexes with Mg**

c) previously reported as corrosion inhibitor for one of the Mg alloys
Apart from Fe, detrimental influence of Cu and especially Ni on accelerating cathodic reaction of Mg is well
known [107, 108]. Assuming that cathodic activity of Cu and Ni can be blocked by chelating mechanisms
similar to that for Fe, several complexants specific to Cu (1,3,4-thiadiazole-2,5-dithiol - DMTD, benzotriazole -
BTA) and Ni (dimethylglyoxime) were tested, but no pronounced inhibiting effect on corrosion of Mg alloys
was revealed. This is likely because the impurity level of both Cu and Ni was low in the materials tested. Even
EDS analysis of impurity particles did not reveal Cu and Ni enrichment, Table 1 and Table 4. On the other
hand, being the transition elements of first (3d) block, Fe, Ni and Cu possess similar properties reflecting on
stability of formed chelates. E.g. for 2,6-pyridinedicarboxylic acid logK,fZ% = 17.13; logKCSZZH = 16.52;
logKy 3+ = 13.50. For 2, 2"-bipyridyl logK i3+ = 17.45; logK 3+ = 17.08; logK 3+ = 18.46. For salicylic acid
logKIf:::%Jr =28.12; logKCSZZH =18.28; logKl\S,f§+ =11.75 [102]. Thus, even in presence of higher amounts of Ni
and Cu in Mg alloys, magnesium corrosion inhibitors dampening Fe/Fe’*/Fe*" redox cycle are likely to have
similar effect of Cu/Cu®* and Ni/Ni*" species.

Although the role of adsorption on inhibiting mechanism is not discussed in this paper because
mechanistic understanding requires much more detailed investigation, we deem that adsorption layers
formed on Mg or selectively on Fe-rich impurities might have a significant influence on inhibition by many of
tested compounds. Research in this direction is planned.

As it was described above, correlation between inhibiting efficiency for HP-Mg-51ppm and HP-Mg-
50ppm is lower (R®= 0.22) than that for CP-Mg-220ppm and HP-Mg-50ppm (R? = 0.50). The highest correlation
of HP-Mg-51ppm inhibiting efficacy was found with Elektron 21 alloy (R* = 0.72). Inhibiting efficiency within
the group of aluminium alloys also shows high correlation (average R® for three alloys is 0.86). The same
applies to the group of three RE containing alloys (average R? for three alloys is 0.70), while correlation
between the groups of Al- and RE-containing alloys is lower (R?> = 0.56). Summarizing, corrosion and
consequently inhibition of pure Mg greatly depends on the impurity level and distribution of Fe in impurity
particles. Application of corrosion inhibitor found to be effective for RE-containing Mg alloy will not
necessarily be successful for Al-containing Mg alloy, while use of the same inhibitor within the same group of
Mg alloys is more likely to yield positive effect.
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3.4 Inhibitors ranking

Fifteen the most efficient inhibitors for three groups of Mg alloys are ranked in Table 5. Sodium salts of
pyridine-dicarboxylic acids (especially 2,5- and 2,6-PDCA ) and Na salts of several derivatives of salicylic acids
(3,5-dinitrosalicylate, 3-nitrosalicylate, 4- and 5-aminosalicylate and 3- and 5-methylsalicylate) possess high
inhibiting efficiency for the entire range of tested Mg materials. It is comparable or even higher than the
efficiency of carcinogenic chromate - Cr(VI) - traditionally used by corrosion protection strategies for Mg
alloys. This is an encouraging outcome, especially in view of the shortly approaching Sunset Date (21-09-2017)
for the use of chromate containing treatments and pigments. Even though the ban to use Cr(VI) compounds in
aerospace industry implied by REACH authorisation list (Annex XIV) is likely to be postponed until year 2024
[109], the use of Cr(VI) will eventually be prohibited for all the industries. This makes finding new corrosion
inhibitors suitable for industrial applications timely and highly relevant.

Beside the salts of pyridinedicarboxylic and salicylic acids, the differences in the list of best 15
inhibitors for each group of alloys are rather significant. On the other hand, quinaldates and nitrate (both
equivocally carcinogenic) along with fumarates and nitrobarbiturates demonstrated high inhibiting efficiency
to a number of tested alloys.

