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Abstract

A review of the literature confirmed that the intrinsic corrosion rate of high-purity Mg as measured by weight-loss is 0.3mm/y in a
concentrated chloride solution. Atmospheric corrosion of Mg alloys has produced corrosion rates of Mg-Al alloys an order of magnitude
lower than the intrinsic corrosion rate of Mg in a concentrated chloride solution of 0.3 mm/y. The only successful strategy to produce a Mg
alloy with a corrosion rate in a concentrated chloride solution substantially less than the intrinsic corrosion rate as measured by weight loss
of Mg of 0.3mm/y has been to improve the protectiveness of the corrosion product film.
© 2020 Published by Elsevier B.V. on behalf of Chongqging University.
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1. Introduction

Much research has been expended to understand Mg cor-
rosion [1-6] and to produce Mg alloys with low corrosion
rates, particularly in aggressive concentrated chloride solu-
tions. Mg alloys are sought with corrosion rates as measured
by weigh loss lower than the intrinsic corrosion rate of high-
purity Mg of 0.3mm/y in a concentrated chloride solution.
This benchmark identifies the intrinsic corrosion rate as mea-
sured by weight loss of Mg in concentrated chloride solutions
as the lowest reliable corrosion rate for Mg in these solutions
[7-10]. It is of importance to understand the Mg alloy de-
velopment strategies that have produced Mg alloys with low
corrosion rates.

The aims of this review are:
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(i) to review Mg corrosion rates,

(i1) to confirm that the intrinsic corrosion rate of high-purity
Mg as measured by weight loss is 0.3 mm/y in a con-
centrated chloride solution,

(ii1) to understand the Mg alloy development strategies that
have produced Mg alloys with low corrosion rates in
such solutions, and

(iv) to examine the recent claims of a new highly-corrosion-
resistant Mg alloy [11,12].

To explore these aims, the recent literature of Mg corrosion
was reviewed, with an emphasis on corrosion rates measured
using weight loss, Py (mm/y). Weight loss corrosion rate
measurements were preferred, because there are issues with
the other common methods for measuring the corrosion rate
of Mg alloys [1,3,13]. The Mg corrosion rate is also eval-
uated (i) from the evolved hydrogen, Py [14], (ii) by Tafel
extrapolation of polarisation curves to give Pj, and (iii) from
electrochemical impedance spectroscopy to give, Pygs, [15].
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Fig. 1. Values of corrosion rate from Table 1 as measured by electrochemical
techniques by Tafel extrapolation of polarisation curves, P; or from electro-
chemical impedance spectra, P;jgrs, plotted against the corrosion rate mea-
sured from the evolved hydrogen, Py or measured by weight loss, Pw. Note
that there is usually good agreement between Py and Pw. The line drawn
on the figure is a guide to the eye and shows the condition for equality of
the two measurements of the corrosion rates.

The corrosion rate of Mg measured using hydrogen evolu-
tion in a chloride solution, Py, is typically in good agreement
with the corrosion rate measured by weight loss, provided the
corrosion rate is substantial [14,16,17]. This provides confi-
dence that both techniques provide a reliable measurement of
the Mg alloy steady-state corrosion rate. In contrast, exper-
imental evidence [2,13] indicates that electrochemical mea-
surements of the corrosion rates of Mg alloys have not pro-
vided a good measurement of the steady-state corrosion rate
of Mg alloys. This is confirmed by the data in Table 1 and
by Fig. 1.

The results of the review of Mg corrosion rates are pre-
sented in Table 1 and plotted in Figs. 1 and 2. In particular,
Table 1 and Fig. 2 provide corrosion rates for Mg alloys in
chloride solutions with an emphasis on the recent literature.

2. Electrochemical corrosion rate measurements

Fig. 1 shows the values of corrosion rate from Table I
as measured by electrochemical techniques by Tafel extrap-
olation of polarisation curves, P;, or from electrochemical
impedance spectra, Pjgrs, plotted against the corrosion rate
measured from the evolved hydrogen, Py or measured by
weight loss, Pw. Note that there is usually good agreement
between Py and Pyw. The plotted data do not fall on the line
drawn. Thus, P; and P;jgis consistently underestimated the
steady-state corrosion rates for Mg alloys in chloride solutions
as measured from Py and Pyw. Fig. 1 provides reinforcement
that electrochemical methods have not been reliable for the
measurement of the steady-state corrosion rate of Mg alloys
in concentrated chloride solutions [4,5,13].
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Fig. 2. Plot of the corrosion rate, Pw or Py, against total alloying content
for the Mg alloys in Table 1, with a horizontal line drawn at the intrinsic
corrosion rate as measured by weight loss of Mg of 0.3mm/y as shown by
high-purity (HP) Mg and a second horizontal line drawn at a corrosion rate
of 1 mm/y. These lines are drawn as a guide to the eye.

Reasons [1,3,4] why electrochemical measurements give
corrosion rates for Mg alloys less than the steady-state cor-
rosion rates include:

(1) The corrosion rate soon after specimen immersion can
be orders of magnitude smaller than the steady state
corrosion rate. Electrochemical measurements are typi-
cally carried out soon after specimen immersion in the
solution, before there is steady state corrosion behaviour
[93,98].

(2) The evolving hydrogen (from the cathodic partial re-
action) can isolate part of the specimen, so that this
self-corrosion cannot be detected by any electrochemi-
cal measurement [17].

3. Mg corrosion rates

The Mg corrosion rates from Table | are presented in
Fig. 2. Fig. 2 plots the corrosion rate, Pw and Py, against
total alloying content (TA). A horizontal line is at the in-
trinsic corrosion rate as measured by weight loss of Mg of
0.3mm/y. A second horizontal line is at a corrosion rate of
I mm/y. These lines are a guide to the eye.

Fig. 2 provides confirmation that the intrinsic corrosion
rate as measured by weight loss for Mg is ~0.3mm/y in
concentrated chloride solutions as the lowest reliable corro-
sion rate in these solutions for high purity Mg. Research
that has measured corrosion rates between 0.2 and 0.4 for
HP and UHP Mg includes the following: Hanawalt, Nel-
son, Peloubet [7] measured Pw =0.3mm/y for alternate im-
mersion in 3 wt% NaCl solution for 16 weeks (the speci-
men was dipped in the solution for 30s, followed by 2min
in air during which the specimens did not completely dry);
Cao et al. [8] measured Pw=0.25mm/y for immersion in
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Table 1

Corrosion rates (CR, mm/y) for Mg alloys, with an emphasis on corrosion rates determined by weight loss,
Pyw. Corrosion rates from Tafel extrapolation of polarisation curves, P;, are only quoted if these can be
calculated from ico values in the paper or if icor values can be easily and accurately determined; evaluation
is difficult for curved polarisation curves. P; relates to corrosion rate evaluated by Tafel extrapolation, P;gis

relates to corrosion rate evaluated from EIS [7-9,11,16-104].

