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Abstract The corrosion of Mg alloy Mg-10Gd-3Y-0.4Zr,

in the as-cast (F), solution treated (T4) and aged (T6)

conditions, was investigated in 5% NaCl solution by

immersion tests and potentiodynamic polarization mea-

surements. The as-cast (F) condition had the highest

corrosion rate due to micro-galvanic corrosion of the a-Mg

matrix by the eutectic. Solution treatment led to the lowest

corrosion rate, attributed to the absence of any second

phase and a relatively compact protective surface film.

Ageing at 250 �C increased the corrosion rate with

increasing ageing time to 193 h attributed to increasing

micro-galvanic corrosion acceleration of the Mg matrix by

increasing amounts of the precipitates. Ageing for longer

periods caused a decrease in the corrosion rate attributed to

some barrier effect by a nearly continuous second-phase

network. Electrochemical measurements did not give

accurate evaluation of the corrosion rate in agreement with

the immersion tests.

Keywords Corrosion � Heat treatment � Mg-Gd-Y-Zr

alloy �Microstructure � Potentiodynamic polarization curve

1 Introduction

Precipitation-hardening magnesium-rare earth (Mg-RE)

alloys are attractive for aerospace and automotive applica-

tions because of their high specific strength and good creep

resistance [1]. There is a significant body of research on the

precipitation reaction [2–4]. Recent work on Mg-Gd-Y [5],

Mg-Gd-Nd [6], Mg-Dy-Nd and Mg-Y-Nd [7, 8] has detailed

the four stage precipitation sequence, SSSS ? b00(DO19) ?
b0(cbco) ? b1(fcc) ? b(fcc), from the supersaturated solid

solution (SSSS) to the equilibrium precipitate, b(fcc), via the

intermediate meta-stable precipitates, b00(DO19), b0(cbco)

and b1(fcc). These microstructure changes result in a typical

precipitation hardening response.

The influence of microstructure on the corrosion

mechanism of Mg alloys has been elucidated by prior

research mainly focused on Mg-Al alloys [9–21]. Second

phases, in multi-phase Mg alloys, have three effects: (i) the

second phase has the tendency to accelerate the corrosion

of the matrix (a-Mg) and so a multi-phase alloy has typi-

cally a corrosion rate higher than that of high purity Mg [9,

10], (ii) the second phase can cause a barrier effect if the

second phase is finely divided and essentially continuous as

occurs in some cases at the surface of die-castings [12] (the

skin effect) and (iii) a continuous second phase along grain

or dendrite boundaries (as in many creep resistant alloys)

leads to intergranular stress corrosion cracking (because of

micro-galvanic corrosion of the adjacent a phase) [14, 15].

Are the corrosion mechanisms the same in other Mg-alloy

systems? Recent research did, in fact, show that the same

mechanisms were important for the corrosion of ZE41 [22,

23]. What about the influence of nano-scale second phase

particles in precipitation-hardening alloys? This point is

addressed in the present investigation on the corrosion

behaviour of Mg-10Gd-3Y-0.4Zr (GW103K) as influenced
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by microstructure; heat treatment conditions studied were

the as-cast (F), solution treated (T4) and aged (at 250 �C)

(T6), investigated using immersion test and electrochemi-

cal measurement.

2 Experimental

2.1 Material

An ingot, with a nominal composition Mg-10Gd-3Y-0.4Zr

(GW103K), was prepared by melting high-purity Mg

(99.95%) together with appropriate quantities of Mg-

25wt%Gd, Mg-25wt%Y and Mg-30wt%Zr master alloys,

in an electric resistance furnace, under a protective atmo-

sphere of CO2 and SF6 with the volume ratio of 100:1.