Table 5. Selection of 15 the most efficient corrosion inhibitors for pure Mg. Toxic, carcinogenic and harmful
for environment substances are marked. Question mark means that mutagenic or carcinogenic effects are
suspected.

CP-Mg-220ppm HP-Mg-51 ppm HP-Mg-50 ppm
1 @ @ 98 | 2, 5-Pyridinedicarboxylate Na | 92 | 2,5-Pyridinedicarboxylate Na 99
Salicylaldehide
2 3-Methylsalicylate Na 97 | Folate Na 89 | 2,6-Pyridinedicarboxylate Na 99
3 KNO; 97 @ 85 | 2,3-Pyridinedicarboxylate Na 98
Na,CrO,
4 8-Hydroxyquinoline 95 | 3,5-Dinitrosalicylate Na 81 | 3,4-Pyridinedicarboxylate Na 97
s . ”
5 KCN 94 | 2,6-Pyridinedicarboxylate Na 75 KNO; 97
6 Dodecylbenzene Sulfonate Na | 93 | Fumarate Na 73 | 2-Hydroxy-1,4-Naphtoquinone 97
”
7 NasPO, 93 Quinaldate Na 70 | Fumarate Na 95
8 Salicylate Na 92 | 2,3-Pyridinedicarboxylate Na 70 | 3-MethylSalicylate Na 94
9 @ 92 | 3,4-Pyridinedicarboxylate Na 64 | 4-Isopropylbenzoate Na 94
Ce(NO3);
10 2,6-Pyridinedicarboxylate Na | 90 | 2-Thenoyltrifluoroacetone 63 | 5-MethylSalicylate Na 93
11 La(NOs); 88 | 5-Methylsalicylate Na 61 NaF 93
12 5-Aminosalicylate Na 86 | 4-Isopropylbenzoate Na 51 | Succinate Na 93
13 Oxalate Na 86 | 2-Hydroxy-1,4Naphtoquinone | 48 Diglycolate Na 93
14 Diglycolate Na 86 | Benzoate Na 48 | Oxalate Na 93
15 Thiosalicylate Na 86 NAL | N 47 @ 90
-Lauroylsarcosine Na Ce(NOs);
Cr(VI1)
50 61 3 85 62 56
ranked
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WE43 Elektron 21
1 @ 95 95 | Fumarate Na 90
Salicylaldehide KNO;
2 88 75 @ £ | 89
KNO; NaF KNO,
3 Fumarate Na 87 | 3-Methylsalicylate Na 75 | 2, 5-Pyridinedicarboxylate Na 83
4 2,5-Pyridinedicarboxylate Na | 83 2,6-Pyridinedicarboxylate Na 71 3,5-Dinitrosalicylate Na 82
s P . 7 O |=
Na,CrO, N-Lauroylsarcosine Na Salicylaldehide
6 5-Methylsalicylate Na 76 | Na,SO, 68 | 3,4-Pyridinedicarboxylate Na 81
7 2,6-Pyridinedicarboxylate Na | 73 | 5-Aminosalicylate Na 66 | Folate Na 77
8 3,4-Pyridinedicarboxylate Na | 71 Malate Na 63 5-Methylsalicylate Na 76
9 5-Nitrobarbituriate Na 71 @ 62 75
Ce(NO5); KNOs H
10 <:> @ 70 | Diglycolate Na 60 > 70
KNO, . Quinaldate Na
11 3,5-Dinitrosalicylate Na 70 | 5-Methylsalicylate Na 59 | 2,6-Pyridinedicarboxylate Na 69
12 3-Nitrosalicylate Na 66 | Glycolate Na 59 | Pyrazine 69
13 Oleiate Na 64 | 3,4-Pyridinedicarboxylate Na | 57 | Oleate Na 65
14 Quinaldate Na 62 | 4-Aminosalicylate Na 57 | N-Lauroylsarcosine Na 64
15 Lactobionate Na 59 | Lactobionate Na 55 | Ce(NOs)s @ 62
Cr(VI)
5 80 90 -39 16 62
ranked
AZ31 AZ91 AMS50
1 <C> 95 <C> 88 87