Year |First Author|Alloy, condition/form Composition, wt% C TA, Exp M CR, | Ref
% mm/y
2019 |[Bahmani  |[MgMnCa, XM11 Mg0.52Mn0.39Ca B 0.9 1,7d Pw 1.7 18
2019 [Bahmani  |MgMnCa, XM11 Mg0.52Mn0.39Ca B 0.9 1,0.5h Pi 0.64 | 18
2019 |[Bahmani  [MgMnCaAl, AXM211 Mg0.48Mn0.42Ca2.38A1 B 33 1,7d Pw 8.7 18
2019 [Bahmani  |[MgMnCaAl, AXM211 Mg0.48Mn0.42Ca2.38A1 B 33 1,05h Pi 1.5 18
2019 |[Bahmani  |[MgMnCaSn, TXM911 Mg0.54Mn0.49Ca9.14Sn B 10 1,7d Pw 8.8 18
2019 |Bahmani _ |[MgMnCaSn, TXM911 Mg0.54Mn0.49Ca9.14Sn B 10 1,05h Pi 2.0 18
2019 |[Bahmani  |[MgMnCaZn, ZXM411 Mg0.56Mn0.44Ca3.90Zn B 4.9 1,7d Pw | 3.6 | 18
2019 |[Bahmani  |[MgMnCaZn, ZXM411 Mg0.56Mn0.44Ca3.90Zn B 4.9 1,05h Pi 0.46 | 18
2019 |Cao Pure Mg, ep Mg0.0028 Fe P 0.08 2,7d Pau 0.5 19
2019 |Cao Pure Mg, ep Mg0.0028 Fe B 10.08 2,7d Pigis | 0.2 19
2019 |Cao Pure Mg, ep Mg0.0028 Fe B ] 0.08 3,7d Pau 16 19
2019 |Cao Pure Mg, ep M-0.0028 Fe B ]0.08 3,7d Pipis | 12 19
2019 [Gore Pure Mg [Fe] <0.001 P | 0.06 4,1d Py 0.8 | 20
2019 |Gore Pure Mg [Fe] <0.001 B [0.06]| 4,10m Pi 03 | 20
2019 |Gore Mg0.14In [Fe] = 0.002, 0.14In B 0.2 4,1d Pw 7 20
2019 |Gore Mg0.14In [Fe] = 0.002, 0.14In B 0.2 4,10m Pi 06 | 2
2019 |Gore Mg0.11Au [Fe] =0.003, 0.11Au B 0.2 4,1d Pw 50 20
2019 |Gore Mg0.11Au [Fe] = 0.003, 0.11Au B 0.2 4,10m Pi 1.0 | 20
2019 |Cain AZ31B-H24 3.02A10.99 Zn0.33Mn0.005Fe B 4.3 5,1d Pi 34 | 21
2019 |Cain MglSn 1.23Sn0.02A10.005Zn0.002Mn0.002Fe B 1.2 5,1d P 6.8 | 21
2019 |Cain Mg5Sn 5.48Sn0.03A10.005Zn0.004Mn 0.007Fe B 5.4 5,1d Pi 4.1 21
2019 |Cain Mg10Sn 10.65Sn0.02A1 0.004Zn0.002Mn0.001Fe B |10.6 5,1d Pi 14 | 21
2019 [Hu AZ91 9.12A10.89Zn0.23Mn R [102 4,1d Pw 1.0 | 22
2019 |Hu AZ910.5Sm 8.98A11.12Zn0.19Mn0.48Sm R 10.8 4,1d Pw 0.9 22
2019 [Hu AZ911.0Sm 9.08A10.96Zn0.18Mn0.92Sm R 11.1 4,1d Pw 0.7 22
2019 |Kim CP Mg 0.001A10.001Mn0.003Y0.402Fe B 0.4 6,3d Pw | 230 | 23
2019 [Kim Mg3Al 2.878A10.004Mn0.003Y0.291Fe B 32 6,3d Pw | 215 | 23
2019 [Kim Mg3Al10.3Mn 2.598A10.253Mn0.003Y0.0094F¢ B 2.9 6,3d Pw 17 23
2019 |[Kim Mg3Al0.03Y 2.598A10.001Mn0.033Y0.0061Fe B 2.6 6,3d Pw 5.6 | 23
2019 [Kim Mg3Al0.2Y 2.660A10.001Mn0.176Y0.0051Fe B 2.8 6,3d Pw 1.4 | 23
2019 |[Kim Mg3Al0.5Y 2.900A10.001M 0.548Y0.0039F¢ B 35 6,3d Pw 1.8 | 23
2019 |Abdel- Pure Mg Undisclosed B | 0.01 7,10d Pw 50 | 24
Gawad
2019 |Abdel- Pure Mg Undisclosed B |00l 7,05h P 0.13 | 24
Gawad
2019 |Abdel- Mg1Zn0.6Ca, cast 1.037Zn0.019Fe0.079V0.014Ti0.245Si0.56 | B 1.9 7,10d Pw 39 | 24
Gawad 7Ca
2019 |Abdel- Mg1Zn0.6Ca, cast 1.037Zn0.019Fe0.079V0.014Ti, B 1.9 7,05h Pi 0.07 | 24
Gawad 0.2458i0.567Ca
2019 |Abdel- Mg27n0.6Ca, cast 2.016Zn0.012Fe0.052V, B 29 7,10d Pw 22 | 24
Gawad 0.010Ti0.179Si0.600Ca
2019 |Abdel- Mg27n0.6Ca, cast 2.016Zn0.012Fe0.052V0.010T1 B 2.9 7,05h Pi 0.04 | 24
Gawad 0.179Si0.600Ca
2019 |Abdel- Mg2.57n1.5Ca, cast 2.540Zn0.013F¢0.050V0.008Ti B 4.2 7, 10d Pw 55| 24
Gawad 0.180Si1.440Ca
2019 |Abdel- Mg2.5Zn1.5Ca, cast 2.540Zn0.013Fe0.050V0.008Ti B 4.2 7,05h Pi 0.28 | 24
Gawad 0.180Si1.440Ca
2019 |Jiang Mg4Zn, e 3.63Zn0.00Sn0.06Fe¢0.06Si1 B 3.8 8,7d Pw | 187 | 25
2019 [Jiang Mg4Zn0.9Sn, e 3.56Zn0.92Sn0.04Fe¢ 0.04Si, Bl | 4.6 8,7d Pw 1062 | 25
2019 |Jiang Mg47Zn1.4Sn, e 3.56Zn1.43Sn0.02Fe0.03Si, Bl 5.0 8,7d Pw 045 [ 25
2019 |Jiang Mg4Zn1.9Sn, e 3.587n1.88Sn0.03Fe0.07Si, Bl 5.6 8,7d Pw 0.77 | 25
2019 |Zuo Pure Mg, e&cd Not provided B 0.01 9,14d Pw 1.6 26
2019 |Zuo Pure Mg, e&cd Not provided B 1001 | 10,14d Pw 22 | 26
2019 |Zuo Pure Mg, e&cd Not provided B ]0.01 [ 11,14d Pw 1.5 | 26
2019 |Song Mg27Zn0.5MnlCal.4Ce, |2.00Zn0.50Mn1.02 Cal.35 Ce B |49 12,1h Pi 0.63 | 27
cast
2019 |Song Mg27Zn0.5MnlCal.4Ce, |2.00Zn0.50Mn1.02 Cal.35 Ce B 4.9 12,1h Pi 0.90 | 27
ECAP
2019 [Gao HP-Mg. ¢ 99.99 wt% Bl ] 0.01 12, 10d Pw 027 28
2019 |Gao HP-Mg, etts 99.99 wt% Bl [ 0.01 12,10d Pw 0.72 [ 28
2019 |Gao HP-Mg, ¢ 99.99 wt% B ]0.01 13,8w Pw_|0.03 | 28
2019 |Gao HP-Mg, etts 99.99 wt% B 0.01 13,8 w Pw |0.03| 28
2019 |Dvorsky Pure Mg, e undisclosed B ]0.01 14, 14d Pw 1.2 29
2019 |Dvorsky WE43, e Mg4Y3Nd Bl 7.0 14, 14 d Pw 0.4 29
2019 |Dvorsky EZ30, e Mg3Nd0.5Zn B 35 14,14d Pw 1.4 | 29
2019 [Dvorsky  |WZ21, ¢ Mg2Y1Zn B 3.0 14,14d Pw 25 | 29
2019 |Dong Mgl.58r, e Mg1.58r, <0.001Fe, <0.001 Ni Bl 1.5 12,14d Pw 0.2 30
2019 [Dong Mg!1.5Sr, T4 450 C for 5 h [Mg1.5Sr, < 0.001Fe, <0.001Ni BI 1.5 2,14d Pw 0.1 30
2019 |Dong Mg1.58r, T4 560 C for 5 h [Mgl.5Sr, <0.001Fe, <0.001Ni Bl 1.5 12,14d Pw 0.4 30
2019 |Dong Mg1.58r, T6 560 C for 5 |Mgl.5Sr, < 0.001Fe, <0.001Ni Bl 1.5 12, 14d Pw 0.7 30
h, 10 h at 200 C
2019 |Dong Mg1.5Sr, T6 560 C for 5 |Mgl.5Sr, <0.001Fe, <0.001 Ni B 1.5 12,14d Pw 47 | 30
h, 40 h at 200 C
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Table 1 (continued)

