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Abstract

:

The improvement in corrosion resistance of WE43 was well realized by heat treatment. To study the influence of microstructure on the corrosion behavior of WE43 in as-cast and heat-treated conditions, an immersion test was employed with as-cast and heat-treated samples in the 3.5% NaCl solution. The corrosion rate and change of morphology were recorded and the corrosion behavior was further investigated by scanning electron microscopy (SEM). The results indicated that the corrosion rate of the WE43 alloy decreased after heat treatment. It was observed that the eutectic gradually damages the protective film on the surface of the as-cast WE43 in the process of corrosion, which further increases the corrosion rate. The Zr-rich phase formed a domed structure resulting in the adjacent area being further corroded. The Y-rich phase has little effect on the corrosion reaction.
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1. Introduction


Magnesium has the preponderance of its weight as structural metal and it has the advantages of high specific strength, high specific stiffness and strong energy absorption ability, which can well meet the current trend of “lightweight”. It has attracted extensive attention in automobile, 3C industry, military, aerospace and other fields [1]. In addition, magnesium alloy has good biocompatibility and can solve the problem of “stress shielding”, it has a very bright prospect in the field of biomedical application [2]. However, as the most active metal among all industrial alloys, the standard electrode potential of magnesium is −2.37 V, which is about 2 V lower than that of iron and about 0.7 V lower than that of aluminum [3,4], it means that Mg alloys are prone to oxidation and corrosion in the working environment without any treatment [5]. Although Mg will form film during the process of oxidation, the improvement of corrosion resistance is extremely limited, resulting from the film being thin and not compact. The corrosion rate of Mg alloy products will be reduced by coating [6,7,8,9], alloying [10,11,12,13,14] and heat treatment [15,16].



WE43 contains 4 wt% Y, 3.3 wt% RE (Gd, Nd in all) and 0.5 wt% Zr. The addition of RE elements is known mainly to change the microstructure and enhance the comprehensive properties of Mg alloy attributing to the solid solution strengthening and the second phase hardening. As the solubility of Y and Gd decreases rapidly with the decline of temperature, both have prominent precipitation strengthening effects in Mg alloy. Moreover, due to the large difference between the radius of RE elements and Mg atoms, the addition of RE has a better solid solution strengthening effect compared to the addition of Al and Zn [17]. Further, the addition of Y with other elements provides a better way to enhance the high-temperature tensile property, creep property and corrosion resistance of the Mg alloy [18]. Some studies also discovered that Y and Mg formed compounds and enriched in the direction of grain boundary to prevent further grain growth, which had the effect of refining alloy grain sizes, thus increasing the strength of the Mg-Y alloy [19]. Adding Nd is aimed at improving the performance under high temperature condition, meanwhile, the creep resistance of Mg will be enhanced to a small extent [20], while a minority of Zr includes refining the grain sizes to affect the corrosion resistance of the Mg alloy [21].



Currently, heat treatment is also considered as an effective approach to improve the properties of Mg alloy materials [22]. T5 heat treatment does not only enhance the strength by refining the grain sizes, but also provides the best plastic toughness compared to other heat treatment [23,24]. In this paper, the effect of microstructure on the corrosion behavior of the WE43 alloy in as-cast and heat-treated conditions was investigated. Corrosion rates were studied and calculated by the immersion test. The microscopies were employed to further investigate the morphology of corrosion films.




2. Materials and Methods


2.1. Material Preparation


The as-cast WE43 (Magnesium Elektron, Manchester, UK) was used in this study. The composition of WE43 used in this article is shown in Table 1. In order to acquire the heat-treated WE43, a portion of the as-cast WE43 was cut and first hot rolled on a reversing mill at 525 °C, then artificially aged at 210 °C for 48 h to achieve the peak aged—hereinafter referred to as WE43-T5.



The as-cast WE43 and WE43-T5 were machined into 20 × 50 × 2 mm3 for the following experiments. The surface of all samples had been polished down to 1 µm with water-based diamond suspensions and ended in cleaning with acetone and drying in air.




2.2. Immersion Test


In total, 3.5% sodium chloride (NaCl) solution was prepared to simulate the seawater environment for the immersion test and then the balance (AE160, METTLER TOLEDO, Zurich, Switzerland), which has a weighting range from 0 to 162 g and whose readability is 0.1 mg, is used to get the samples’ weights. We put a round piece of paper on the pan in the balance and pressed the control bar to blank out the display, getting the “0.0000” on the screen. Following that, the as-cast WE43 and WE43-T5 are, respectively, put into the balance and their initial weight is obtained by reading the value on the screen. Test samples were cleaned by distilled water and dried after taking out the solution. The cleaned samples were then submerged in chromate acid (200 g/dm3 CrO3 + 10 g/dm3 AgNO3) to remove corrosion products. Subsequently, distilled water was used again to clean the surface of samples, followed by rinsing with acetone and desiccation. The weight of these processed samples was recorded. The values between the initial weight and the weight after immersion were calculated, which indicated weight loss during the corrosion. The corrosion rate and weight loss were calculated by applying the following equations.


V = (m0 − mt)/(S·t)



(1)






W = ((m0 − mt)/m0) ∗ 100%



(2)




where V denotes the corrosion rate and W represents the weight loss on the left side of the formula. m0 denotes the initial weight, S denotes the surface area of each sample (1000 mm3 in this paper) and t represents the corrosion days of samples.




2.3. Microstructure Characterization


Before observing the initial microstructure, sequential polishing is needed with up to 1 µm diamond slurry and etching with Nital etchant containing 5% nitric acid. The corroded samples are directly observed after the procedures before weighing which is mentioned in the immersion test. The microstructures of the as-cast WE43 and WE43-T5 were observed via a scanning electron microscope (Hitachi S-3400N, Hitachi, Tokyo, Japan) and optical microscope (Nikon Epiphot 200, Nikon, Tokyo, Japan) equipped with a live camera. Energy dispersive spectroscopy (EDS, EDAX Inc., Mahwah, NJ, USA) was used to obtain the spectrum of phases.