KNO, Na,CrO, KNO; .
2 @ 94 | 3,5-Dinitrosalicylate Na 86 @ 82
Na,CrO, Na,CrO,4
3 Fumarate Na 90 | Fumarate Na 83 | 3,5-Dinitrosalicylate Na 81
4 2-Hydroxy-1,4-Naphtoquinone | 90 KNO, @ 82 | Fumarate Na 80
5 5-Methyl-2-nitrobenzoate Na | 90 | 5-Aminosalicylate Na go | KNO: @ 79
6 Quinaldate Na IZ 86 | Quinaldate Na (2] | 74 | 5-Aminosalicylate Na 77
7 KNO3 ? 86 | 3-Nitrosalicylate Na 74 | Quinaldate Na B 77
8 2, 5-Pyridinedicarboxylate Na g4 | Ce(NOs)s ¥ 73 | 5-Nitrobarbiturate Na 74
9 4-Isopropylbenzoate Na 84 | KNO3 ? 71 | 3,4-Pyridinedicarboxylate Na 74
10 5-Aminosalicylate Na 83 | 5-Nitrobarbiturate Na 71 | 2, 5- Pyridinedicarboxylicate Na 70
11 Ce(NOs); @ 83 | 2-Thenoyltrifluoroacetone 71 | Benzoate Na 70
12 3,4-Pyridinedicarboxylate Na | 82 | 2, 5-Pyridinedicarboxylate Na 68 | 2,6-Pyridinedicarboxylate Na 69
13 2,6-Pyridinedicarboxylate Na | 79 | 3,4-Pyridinedicarboxylate Na 67 | 3-Nitrosalicyliate Na 68
14 3-Methylsalicylate Na 78 | Thiosalicylate Na 67 | 3-Methylsalicylate Na 66
15 Formate Na 78 | Dodecylbenzene Sulfonate Na | 67 | Pyrazine 61
Cr(VI1)
2 94 1 88 2 82
ranked
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Some of presented values of inhibiting efficiency correlate well with earlier reported data [12, 13, 16,
40], while in some cases lower inhibiting efficiently was found. This should not be considered as a disturbing
contradiction for several reasons. Inhibiting efficiency greatly depends on the composition and impurities
present in any particular Mg material. Striking difference of corrosion behaviour and inhibition of two high
purity Mg, containing slightly different amount of impurities (HP-Mg-50ppm and HP-Mg-51ppm), is a vivid
example, see part 3.2. Besides, a compound possessing high inhibiting efficiency to one specific alloy might
accelerate dissolution of another alloy. Table 3 is full of such examples, e.g. Na salts of glycolic, diglycolic,
oxalic and tartaric acids exhibit medium to high inhibiting efficiency to Al-containing Mg alloys but greatly
accelerate corrosion of E21. Concentration of the inhibitor and duration of the immersion test before the cut-
off measurement for calculating the inhibiting efficiency also greatly influences the inhibiting efficiency value.
All in all, chemical composition of the alloys including impurities, corrosion medium, concentration of the
inhibitor, (initial) pH and immersion time need to be considered together with inhibiting efficiency for the full-
fledged comparison.