2019 |Zhao AZ31, e Mg3.14A11.02Zn0.44Mn0.003Si0.0018Fe Bl 4.6 12,230 h Pan [ 0.56 | 31
2019 |Feliu AZ31, unspecified Mg3.0A11.0Zn0.2Mn B 42 [1520C, 4| Pw 1.8 | 32
d
2019 |Feliu AZ31, unspecified Mg3.0A11.0Zn0.2Mn B 42 |15,37C, 4| Pw 72 | 32
d

2019 |Grimm Pure Mg undisclosed B 1001 16,7d Pw 4 33

2019 |Grimm Mg-18Al Mg18A10.0029F¢0.0104Si0.023Mn B 18 16,7d Pw 4 33

2019 |Yan Mg0.06Cu, cast Mg0.057Cu-<0.005Fe-0.012Si B | 0.06 12,7d Pw 30 | 34

2019 |Yan Mg0.06Cu, cast Mg0.057Cu-<0.005Fe-0.012Si B [0.06 | 12,30m P 0.12 | 34

2019 [Yan Mg0.06Cu, sht Mg0.057Cu-<0.005Fe-0.012Si Bl 0.06 12,7d Pw 0.6 34

2019 |Yan Mg0.06Cu, sht Mg0.057Cu-<0.005Fe-0.012Si B ]0.06 | 12,30m Pi 0.05 | 34

2019 |Zhang Mg2Nd0.2Zn Mg2Nd0.2Cu Bl 2.2 12,7d Pw 0.3 35

2019 |Johnston HP Mg HP Mg Bl | 0.01 17,7d Pw 0.4 36

2019 [Soltan WE43B, T6 Mg3.51Y2.09Nd0.40Gd0.49Zr0.004Fe R 6.5 1,21d Pw 0.2 37

2019 |Soltan EV31A, T6 Mg2.78Nd1.35Gd0.43Zr0.003Fe R 4.6 1,21d Pw 09 | 37

2019 [Soltan Pure Mg, cast Mg0.003Zn0.003Fe0.008Mn B 1001 1,21d Pw 1.6 | 37

2019 |Soltan ZE41A, TS Mg4.36Zn0.66Zr0.002Fe B 5.0 1,21d Pw 8.5 | 37

2018 |Jia Pure Mg Mg > 99.95 wt% Bl | 0.05| 18,14d Py 0.6 | 38

2018 [Jia Pure Mg Mg >99.95 wt% Bl |0.05 18,56d Pw 0.4 38

2018 |Jia Pure Mg, porous, round  |Mg > 99.95 wt% B | 0.05]| 18,14d Pw 3.7 | 38
pores

2018 |Jia Pure Mg, porous, round  |Mg > 99.95 wt% B [0.05| 18,56d Pw 1.4 | 38
pores

2018 |Jia Pure Mg, porous, irregular Mg > 99.95 wt% B |0.05]| 18,14d Pw 1.7 | 38
polyhedral

2018 [Jia Pure Mg, porous, irregular (Mg > 99.95 wt% Bl | 0.05 18,56 d Pw 0.5 38
polyhedral

2018 |Feng Mg25Al, cast, atb Mg25A1 B 25 6,6d Pw | 42 | 39

2018 |Feng Mg25Al, sht, a+b Mg25A1 B 25 6,6d Py 5.0 | 39

2018 |Feng Mg25 Al, USS, a Mg25Al B 25 6,6d Pw 1.2 | 39

2018 |Feng Mg25 Al, USS +age,a+ |[Mg25Al R 25 6,6d Pw 0.6 39
10-100 nm b

2018 |Wu MgGdYZnZr, sht + age:  |Mgl10.2Gd5.7Y1.6Zn0.4Zr R 18 1,3d P 04 | 40
surface = oxide + alpha

2018 |Wu MgGdYZnZr, sht +age:  |Mgl0.2Gd5.7Y 1.6Zn0.4Zr B 18 1,6d Pu 2.7 | 40
bulk = oxide + ppts

2018 |Liu Commercially pure Mg, ¢ |[Mg0.02Si0.006Fe B 10.03 4,24 h Pw 21 41

2018 |Liu Mg0.2Sb, cast Mg0.23Sn0.002Fe B 0.2 4,24h Pw 1.1 | 41

2018 |Liu Mg0.1Bi, cast Mg0.13B-0.001Fe B 0.1 4,24h Pw 1.5 | 41

2018 |Liu Mg0.1Ge, cast Mg0.09Ge0.003Fe B 10.09] 4,24h Pw 1.7 | 41

2018 |Liu Mg0.3Ge, cast Mg0.33Ge0.001Fe R 0.3 4,24h Py 0.8 | 41

2018 |Liu Mg0.1Sn, cast Mg0.11Sn0.001Fe R 0.1 4,24h Py 0.9 | 41

2018 |Liu Mg0.1Pb, cast Mg0.14Pb0.001Fe R 0.1 4,24h Pw 0.8 | 41

2018 |Liu CP Mg Mg0.02Si0.06Fe B |0.02] 4,24h Pw 21 42

2018 |Liu MglZn, sht at 400 C, e at |MglZn B 1 4,24h Pw | 40 | 42
180 C

2018 |Liu Mgl1Zn0.3Ge, sht at 400  |Mgl.01Zn0.27Ge B 1.3 4,24h Pw 1.2 | 42
C,eat 180 C

2018 |Liu Mg1Zn0.5Ge, sht at 400  |Mg1.03Zn0.52Ge B 1.6 4,24h Pw 1.4 | 42
C,eat 180 C

2018 |Back Mg8Snl1ZnlAl e at 280 |Mg7.7Sn0.95Zn0.94A10.009Mn0.002Fe0.0 | B 9.6 5,72h Pw | 250 | 43

02Si
2018 |Baek Mg8Snl1ZnlAl e at 180 |Mg7.7Sn0.95Zn0.94A10.009Mn0.002Fe0.0 | B 9.6 5,72h Pw 28 | 43
02Si

2018 [Sadeghi AZ31 R 4 1,7d Pan | 095 | 44

2018 |Sadeghi AZ31+0.4Sr (or 0.8Sr) B 4.4 1,7d Pan | 1.8 | 44

2018 |Liu AZ91 Mg9.3A10.67Zn0.25Mn0.003Fe B |10.2 6, lw Pw 23 45

2018 |Liu AZ91 + fsp Mg9.3A10.67Zn0.25Mn0.003Fe B [ 102 6, 1w Pw 12 | 45

2018 |Zhang Mgl13Gd1.6Ag0.41Zr, sht |+0.007Fe0.0013Ni0.0011Cu B | 150 19,24h Pw 1.4 | 46