Table 1 presents the actual chemical composition of the

alloy as determined by inductively coupled plasma atomic

emission spectroscopy (ICP-AES). Solution treatment (T4)

was 6 h at 500 �C in an argon atmosphere followed by

quenching into hot water at *80 �C. Solution treated

specimens were aged (T6) in an oil bath at 250 �C for 0.5,

16, 193 and 500 h. Vickers hardness measurements used a

49 N load and a holding time of 15 s. The specimens for

immersion test were discs, 5 mm in thickness, 1,884 mm2

surface area. Each specimen was suspended, in the test

solution during the immersion test, using a plastic string

through a hole, 2.5 mm in diameter near one edge of the

specimen.

The microstructure was recorded using optical micros-

copy (OM). Scanning electron microscopy (SEM) was used

to study the appearance of the corrosion products and the

corroded surfaces after removal of the corrosion products.

2.2 Immersion test

The corrosion rate was measured using three or four rep-

licate specimens, for each microstructure condition,

immersed for 3 days at 25 ± 2 �C in 5 wt% NaCl aqueous

solution, prepared with AR grade NaCl and distilled water.

Each specimen was polished successively on 320 grit

waterproof abrasive paper and 3 grit metallographic paper,

washed with distilled water, dried in warm flowing air and

weighed to determine the original weight. During the first

few hours of immersion, the solution pH increased from

neutral to pH *11 due to the precipitation of Mg(OH)2

because of its low solubility. Thereafter the pH remained

constant at *11. Because the time of the initial increase in

pH was short (a few hours) compared with the test duration

(3 days), the corrosion rates measured were essentially the

same as measured in a solution saturated with Mg(OH)2.

After the immersion test, each specimen was washed with

distilled water and dried. One sample was used for the

corrosion product analysis. The other samples were used to

determine the corrosion rate by means of the metal weight

loss. The corrosion products were removed by sample

immersion in a solution of 200 g L-1 CrO3 ? 10 g L-1

AgNO3 at ambient temperature for 7 min. Separate

experiments demonstrated that this treatment removes all

the corrosion products without removing any Mg metal.

Each specimen was then washed with distilled water, dried

in the warm flowing air and weighed to determine the

weight after corrosion. The corrosion rate was reported as

(i) the weight loss rate, DW, (i.e. the decrease in metal

weight divided by the immersion time and surface area

[mg cm-2 d-1]) and (ii) the equivalent penetration rate,

PDW/mm-1 year-1.The penetration rate was related to the

weight loss rate, DW, using the following conversion [13,

21, 22, 24–26]:

PDW=mm year�1 ¼ 2:10DW=mg cm�2d�1: ð1Þ

2.3 Potentiodynamic polarization curves

Potentiodynamic polarization curves were measured with

metallographic polished specimens in 5% NaCl solution

saturated with Mg(OH)2 that gave a stable pH of *11,

using a three-electrode electrochemical cell and a scanning

rate of 1 mV s-1. The reference electrode was a saturated

calomel electrode (SCE); the counter electrode was a high-

density graphite electrode. After immersion for 1 h, the

polarization was started from a potential of -250 mV

(cathodic) relative to the open circuit potential and was

stopped at an anodic potential where the anodic current

increased dramatically. At least two tests were conducted

for each microstructure condition; these confirmed the

reproducibility of the polarization curves. Polarisation

curves were used to gain a measure of the corrosion rate,

Icorr, by Tafel extrapolation of the cathodic branch and the

corrosion potential, Ecorr. The corrosion current density

(Icorr/mA cm-2) is related [13, 21–24] to the average

penetration rate using:

PI ¼ 22:85 Icorr: ð2Þ

3 Results

3.1 Age hardening and microstructure

Figure 1 shows (i) the age hardening curve for GW103K

aged at 250 �C and (ii) TEM micrographs of the

Table 1 Chemical compositions of GWK103K/wt%

Alloy Gd Y Zr Fe Ni Mg

GW103K 9.93 2.85 0.4 \0.002 \0.002 Balance
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precipitates [5]. The hardness increased rapidly after *1 h,

the peak hardness occurred at *16 h, there was a plateau

from 10 to 60 h and further ageing led to a slow decrease in

hardness. Corrosion was studied for ageing times of 0.5,

16, 193 and 500 h, which corresponded to under-aged,

peak-aged, slightly over-aged and significantly over-aged

conditions. The precipitates, after ageing 0.5 h (T6-0.5 h),

were mainly meta-stable b00. The peak-aged (T6-16 h)

condition contained predominantly meta-stable b0 phase.