Albeit, comparison is not always feasible, the database presented in this work ranks Mg corrosion
inhibitors tested in the same conditions for a number of industrially important alloys. We consider this as a
starting point for understanding the particularities of corrosion inhibition of each specific alloy and for in
depth studies of inhibiting mechanisms of the most effective inhibitors. Naturally, varying concentration of
inhibitors as well as exposure time and conditions may and will result in different inhibiting efficiencies.
Another direction is the development of the most suitable and cost-effective ways of incorporating new
inhibitors into the chemical conversion coatings, primers (including epoxy and silane based) and paints for
impairing them with active corrosion protection. Again note, that behaviour of the same inhibitor when in
contact with a bare alloy or dispersed in a coating may also result in different inhibiting mechanism and hence
different inhibiting efficiency as it was shown for the aluminium alloy 2024 [110].

3.4 Where to use Mg dissolution promoters?

A number of tested organic compounds have shown acceleration of Mg dissolution, in some cases
above 500 %. In spite of seemingly negative results, there substances are also likely to find extended
application, for example as electrolyte additives for Mg primary batteries [70, 73, 111]. Suppression of Mg
self-corrosion, proposed here via complexing iron impurities, is one of the main requirements for primary
battery applications. When supported by moderate complexation of I\/Ig2+ (to prevent formation of blocking
precipitate of Mg(OH), on the battery anode) such complexing agents boost performance of Mg-air batteries.
Only the complexing agents that form soluble complexes with Mg allow for elevated voltage of Mg batteries.
The example of such species are Na Salicylate, Tiron, Na Nitrilotriacetate, Na-EDTA [70, 73, 111] and sodium
citrate [112]. Compounds that form sparingly soluble species with Mg, like sodium oxalate and sodium
dodecylbenzenesulfonate do not improve battery performance because the anode surface rapidly becomes
blocked [70, 73]. Several more applications for Mg dissolution promoters are currently being explored and will
be reported later.

The data presented in Table 3 can also be used to shed some light on the behaviour of bioresorbable
implants. Whole blood or its serum contains several tens of compounds that can be considered Mg or Fe
complexing agents. Their low concentrations might be compensated by the high number of such compounds
constituting the bio-liquids. Meanwhile, only a fraction of them is included in the simulated body fluid
solutions used as testing medium for studying dissolution of Mg parts. SBF or DMEM only partly take into
account the complexity of the chemical composition of blood and serum that contain multiple Fe and Mg
complexing agents. Very limited variety of vitamins and drugs tested in this work has shown their significant
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influence on Mg dissolution that varies from alloy to alloy. E.g. folic acid (strong Fe complexing agent)
demonstrated inhibiting effect for most of the alloys. The effect of ascorbic acid varies depending on the alloy
and ranges from +87% for HP-Mg-50ppm to -401% for Elektron 21 alloy. Similar effect but with narrower
variation of inhibiting efficiency was observed for Glucose. Tris, D-panthenol, streptomycin and penicillin (two
latter are added to DMEM for preventing bacteria growth) revealed marked corrosion acceleration effect on
tested Mg alloys. Detailed study on influence of individual components of bio-fluid on degradation rate of Mg
alloys is needed. Including several more key organic compounds to the simulated body fluids used for Mg
testing and taking into account corrosion acceleration by media components like tris, streptomycin and
penicillin, might improve general understanding and allow for better than reported [113] matching of in-vitro
and in-vivo test results of Mg degradation.

4. Conclusions

151 individual chemical compounds were tested and their ability to inhibit corrosion was ranked for
pure Mg and AZ31, AZ91, AM50, WE43, ZE41 and Elektron 21 alloys. A number of new corrosion inhibitors
have been identified with the inhibiting efficiency comparable or even exceeding that of carcinogenic Cr(VI).
The sodium salts of derivatives of pyridinedicarboxylic and salicylic acids are the most efficient and universal
when it comes to inhibiting corrosion of pure Mg, Al- or RE-containing alloys. Majority of other tested
inhibitors are not universal, i.e. the inhibitor effective for ZE41 alloy might not necessarily possess similar
inhibiting efficiency for AZ31 alloy. However, good correlation is observed between the inhibiting efficiency
within groups of Al- or RE containing alloys and pure Mg.

The values of inhibiting efficiency presented in this work varied in a wide range with varying
concentration of the inhibitor. Among other factors, pH buffering effect that inhibitors might possess, is
responsible for this. Traditional effects were observed such as passivation/precipitation due to formation of
sparingly soluble Mg complexes on Mg surface. Relatively new general trend was also emphasized that
compounds forming highly stable complexes with Fe*'/Fe? are efficient inhibitors of Mg corrosion. The effect
is especially high for the materials including Fe-rich impurities acting as local cathodes initiating microgalvanic
corrosion. On the other hand, the effect is low or even negative, if substances forming Fe3"/Fe2+ chelates also
bind Mg?* in soluble complexes. These effects are important for developing new strategies for corrosion
inhibition of Mg alloys but also for the development of electrolytes for primary Mg-air batteries and for
understanding Mg degradation in bio environments.
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