2018 |Zhang Mgl13Gd1.6Ag0.41Zr, sht |+0.007Fe0.0013Ni0.0011Cu B | 150 19,10m Pi 0.15 | 46

2018 |Zhang Mgl13Gd1.6Ag0.41Zr, +0.007F¢0.0013Ni0.0011Cu B | 150 19,24h Pw 32 | 46
aged

2018 |Zhang Mgl13Gd1.6Ag0.41Zr, +0.007Fe0.0013Ni0.0011Cu B | 150 19,10m Pi 0.22 | 46
aged

2018 |Zhang Mg16Gd0.36Zr, sht +0.007Fe0.0016Ni0.0009Cu B 164 | 19,72h Pw 025 | 46

2018 |Zhang Mg16Gd0.36Zr, sht +0.007Fe0.0016Ni0.0009Cu B 164 | 19,10m Pi 0.15 | 46

2018 |Zhang Mg16Gd0.36Zr, aged +0.007Fe0.0016Ni0.0009Cu B |164 | 19,72h Pw 036 | 46

2018 |Zhang Mg16Gd0.36Zr, aged +0.007Fe0.0016Ni0.0009Cu B | 164 | 19,10m Pi 0.16 | 46

(continued on next page)

3.5 wt% NaCl saturated with Mg(OH), for 14 days; Yang lution for 10 days; Johnston [36,50] measured Pw = 0.4 mm/y
et al. [9] measured Pw =0.22 and 0.33mm/y for immersion for immersion in Hanks’ solution for 1 week; Jia et al.
in 3.5 wt% NaCl solution for 2 days; Liu et al. [10] mea- [38] measured Pw=0.4mm/y for immersion in Dulbecco’s
sured Pw =0.2mm/y for immersion in Hanks’ solution for 3 modified eagle medium (DMEM)+ 10vol.% foetal bovine
days and 15 days (0.8 wt% NaCl, 0.14M NaCl); Gao et al. serum, 100 units/mL penicillin 4 100 units/mL Streptomycin,
[28] measured Pw =0.27mm/y for immersion in Hanks’ so- at 37 C with 5 vol% CO, atmosphere for 56 days (DMEM
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Table 1 (continued)
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2018 |Yang Mg3Fe, film Mg3Fe9Si26Mn (ppm) P 10.004] 6,48h Pwv [022] 9
2018 [Yang Mgl 1Fe, film Mgl 1Fel114Si108Mn (ppm) P 0.02 6,48 h Pw 0.32 9
2018 |Yang Mgl5Fe, fb Mg15Fe16Si180Mn (ppm) B |0.02| 6,48h Pwv [198] 9
2018 |Yang Mgl8Fe, fb Mg18Fe35Si176Mn (ppm) B [002| 6,48h Pw | 148 9
2018 |Yang Mg25Fe, fb Mg25Fe1235Si216Mn (ppm) B 10.04| 6,48h Pw | 107 | 9
2018 |Turan AZ91, pm 99.7% purity B 0.3 6.24h Pw 1.6 | 47
2018 |Turan AZ91, pm 99.7% purity B 0.3 6,15m Pi 1.3 | 47
2018 |Yan Mg-0.1Cu, cast Mg-0.1Cu-<0.005Fe-<0.018i-<0.001Ni B 0.1 20,7d Pw 50 | 48
2018 [Yan Mg0.1Cu, sht 510 C 10 h  |Mg-0.1Cu-<0.005Fe-<0.01Si-<0.00INi Bl | 0.1 20,7d Pw 1 48
2018 |Li Mg4Li, e B 4 4,5d Pw 1.8 | 49
2018 |Li Mg7.5Li, e B 7.5 4,5d Pw | 32| 49
2018 |Li Mgl4Li, e R 14 4,5d Pw 0.8 | 49
2018 |Johnston  |HP Mg Mg0.017A10.001F¢0.018Ca0.008Mn Bl | 0.05 17,7d Pw 03 | 50
2018 |Johnston  |UHP Mg Mg0.002Zn0.004Ca-<0.001Fe Bl [0.006 17,7d Pw 04 | 50
2018 |Johnston _ |UHP ZX00 Mg0.43Zn0.42Ca0.002Fe Bl |0.85 17,7d Pw 05 | 50
2018 |Johnston  |ZE41 Mg4.6Zn1.0Ce0.51La0.1Pr0.004Fe B 6.2 17,7d Pw 1.4 | 50
2017 |Miao Mg2.33Zn0.84Gd, e, Mg2.33Zn0.84Gd Bl | 32 12,10d Pw 027 51
sample A
2017 |Miao Mg2.33Zn0.84Gd, sht + e, [Mg2.33Zn0.84Gd Bl | 3.2 12,10d Pw 021 51
sample B
2017 |Xiang Mg5LilAl e to 2 mm Mg4.99Li1.07A10.0053Fe B 6.1 6,14d Pw 38 52
2017 |Xiang Mg5LilAl e to 2 mm Mg4.99Li1.07A10.0053Fe B 6.1 6,20m Pi 22 52
2017 |Xiang Mg5LilAl e +20% rd Mg4.66Li1.03A10.0054F¢ B 5.7 6,14d Pw 10 | 52
2017 |Xiang Mg5Li-1Al e +20% rd ~ |[Mg4.66Li1.03A10.0054Fe B 57 6,20m Pi 0.7 | 52
2017 |Jia Mg27Zn, ds Not provided B 2 21,2d Pw 2.7 53
2017 |Jia Mg27n, ds Not provided B 2 21,10m Pi 027 ] 53
2017 |Baek Mg5.5A10.7Zn0.3Mn0.5C |Mg5.53A10.67Zn0.29Mn0.48Ca<0.001Y0. | B 7.0 5,3d Pw 1.8 | 54
a 0021Fe
2017 |Back Mg5.5A10.7Zn0.3Mn0.5C |Mg5.53A10.67Zn0.29Mn0.48Ca0.24Y0.00 | R 7.2 5,3d Pw 03 | 54