The over-aged conditions (193 and 500 h) contained b0 and

b1, with a minor fraction of b phase for 500 h ageing.

Figure 2 presents optical micrographs of GW103K in

the as-cast (F), solution treated (T4) and aged (T6-193 h)

conditions. The as-cast (F) microstructure consisted of the

Mg matrix and the eutectic, distributed along the dendrite

boundaries, especially at the triple points (Fig. 2a). The

solution treated (T4) microstructure was single grained

a-Mg; the Gd and Y in the eutectic had dissolved in the

Mg-matrix (Fig. 2b). Optical microscopy did not reveal

any change in microstructure between the solution treated

(T4) condition and the microstructure after ageing 0.5 h

(T6-0.5 h). However, precipitates were visible after ageing

16 h or longer; the optical micrographs were similar after

ageing at 16, 193 and 500 h. Figure 2c shows a typical

optical micrograph of the alloy aged 193 h (T6-193 h):

there were small cuboid-shaped phases distributed

unevenly in the matrix and boundaries and Zr-rich cores in

the centre of most grains. The GW103K microstructures

were similar to those of NZ30K [27].

3.2 Immersion test

Figure 3 presents the corrosion rates for GW103K in the

different heat treatment conditions, measured by immer-

sion in 5% NaCl solution for 3 days. GW103K in the

as-cast condition (F) showed the highest corrosion rate,

whilst GW103K in the solution treated condition (T4)

showed the lowest corrosion rate. The corrosion rates in the

aged (T6) conditions increased with increasing ageing time

from 0.5 to 193 h and then decreased from 193 to 500 h.

Fig. 1 An age hardening curve at 250 �C for Mg-10Gd-3Y-0.4Zr

and TEM micrographs of the precipitates

Fig. 2 Optical micrograph of

GW103K: a as-cast (F), b
solution treated (T4) and c aged

193 h (T6-193 h)
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The alloy aged at 193 h (T6-193 h) showed the highest

corrosion rate for the aged alloys.

Figure 4 presents the macroscopic surface appearance of

the corroded specimens. The as-cast condition (F) and the

slightly over-aged condition (T6-196 h) had areas of sig-

nificant localized corrosion, which appeared as areas

covered with loose white corrosion products. In contrast,

the other three conditions exhibited general corrosion. The

visual severity of corrosion was in agreement with the

corrosion rates in Fig. 3.

Figure 5 shows the micro-morphologies of the corroded

surface of the specimens after immersion in 5% NaCl

solution for 3 days and removal of the corrosion products.

Figure 5a shows that severe micro-galvanic corrosion had

occurred in the matrix next to the eutectic micro-

constituent in the as-cast condition (F). Figure 5b shows (i)

a small degree of corrosion and (ii) that the corrosion

morphology was general corrosion with negligible local-

ized corrosion for the solution treated (T4) condition,

attributed to dissolution of the Gd, Y in solid solution in the

Mg-matrix from the eutectic micro-constituent. The cor-

rosion morphology after ageing 0.5 h (T6-0.5 h) was

similar to that of the solution treated condition (T4). The

degree of corrosion increased after ageing 16 h (T6-16 h).

The corrosion morphology was similar for ageing at 16,

193 and 500 h. Figure 5c shows that the corrosion of the

Zr-rich cores in the centre of the grains was smaller than

that of the adjacent Zr-poor regions at the edge of the

grains. Corrosion initiated in the Zr-poor regions and

spread across the Zr-rich cores. There was little corrosion

of cuboid-shaped phases but significant corrosion of the

adjacent a-Mg matrix (Fig. 5d).