a0.2Y 21Fe
2017 |Turan CP Mg 99.7% Mg B 0.3 6,15m Pi 2.7 | 55
2017 |Turan Mg0.5wt.%GNP B 0.5 6,15m Pi 23 55
2017 |Caralapatti |[CP Mg 99.8% Mg B 0.2 | 20,200h | Pw 18 56
2017 |Caralapatti |CP Mg + HRLSP 99.8% Mg B 0.2 | 20,200h | Pw 7 56
2017 |Liu MglY 0.72Y-<0.001Fe-bal Mg R 0.7 | 6,300h Pu_|055]| 57
2017 |Liu MglY 0.72Y-<0.001Fe-bal Mg B 0.7 | 6,400s Pi 027 | 57
2017 |Liu Mg5Y, cast (ac) 4.72Y-<0.001Fe-bal Mg B 4.7 | 6,300h Py 4.1 | 57
2017 |Liu Mg5Y, cast (ac) 4.72Y-<0.001Fe-bal Mg B 4.7 | 6,400s Pi 04 | 57
2017 |Liu Mg-5Y, ac + sht 4.72Y-<0.001Fe-bal Mg R 47 | 6,300h Pu 04 | 57
2017 |Niu Mg2.8Nd-02Zn0.4Zr Mg2.8Nd0.2Zn0.4Zr B 34 | 22,15y | Prome| 0.15 | 58
2017 {Choi AZ91, cast 8.54A10.19Mn0.74Zn0.0009Fe B 9.5 6.21d Pw 1.2 | 59
2017 |Choi AZ91Ti, cast 8.51A10.26Mn1.13Zn0.0011Fe R 9.9 6,21d Pw 0.8 | 59
2017 |Mingo Mg9Al 12.7A10.0155F¢0.0045Mn B [12.7] 23,3d Py 54 | 60
2017 |Mingo Mg9AI10.5Mn 7.3A10.0110F¢0.4240Mn R 7.7 23,3d Pu 0.8 | 60
2017 |Mingo Mg9Al0.25Nd 7.0A10.0190F¢0.0030Mn0.25Nd B 7.3 23,3d Py 48 60
2017 |Mingo Mg9Al0.5Ca 8.7A10.0020F¢0.0235Mn0.31Ca B 9.0 23,3d Py 48 | 60
2017 |Mingo Mg9Al0.5Y 7.4A10.0071Fe0.0102Mn0.45Y B 8.0 23,3d Py 7.6 | 60
2017 |Mingo Mg9Al0.5Sn 8.2A10.0077F¢0.0300Mn0.38Sn B 8.6 23,3d Py 38 60
2016 |Jayaraj AZ31 Mg2.84A10.98Zn0.11Mn0.002Fe B 39 24,5d Pw | 63 | 61
2016 |Jayaraj AZ31 Mg2.84A10.98Zn0.11Mn0.002F¢ B 39 | 24.25m Pi 32 | 61
2016 |Zhang Mg6Gd0.5Zn0.4Zr, ac Bl | 69 | 25,120h Pw |045| 62
2016 |Zhang Mg6Gd0.5Zn0.4Zr, ac, sht Bl | 69 [ 25, 120h | Pw |[0.50 | 62
535Cfor12h
2016 |Back AZ61 Mg5.53A10.67Zn0.29Mn0.0021Fe R 6.3 5.72h Pw_[033] 63
2016 |Esmaily Pure Mg G [0.01 ] 26,504 Pw 020 | 64
2016 |Esmaily AM20 G 2.0 26, 504 Pw_[0.048] 64
2016 |Esmaily AZ31 G 4.0 26, 504 Pw_10.042| 64
2016 |Esmaily AM60 G 6.0 26, 504 Pw_10.026]| 64
2016 [Esmaily AZ91 G 10 26,504 Pw_10.020| 64
2016 [Saikrishna |AZ31, e Mg2.75A10.91Zn0.001Fe B 3.7 27,3d Pw 4.0 65
2016 [Saikrishna |AZ31, ¢ Mg2.75A10.91Zn0.001Fe B 3.7 27,1h Pi 0.6 | 65
2016 |Saikrishna |AZ31, fsp Mg2.75A10.91Zn0.001Fe B 3.7 27,3d Pw 4.6 | 65
2016 [Saikrishna |AZ31, fsp Mg2.75A10.91Zn0.001Fe B 3.7 27,1h Pi 20 | 65
2016 |Liu Mg5Y7GdINd0.5Zr Mg7.04Gd4.531.29Nd0.49Zr 66
2016 |Jafari AZ63 67
2016 |Johnston _ |UHP ZX00, e Mg0.45Zn0.4 Bl | 0.9 17,7d Pw 0.5 | 68
2016 |Johnston UHP ZX00, mc Mg0.45Zn0.45C: Bl 0.9 17,7d Pw 04 | 68
2015 |Johnston  |HP Mg Mg0.007Fe Bl [0.007| 17,166 h Pw 05 | 69
2015 |Johnston  |AZ91 MBS.15A1-0.64Zn0.15Mn0.005Fe Bl | 89 [ 17,166h | Pw 03 | 69
2015 |Johnston  |ZE41 Mg4.59Zn1.06Ce0.006Fe0.13Y0.48La0.13 | B 6.5 | 17,166h | Pw | 3.4 | 69
Pr0.1Nd
2015 |Chu WE43, sht 8 hat 525 C + [Mg3.74Y2.10Nd0.45Zr0.52Gd<0.005Fe R 6.8 1,180 h Pan | 0.70 | 70
wQ
2015 |Chu WE43, sht + PA: 16 at 250 [Mg3.74Y2.10Nd0.45Zr0.52Gd<0.005Fe R 6.8 1,180 h Pan | 038 | 70
C
2015 |Liao AZ80, forged (f) Mg8.3A10.46Zn0.22Mn-<0.1Si0.005Fe B 9.0 6,4d Pw 48 | 71
2015 |Liao AZ80, forged Mg8.3A10.46Zn0.22Mn<0.18i0.005Fe B 9.0 6,7 Pi 29 1 71
2015 |Liao AZ80, f+agedat 170 C  [Mg8.3A10.46Zn0.22Mn<0.1Si0.005Fe R 9.0 6,4d Pw 09 | 71
10h
2015 |Liao AZ80, f+agedat 170 C |Mg8.3A10.46Zn0.22Mn<0.18i0.005Fe B 9.0 6,7 Pi 0.6 | 71
10h
2015 |Yang Pure Mg Mg15 ppmFel6 ppmSil80 ppmMn B ]0.02 6,48h Pw |1t03]| 72
2015 |Yang Pure Mg Mg 18 ppmFe35ppmSil76ppm Mn B | 0.02 6,48 h Pw |55t 72
21