3.3 Corrosion products

The areas of non-localized-corrosion of the specimens after

the immersion test (Fig. 4), examined using SEM, Fig. 6,

indicated that the corrosion products, in each case, were

composed of tiny erect flakes aligned perpendicular to the

alloy surface. The phase composition of these corrosion

products was previously [28] identified by X-ray diffrac-

tion to be mainly Mg(OH)2 with a small amount of

Gd(OH)3. The cross sections indicate that the corrosion

product films on F and T4 specimens (Fig. 6a0, b0) were

relatively compact, whereas the corrosion product films

were looser on the specimens aged 16 to 500 h (T6-16 h,

Fig. 6c0 and T6-500 h, Fig. 6d0). The thickness of the

Fig. 3 Corrosion rates of GW103K measured by immersion in 5%

NaCl solution for 3 days

Fig. 4 Macro-appearance of

corroded surfaces of GW103K

after immersion in 5% NaCl

solution for 3 days a as-cast (F),

b solution treated (T4), c aged

0.5 h (T6-0.5 h), d aged 16 h

(T6-16 h), e aged 193 h

(T6-193 h) and f aged 500 h

(T6-500 h)
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corrosion product film was *3 lm in the as-cast (F) and

solution treated (T4) conditions, *15 lm in the peak-aged

condition (T6-16 h) and *5 lm in the significantly

over-aged condition (T6-500 h). The peak-aged condition

(T6-16 h) had the thickest corrosion product film. The

solution treated condition (T4) had a compact corrosion

product film; this correlated with the low corrosion rate and

may be the explanation for the low corrosion rate. The as-

cast condition (F) also had a compact corrosion product

film; its higher corrosion rate was attributed to the micro-

galvanic acceleration of the corrosion of the a-Mg adjacent

to the eutectic micro-constituent.

3.4 Potentiodynamic polarization curves

Figure 7 presents the potentiodynamic polarization curves

measured in 5% NaCl solution saturated with Mg(OH)2, for

the specimens after immersion for 1 h in the solution.

Before measurement of each potentiodynamic polarization

curve, the open circuit potential of the specimen was

comparatively stable, a corrosion product film had formed

on the surface of the specimens and no clear localized

corrosion had occurred.

Table 2 presents values of Icorr, PI, Ecorr and bc values

for GW103K in the as-cast (F), solution treated (T4) and

aged (T6) conditions, evaluated from polarisation curves

measured in 5% NaCl solution saturated with Mg(OH)2.

Also listed for comparison are PDW and PDW/PI. The

cathodic Tafel slope was similar for all conditions,

indicating similar electrochemical reactions for hydrogen

evolution. The values of Icorr, and the corresponding cor-

rosion penetration rate, PI, for the different microstructure

conditions correlated with the corrosion rates measured

from weight loss, PDW, but did not agree in magnitude.

Moreover the ratio PDW/PI was not constant, indicating that

the electrochemical method based on Tafel extrapolation of

the cathodic polarisation curve does not provide a good

measurement of the corrosion rate. This is in agreement

with prior research [10, 11, 21, 25, 29, 30].

The polarization curves indicated that the as-cast con-

dition (F) had the most positive corrosion potential and the

solid solution condition (T4) had the most negative cor-

rosion potential, whereas the corrosion potentials of the

aged conditions (T6-16 h and T6-500 h) were almost the

same and were between those of the as-cast (F) and solid

solution (T4) conditions.

The positive corrosion potential in the as-cast condition

(F) was attributed to the presence of the second phase at the

dendrite boundaries, because the potential of an alloy was

determined by the potential of the constituent phases and

the area fraction covered by each phase [31]. Figure 5a

showed that the eutectic was still intact in the corroded area

in the as-cast (F) condition. This indicated that the corro-

sion potential of the eutectic was more positive than that of

the a phase and shifted the corrosion potential of the alloy

towards more positive values. The solution treated (T4)

condition had a more negative potential because of the

dissolution of the rare earth elements (Gd and Y) of the

Fig. 5 Micro-appearance

(SEM images) of the corroded

surfaces after immersion in 5%

NaCl solution for 3 days and

after removal of the corrosion

products: a back scattered

electron image of as-cast (F)

condition, b secondary electron

image of solution treated (T4)

condition, c secondary electron

image of condition aged for

16 h (T6-16 h) and d secondary

electron image of condition

aged for 193 h (T6-193 h)
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eutectic into the Mg-matrix. In the aged condition, the

amount of the precipitates (b0 and b1) increased with age-

ing time and the corrosion potential was accordingly

increased to more positive values.