has a chloride concentration similar to that of Hanks’ solu-
tion); and Shi and Atrens [96] measured Pw =0.4mm/y for
immersion in 3.5 wt% NaCl saturated with Mg(OH), for 3 to
20 days. Taltavull et al. [77] showed that the high-purity Mg
corrosion rate is nearly independent of chloride concentration,
provided that there is no micro-galvanic corrosion.
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In this context it is worth repeating that the high-purity
Mg that shows the intrinsic corrosion rate in chloride solu-
tions as measured by weight loss of 0.3mm/y contains no
second phase particles and is typically in ingot form. Heat
treatment of ingot Mg can cause precipitation of Fe-rich par-
ticles and much higher corrosion rates [98]. Heat treatments
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2015 Yang Pure Mg Mg25 ppmFel23 ppmSi216ppm Mn B |0.04 6,48 h Pw |87to| 72
120
2015 |Gaon AZ91D, diecast Mg9.0A10.68Zn0.24Mn R 9.9 |28,14-18d| Pw | 021 | 73
2015 |Gaon MRI 153M, diecast Mg8.0Al11.0Ca0.28Sr R 9.4 [28,14-18d| Pw 073 ] 73
2015 |Gaon MRI 2018, diecast Mg3.06Nd2.00Y0.41Zr B 5.5 |28,14-18d| Pw | 146 | 73
2015 |Yim Mg-5Sn-1Zn (TZ51),e  |Mg4.56Sn1.06Zn0.0021Si0.0010Fe B 5.6 6,3d Pw | 32 | 74
2015 |Yim Mg-58n-3Zn (TZ53), e Mg4.69Sn3.15Zn0.00218i0.0017Fe B 7.8 6,3d Pw | 40 | 74
2015 |Choi ZK60, e, sht, rolled Mg5.23Zn0.53Zr0.019Mn<0.0002Fe B 5.8 12,1d Pw 25 175
2015 |Choi ZK60, e, sht, rolled, Mg5.23Zn0.53Zr0.019Mn<0.0002Fe B 5.8 12,1d Pw L |75
led 1 h
2015 |Saha Pure Mg ud B [003] 12,16d Pw | 62 | 76
2015 [Saha Pure Mg ud B 0.03 12,5m Pi 1.6 76
2015 [Saha Mg0.25Zr ud B |025] 12,16d Pw 13176
2015 [Saha Mg0.25Zr ud B 0.25 12,5m Pi 0.3 76
2015 |Saha Mgl.0Zr ud B 1.0 12,16d Pw 1.6 | 76
2015 [Saha Mgl.0Zr ud B 1.0 12,5m Pi 0.11 ] 76
2015 [Wu Pure Mg ud B [0.04| 4,24h Pw 10 11
2015 |[Wu Pure Mg ud B 0.04 4, ud Pi 4.6 11
2015 (Wu Mgl 1Li3Al10.2Zr0.6Y, Mgl0.95Li3.29A10.19Zr0.59Y R 15 4,24h Pw 0.8 11
WQAR
2015 |Wu Mgl1Li3A10.2Z10.6Y, Mg10.95Li3.29A10.19Zr0.59Y B 15 4,ud Pi 02 | 11
WQAR
2014 |Tatavull Pure Mg Mg0.02Zn0.02Mn0.007Fe B ]0.05 17,7d Pw 16 | 77
2014 |Tatavull Pure Mg Mg0.02Zn0.02Mn0.007Fe B [005| 29,7d Pw 1.6 | 77
2014 |Tatavull Pure Mg Mg0.02Zn0.02Mn0.007Fe B 1005| 30,7d Pw 1.6 | 77
2014 |Tatavull ZE41 Mg4.77n0.4RE0.006Fe B 5.1 17,7d Pw | 20 | 77
2014 |Tatavull  |ZE41 Mg4.7Zn0.4RE0.006Fe B 5.1 29,7d Pw 40 | 77
2014 |Tatavull  |ZE41 Mg4.7Zn0.4RE0.006Fe B 5.1 30,7d Pw 11 77
2014 |Tatavull AZ91 Mg8.2A10.6Zn0.2Mn0.005Fe B 8.8 17,7d Pw |35 | 77
2014 |Tatavull  |AZ91 Mg8.2A10.6Zn0.2Mn0.005Fe B 8.8 29,7d Pw 9.7 | 77
2014 |Tatavull ~ |AZ91 Mg8.2A10.6Zn0.2Mn0.005Fe B 8.8 30,7d Pw 12 | 77
2014 |Ha Mg2Sn (T2) Mg1.96Sn B 2.0 5.72h Pw 25 | 78
2014 |Ha Mg4Sn (T4) Mg4.10Sn B | 41 5,72h Pw 6.0 | 78
2014 |Ha Mg6Sn (T6) Mg6.20Sn B 6.2 5,72h Pw 12 | 78
2014 |Ha Mg8Sn (T8) Mg8.05Sn B 8.1 5.72h Pw 17 | 78
2014 |Ha Mg5Sn1Zn (TZ51) Mg4.56Sn1.06Sn B 5.6 5,25d Pw 1.9 | 79
2014 [Ha Mg5Sn2Zn (TZ52) Mg4.43Sn1.95Sn R 6.4 5,25d Pw 0.8 79
2014 |Ha Mg5Sn3Zn (TZ53) Mg4.69Sn3.15Sn B 7.9 5,25d Pw 17179
2014 |Ha Mg5Sn4Zn (TZ54) Mg4.59Sn-.96Sn B 8.6 5,25d Pw 29 | 19
2014 Zhang Mg5Gd1Zn0.6Zr Mg4.88Gd0.82Zn0.45Zr Bl 6.2 25,5d Pw 0.8 80
(GZ51K), cast
2014 |Zhang Mg5Gd1Zn0.6Zr Mg4.88Gd0.82Zn0.45Zr B 6.2 25,5d Pw 1.9 | 80
(GZ51K), T6
2014 [Wang AZ31, static Undisclosed (ud) B 4 31,7d Py 04 | 81
2014 |Wang AZ31, dynamic, FISS = |Ud B 4 31,7d Py 1.2 | 81
0.05 Pa
2014 |Schulter HP Mg P 0.01 1,7d Pw 0.66 | 82
2014 [Schulter  |Mg5.7Y, SP R 5.7 1.2d Pw | 035 82
2014 [Schulter  |Mg-10.8Y, SP R | 108 1,2d Pw 052 82
2014 |Schulter Mg-19.6Y, SP R 19.6 1,2d Pw 0.85 ] 82
2014 [Schulter  |Mg-51.3Y, SP R [513 1.2d Pw | 053 | 82
2014 [Schulter  |Mg-4.7Gd, SP R | 47 1,2d Pw 079 | 82
2014 |Schulter Mg-9.0Gd, SP R 9.0 1,2d Pw 0.78 | 82
2014 |Schulter  |Mg-19.4Gd, SP R [194 1,2d Pw 040 | 82
2013 (Zainal HP Mg, cast Mg0.007Fe Bl 0.007]| 17,7-14d Pw 0.9 83
Abidin
2013 |Zainal HP Mg, cast Mg0.007Fe B [0.007| 32,60d Pw 0.7 | 83
Abidin
2013 (Zainal WZ21, fge Mgl.65Y-0.85Zn0.00451Fe Bl 2.5 | 17,7-14d Pw 1.0 83
Abidin
2013 |Zainal WZ21, fge Mg1.65Y0.85Zn0.00451Fe B 25 | 32,60d Pw 1.0 | 83
Abidin
2013 |Zainal AZ91, cast Mg8.15A10.64Zn0.0046Fe B 8.8 | 17,7-14d | Pw 6 83
Abidin
2013 |Zainal AZ91, cast Mg8.15A10.64Zn0.0046Fe B 88 | 32,60d Pw 0.7 | 83
Abidin
2013 |Shi HP Mg, cast P 10.002 1,7d Pw 0.7 16
2013 |Cui AZ31 sheet Mg3.19A10.81Zn0.30Mn0.025Si0.006Fe G 4.3 33,2y Pw_[0.013| 84
2013 |Kim AZ61 ars R 7 4168 h Pw 0.8 | 85
2013 |Kim AZ61 dr, gs = 0.002 mm R 7 4,168 h Pw 0.5 85
2013 [Kim AZ61 rolled + 320 C R 7 4,168 h Pw 0.4 85
anneal
2013 |Kim AZ31, ars, gs = 0.020 mm B 4 8,2h Pw 3.8 86
2013 |Kim AZ31, dsr+ WQ, gs = Bl 4 8,144 h Pw 025 86
0.0006 mm
2013 |Liao AZ31B Mg3.19A11.05Zn0.39Mn0.003Fe G 4.6 34,1y Pw 0.03 [ 87
2013 [Cao UHP-Mg ppm: 28Al, 48Zn, 1.3Mn, 1.6Fe, 0.34Cu, P 10.008 1,14d Pw 0.25 8
1.4Si
2013 [Cao HP Mg ppm: 1 Fe, 20Si, 8 Mn P 10.007 1,7d Pw 0.62 ] 17
2013 [Cao Mg1Mn, sht & WQ 1.1%Mn R 1.1 1,7d Pw 1.0 17
2012 [Peng Mgl.2RE0.2Zr nd R 1.4 21,nd Pw 1.0 88
2012 |Peng Mg1.2RE0.2Zn0.2Zr nd B 1.4 21,nd Pw 1.2 | 88
2012 |Liao AZ31B, e Mg3.19A11.05Zn0.39Mn0.003Fe R 4.6 4,90d Pw 0.6 89
2012 |Liao AMG60, e Mg6.07A10.02Zn0.30Mn0.001Fe R 6.4 4,90d Pw 0.4 89
2012 [Argade Mg4Y3Nd, hr, gs 0.07 mm |nd R 7 6,21d Pw 0.4 90
2012 [Argade Mg4Y3Nd, FSP, gs 0.0017|nd R 7 6,21d Pw 0.1 90
mm
2012 |Song MgxZn 91