The cathodic polarization curves were associated with

hydrogen evolution and the anodic curves represented the

dissolution of magnesium [9, 10]. The cathodic current

density for the solution treated condition (T4) was lower

than that of the other conditions, indicating that hydrogen

evolution was most difficult on this surface, which was

attributed to the absence of second phase. The anodic curve

for the 500 h aged condition (T6-500 h) had a region of

slowly increasing current followed by a rapid increase with

increasing potential. The region of slowly increasing

Fig. 6 Surface (left) and cross

section (right) SEM images of

the corrosion product layer on

GW103K after immersion in

5% NaCl solution for 3 days: a,

a0 as-cast (F), b, b0 solution

treated (T4), c, c0 aged for 16 h

(T6-16 h) and d, d0 aged for

500 h (T6-500 h)
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current was attributed to the presence of the continuous

network of interconnected precipitates (b0, b1 and b).

4 Discussion

The difference in corrosion rates of GW103K in different

heat treatment conditions was related to the microstructure.

Figure 2a shows that the as-cast condition (F) was com-

posed of the matrix and the (Gd ? Y)-containing eutectic,

whereas the solution treated (T4) condition consisted of

single a-Mg phase (Fig. 2b). Figure 5a shows that there

was micro-galvanic acceleration of the corrosion of the

a-Mg by the eutectic. Therefore the high corrosion rate of

the as-cast (F) condition was attributed to the eutectic. In

contrast, in the solution treated (T4) condition all the

(Gd ? Y)-rich eutectic had dissolved into the Mg matrix,

so there was a high concentration of the rare earth elements

(Gd and Y) in the a-Mg and as a result the corrosion rate

was low in agreement with our prior study [27] and that of

Krishnamurthy et al. [32].

The increase of the corrosion rates with increasing

ageing time up to 193 h, which correlated with an

increasing volume fraction of second phase, was consistent

with the prior studies on AZ91D and ZE41 [12, 13, 21, 22].

The increase of corrosion rate for GW103K with ageing

time to 193 h indicated that the precipitates (b00, b0 and b1)

also acted as efficient cathodes and caused micro-galvanic

corrosion. After ageing for 500 h, owing to the formation

of nearly continuous precipitates (b0, b1 and b) network,

the corrosion rate decreased. This indicated that the

arrangement of the coarse b phase acted as a corrosion

barrier to some degree in agreement with Kiryuu et al.

[33], who also found the over-aged Mg-10Gd-3Nd-Zr

(wt%) and Mg-10Dy-3Nd-Zr (wt%) alloys had lower cor-

rosion rates.

5 Conclusions

(1) Heat treatment and microstructure influenced the

corrosion of GW103K as for other Mg alloys AZ91

and ZE41.

(2) The as-cast condition had the highest corrosion rate

due to the micro-galvanic corrosion of the a-Mg

matrix by the eutectic. Solution treatment led to the

lowest corrosion rate, attributed to the absence of any

second phase and a relatively compact protective

surface film. Ageing at 250 �C increased the corro-

sion rate with increasing ageing time to 193 h

attributed to increasing micro-galvanic corrosion

acceleration of the Mg matrix by increasing amounts

of the precipitates. Ageing for longer periods caused a

decrease in the corrosion rate attributed to some

barrier effect by a nearly continuous b-network.

(3) Electrochemical measurements did not give accurate

evaluation of the corrosion rate in agreement with

prior studies
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