are associated with processing steps such as extrusion to form
rod material. For such heat-treated material, the Fe tolerance
limit may be less than ~2ppm [98].

Fig. 2 presents data (as green diamonds) for the corro-
sion rate for atmospheric corrosion or simulated atmospheric
corrosion of HP Mg and Mg-Al alloys. There was a sig-
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nificant decrease in the atmospheric corrosion rate with in-
creasing Al content, attributed to a more protective surface
film, with increasing Al content. This indicates that stable
protective films form during atmospheric corrosion, whereas
the films that form on similar Mg alloys during solution ex-
posure are not protective. A key factor seems to be the dry-
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2012 |Arrabal AMS50 Mg4.9A10.26Mn B 5.2 6,10d Pw 5 92
2012 |Arrabal AMS500.8Nd Mg4.4A10.21Mn0.8Nd R 5.4 6,10d Pw 0.4 92
2012 |Arrabal AMS01.5Nd Mg4.0A10.24Mn1.5Nd R 5.7 6,10d Pw 0.5 92
2012 |Arrabal AZ91D Mg8.9A10.52Zn0.19Mn B 9.6 6,10d Pw 1.4 92
2012 |Arrabal AZ91D0.7Nd Mg8.1A10.52Zn0.13Mn0.7Nd R 9.5 6,10d Pw 0.2 92
2012 |Arrabal AZ91D1.4Nd Mg8.1A10.52Zn0.16Mn1.4Nd R 10.2 6,10d Pw 0.5 92
2012 |Liu MgxY (x =2-7) 93
2012 |Qiao HP Mg Mg0.1A10.017Mn0.002Fe P 0.1 1,7d Pw 0.7 94
2012 |Qiao HP Mg Mg0.1A10.017Mn0.002Fe B 0.1 1,7d Pi 03 | 94
2012 |Qiao HP Mg Mg0.1A10.017Mn0.002Fe B 0.1 1,7d Pieis | 02 | 94
2011 |Feliu AZ31 Mg3.1A10.73Zn0.25Mn0.005Fe G 4.1 35,60d Pw 0.02 [ 95
2011 |Feliu AZ61 Mg6.2A10.74Zn0.23Mn0.004Fe G 7.2 35,60d Pw 0.01 95
2011 |Shi HP Mg, cast Mg0.1A10.002Fe0.017Zn P 0.1 3t020d| Pw 0.4 96
2011 |Zhang AZ91, cast Mg8.51A10.64Zn0.22Mn R 9.4 6,12h Pw 0.2 97
2011 |Zhang AZ91, e Mg8.51A10.64Zn0.22Mn R 9.4 6,12h Pw 0.4 97
2009 |Liu LP Mg, GpM Mg0.0280F¢0.017Mn B |0.05 28,8h Pu 170 | 98
2009 |Liu HP Mg, cast Mg0.0045Fe0.0080Mn P 0.01 | 28,224 h Pu 1 98
2009 |Liu HP Mg, sht [ dat 550 C |Mg0.0045F¢0.0080Mn B 0.0l | 28,224h Pu 10 98
2008 |Chang AZ91D Mg9Al1Zn R 10 36,3d Pw 1.0 99
2008 [Chang NZ30K Mg3Nd0.2Zn0.4Zr R 2.6 36,3d Pw 0.4 99
2008 |Zhao HP Mg, cast Mg0.0045Fe P 10.005] 37,2d Pw 1 100
2008 |Ben- AZ80, cast Mg8.33A10.12Mn0.41Zn0.006Si0.0025Fe R 8.9 1,3d Pw 0.5 101
Haroush
2008 |Ben- AZ80, cast + eat 250 C ~ |Mg8.33A10.12Mn0.41Zn0.006Si0.0025Fe B 8.9 1,3d Pw 7 101
Haroush
2008 |Ben- AZ80, cast + e at 300 C  |Mg8.33A10.12Mn0.41Zn0.006Si0.0025Fe B 8.9 1,3d Pw 11 101
Haroush
2008 [Ben- AZ80, cast + e at 350 C  |Mg8.33A10.12Mn0.41Zn0.006Si0.0025F¢ B 8.9 1,3d Pw 10 | 101
Haroush
2007 |[Rzychon  |[EV3IA Mg2.7Nd4.2R-1.2Gd0.4Zn0.5Zr B 9 6,7d Pw 2.8 | 102
2007 |Rzychon  |WE43 Mg4.0Y2.4Nd3.3RE0.6Zr R 103 6,7d Pw 0.5 | 102
2005 {Wu AZ91D Mg9Al0.5Zn B 9.5 36,3d Pw 9 103
2005 [Wu AZ91D-2Ca Mg9Al10.5Zn2Ca R 11.5 36,3d Pw 0.2 | 103
2005 |Wu AZ91DIRE Mg9Al10.5Zn1RE R 10.5 36,3d Pw 0. 103
2005 [Wu AZ91DIREICa Mg9Al10.5Zn1RE1Ca R 11.5 36,3d Pw 0.2 | 103
1999 [Song LP Mg Mg0.024Fe B 0.024| 38,1d Pw 53 | 104
1999 |Song AZ91D, dex Mg8.4A10.73Zn0.012Fe0.18Mn B 9.3 38,1d Pw 6 104
1999 |Song HP Mg Mg0.0017Fe P [0.002 38,1d Pw 1 104
1999 |Song AZ91D, dcs= die cast- Mg8.4A10.73Zn0.012Fe0.18Mn R 9.3 38,1d Pw 0.7 | 104
surface
1942 |Hanawalt |UHP Mg Mg0.001Fe R [0.001] 39,112d Pw 0.3 7
1942 |Hanawalt |UHP Mg Mg0.001Ni0.2Mn R 0.2 39,112d Pw 0.3 7
1942 |Hanawalt |UHP Mg Mg0.1Cu R 0.1 | 39,112d Pw 0.3 7

In “Alloy, condition/form”, ep =extruded plate; e =extruded; e&cd = extruded and cold drawn; e+ts =extruded
plus applied tensile stress; sht=solution heat treated; a+ b =alpha + beta; USS = ultra-high-pressure solid so-
lution; a=alpha; CP=commercially pure; fsp=friction stir processing; fb=film breakdown; pm =powder
metallurgy production; rd=rolling reduction; ds=directional solidification; mc =mechanically cleaned;
SP=sputter deposited; fge =fine grained extrusion; ars =as received sheet; dr=differential rolling, gs = grain
size; hr=hot rolled; GpM = Goodfellow pure Mg;, dcx =die cast-section; dcs= die cast-surface.

CR =corrosion rate, mm/y. TA is total alloying content, wt%. Immersion time is in m (minute), h (hour)
or d (day); ? indicates undisclosed. M is method of corrosion rate measurement. Exp represents exposure
condition and time: 1=3.5 wt% NaCl saturated with Mg(OH);; 2=0.4M Na;SO4; 3=0.4M (NH4)>SO0y4;
4=0.1M NaCl; 5=0.6M NaCl; 6=3.5% NaCl; 7=SBF+TRIS for pH control (pH control was not ef-
fective); 8 =PBS; 9 =mSBF+ HEPES; 10=Urine; 11 =Bile; 12=Hanks’ solution, 37C, no buffer; 13=1In
vivo, subcutaneous, rats; 14=SBF, details undisclosed; 15=Ringer’s solution; 16=5wt.% NaCl saturated
with Mg(OH),, 17=Nor’s solution: Hanks’ solution, pH control by bubbling CO, through solution, 37
C; 18=Dulbecco’s modified eagle medium (DMEM)+ 10vol.% foetal bovine serum, 100 units/mL peni-
cillin+ 100 units/mL Streptomycin, at 37 C with 5 vol% CO, atmosphere; 19=0.01M NaCl; 20 =Hanks’
solution, no buffer, room temperature; 21 =0.9wt. NaCl; 22=1In vivo, New Zealand Rabits; 23=0.5wt.%
NaCl; 24=1 wt% NaCl; 25=SBF, 37 C; 26 =Simulated atmospheric corrosion: 95%RH, 400 ppm CO,, 70
p,g/cm2 NaCl, 504h, 22 C; 27=0.9% NaCl, 37 C; 28=3% NaCl; 29 Nor’s solution with chloride con-
centration adjusted to 0.3M NaCl; 30 Nor’s solution with chloride concentration adjusted to 1.0M NaCl;
31=Dulbeco’s modified Eagle’s medium (DMEM) with 10% foetal bovine serum (FBS), 1% penicillin,
pH adjusted to 7.4 at start of test, Py determined from depth of corrosion products; 32 = Sub-cutaneous in
male Wistar rats; 33 =Tropical marine atmosphere, XiSha island China; 34 = Atmospheric corrosion, marine
(Shimizsu City, Japan) and urban (Osaka City, Japan); 35=Continuous condensation chamber, 100% RH,
specimen slightly colder so condensation occurs on the specimen; 36=5% NaCl; 37=1N NaCl; 38=1N
NaCl pH 11; 39 Alternate immersion in 3% NaCl.

The colour (C) in Table 1 and Fig. 2 is as follows: purple (P) indicates high-purity Mg in concentrated
chloride solutions; red (R) indicates Mg alloys in concentrated chloride solutions; blue (Bl) indicates corrosion
in synthetic body fluids (blue squares for HP Mg alloys with a total alloying less than 0.1 wt%, blue full
circles for Mg alloys); green (G) diamonds for atmospheric corrosion or simulated atmospheric corrosion;
black (B) for other Mg alloys, for which electrochemical measurements values are in blue.
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ing which occurs periodically during atmospheric exposure
[105,106].

Fig. 2 shows that Mg alloys typically have corrosion rates
in chloride solutions greater than the intrinsic corrosion rate of
Mg of 0.3 mm/y, and most corrosion rates are above 1 mm/y,
as shown by the full black squares in 2. Mg is the most ac-
tive engineering metal with a high tendency to corrode, and
little protection is provided by corrosion product films. Mg al-
loys typically have phases in addition to the alpha-Mg matrix.
These second phases typically accelerate corrosion by micro-
galvanic interaction with the matrix, so that the typical cor-
rosion rates in chloride solutions are greater than 1 mm/y [1—
5]. With the two exceptions presented below, despite claims
to the contrary, there is no Mg alloy with a corrosion rate
(measured by weight loss) in a concentrated chloride solution
much lower than the intrinsic Mg corrosion rate of 0.3 mm/y
in a concentrated chloride solution. This is evidenced by the
data presented in Table 1 and Fig. 2.

The two exceptions of Mg alloys with a corrosion rate
(measured by weight loss) in a chloride solution much lower
than the intrinsic Mg corrosion rate of 0.3 mm/y are the Mg
alloys with weight loss corrosion rates of 0.1 mm/y: (i) Mg-
1.5Sr [30], and (ii) Mg-4Y-3Nd [90]. Argade, Panigrahi and
Mishra [90] reported a corrosion rate of 0.1 mm/y for a Mg-
4Y-3Nd alloy with a grain size of 0.0017 mm, see Table 1 and
Fig. 1. This corrosion rate below the intrinsic Mg corrosion
rate seems to have been produced by a more protective sur-
face film. In addition, this research provided clear evidence of
a significant decrease of corrosion rate caused by a decrease
in grain size, which could be related to the increased impurity
tolerance after grain refinement [107]. Similarly, the Mg-1.5Sr
of Dong et al. [30] had a corrosion rate below the intrinsic
Mg corrosion rate. Thus, the only successful Mg alloy devel-
opment strategy relates to Mg alloys that have produced more
protective surface films on immersion in solution.

This Mg alloy development strategy was suggested by
Song and Atrens [4] in 2003; a stainless Mg alloy might
be possible if a Mg alloy could be produced that sponta-
neously produces a much more protective corrosion prod-
uct film. This suggestion was based on the analogy with
stainless steels which can be considered as Fe-Cr alloys,
and which typically spontaneously form a passive surface
oxide (approximately Cr,O3z) for a Cr content greater than
10.5wt.%.

Fig. 2 does also indicate that there are a significant num-
ber of alloys [9,16,17,20,39,41,49,54,82,90,94,96,104], in-
cluding commercial alloys or modified commercial alloys
[22,37,59,63,79,85,89,92,97,99,101-103], with corrosion rates
in chloride solutions comparable to the intrinsic corrosion rate
of Mg of 0.3mm/y in a concentrated chloride solution [7-9].
These Mg alloys are plotted in Fig. 2 as red circles for corro-
sion in chloride solutions, and as full blue circles for corrosion
in various synthetic body fluids, (SBFs).

Thus, it is demonstrably not accurate or reasonable to
claim that an alloy with a corrosion rate as measured by
weight loss above 0.3mm/y in a concentrated chloride so-
lution has a corrosion rate much lower than any existing Mg
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alloy [11]. The lowest corrosion rate of the Mg-Li alloy de-
scribed by Xu et al. [11] was Py =0.8 mm/y (see Table 1) and
was substantially above the intrinsic corrosion rate as mea-
sured by weight loss of Mg of 0.3 mm/y. This Mg alloy was
claimed to have a corrosion rate much lower than any exist-
ing Mg alloy [11,12]. For example: “Here we design an ul-
tralow density (1.4g cm~3) Mg—Li-based alloy that is strong,
ductile, and more corrosion resistant than Mg-based alloys
reported so far” [11]; “Ferry and colleagues [11] describe the
development of a new alloy with a combined improvement
in strength, ductility, and corrosion resistance, compared with
other Mg alloys” [12], and “Emergence of “stainless” Mg
alloy” as a landmark in the scientific and technical develop-
ment of magnesium corrosion research [6]. These claims were
not supported by the experimental evidence of Table | and
Fig. 2.

It was also suggested that low corrosion rates in chloride
solutions could be produced by decreasing the cathodic partial
reaction of hydrogen evolution [41,42,108,109]. In each case
Pw > 0.8mm/y. This corrosion rate was substantially above
the intrinsic corrosion rate as measured by weight loss of Mg
of 0.3mm/y, and so this approach has not produced a Mg
alloy with a corrosion rate substantially less than the intrinsic
corrosion rate as measured by weight loss of Mg of 0.3 mm/y.

. Conclusions

. A review of the literature confirmed that the intrinsic cor-
rosion rate as measured by weight loss of high-purity Mg
is 0.3mm/y in a concentrated chloride solution.

. Atmospheric corrosion of Mg alloys has produced corro-
sion rates of Mg-Al alloys an order of magnitude lower
than the intrinsic corrosion rate of Mg in a concentrated
chloride solution of 0.3 mm/y,

. Two Mg alloys, (namely Mg-1.5Sr, and Mg-4Y-3Nd) were
identified with corrosion rates as measured by weight loss
less than the intrinsic corrosion rate of high-purity Mg of
0.3mm/y in a concentrated chloride solution,

. The only successful strategy to produce a Mg alloy with a
corrosion rate as measured by weight loss substantially less
than the intrinsic corrosion rate as measured by weight loss
of Mg of 0.3 mm/y has been to improve the protectiveness
of the corrosion product film,

. Corrosion rates for Mg alloys measured by electrochemical
methods are typically lower than the steady-state corrosion
rates measured by weight loss, often by orders of magni-
tude,

. The recent claims that new Mg alloys have been produced
that are more corrosion resistant than Mg-based alloys re-
ported so far are not supported by the literature.
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