3. Results


3.1. The Initial Microstructure of As-Cast WE43 and WE43-T5


As shown in Figure 1a, as-cast WE43 is made up primarily of bulk α-Mg and irregular eutectic formed along the grain boundary. However, eutectic was dissolved into the matrix after heat treatment as shown in Figure 1b. The grain sizes of as-cast WE43 and WE43-T5 were measured as 54.1 ± 18.6 µm and 24.8 ± 12.5 µm, respectively. Further observation of microstructure by EDS indicated that eutectic contains the element of Y, Nd, and Gd in addition to Mg. It has also been documented that the chemical composition of this eutectic region is mainly Mg24RE5 in a recent study [25,26].



There are other categories of precipitated phases in both as-cast WE43 and WE43-T5 which are identified as the Y-rich phase and the Zr-rich phase [27]. The Y-rich phase has a regular shape with a small size of about 1 μm and mainly exists around eutectic in as-cast WE43, while in WE43-T5, Y-rich phases are mostly distributed on the grain boundary of the matrix. In addition, the Zr-rich phase is relatively irregular in shape and distributes randomly in the matrix. The eutectic phase and the Y-rich phase have been identified as Mg24RE5 phase and β-Mg14Nd2Y phase; detailed morphology and EDS spectrums of these phases can be found in our previous study [27,28].




3.2. Corrosion Behavior


Both as-cast WE43 and WE43-T5 samples were prepared for the immersion test with a 3.5% NaCl solution to investigate the corrosion behavior. As the immersion time increases, WE43 in two conditions exhibited quite different corrosion behaviors. The comparison in Figure 2a,b showed the different corrosion rates and weight loss between as-cast WE43 and WE43-T5 samples. It was observed that the corrosion rate of as-cast WE43 maintained an upward trend over time and finally reached 3.64 ± 0.81 mg·cm−2·day−1. On the contrary, the corrosion rate of WE43-T5 remained unchanged and reached 0.88 ± 0.14 mg·cm−2·day−1 on the 7th day. Figure 2b showed the comparative data of weight loss between two conditions after immersion. The weight loss of both samples was quite close before the 4th day while the weight loss of as-cast WE43 changed dramatically and increased at the beginning of the 5th day. Compared to that, the weight loss of WE43-T5 increases slowly during the test.



The macro morphology of as-cast WE43 and WE43-T5 after 7 days of corrosion is displayed in Figure 3 and Figure 4. Severe damage occurred on the as-cast WE43, while WE43-T5 exhibited integrity appearance without localized corrosion characteristic after 7 days’ immersion.



Optical microscopy was used to investigate the further appearance of the sample. As shown in Figure 5, the multiple external pitting corrosion pits in as-cast WE43 signified that the specimen was heavily corroded. On the other hand, only light pits had an appearance in WE43-T5 which is shown in Figure 6. Hydrogen bubbles were observed on the surfaces of all samples during the test. The bubbles grew up gradually until they reached a critical size or specific external factors were involved in the solution. Then, new hydrogen bubbles tended to form at the same locations and there remained some white dots which are considered to be reaction products on the surface.



Scanning electron microscopy was employed to achieve a detailed corrosion morphology of the sample. As shown in Figure 7a,b, it is apparent that the corroded pits existing in WE43-T5 are smaller than that of as-cast WE43, and the magnitude of pits for as-cast WE43 and WE43-T5 are 1 mm and 0.01 mm, respectively.





4. Discussion


The Mg alloy will form two corrosion films on the surface during the process of corrosion which is identified as MgO and Mg (OH)2 in the former paper [14,29]. At the outset, the MgO layer formed on the surface of the Mg alloy on account of anodic oxidation, followed by the hydration of the oxide layer, the magnesium hydroxide (Mg (OH)2) layer appeared and finally formed two layers of corrosion film. However, because of the porosity of both the two corrosion films [30], they have a weak effect on resisting external corrosion. Afterwards, although the corrosion films can slow down the corrosion reactions for as-cast WE43 and WE43-T5, the NaCl solution can still penetrate the layers easily. According to former research, which used an isotopic tracer, about the growth of corrosion film on Mg alloys [31], the transportation of oxygen and inward diffusion of hydrogen-dominated film growth compared with outward diffusion of Mg.



Pitting corrosion morphology occurred to different degrees in the as-cast WE43 and WE43-T5 samples. The size of the corrosion pits has a significant decrease after heat treatment which was from 1 mm to 10 μm, as shown in Figure 7a,b. It indicated that the pitting corrosion is harder to form in WE43-T5, in other words, the corrosion resistance had greatly improved on account of heat treatment. It had been previously reported that the concentration of chloride and pH value in solutions should answer for the corrosion on Mg and its alloys [32,33]. That low pH value environment tends to bring about localized corrosion while the WE43 alloy is more prone to uniform corrosion under high pH value (10.5). Przondziono et al. also observed similar localized pitting corrosion morphology by changing Cl concentration [15]. In addition, Wu L and Li H found that the protective films that took shape on the surface would be penetrated by Cl- as time went by; then, a large number of pits would be left on the film which are thought of as activation centers of corrosion reaction [34].



It is also shown in Figure 1 that heat treatment has a positive effect on reducing the grain size of WE43 and the eutectic dissolved in the matrix after T5 heat treatment. Typically, increased grain boundaries lead to more prone to corrosion because the impurity atoms which are in unstable states prefer to be enriched at the grain boundary [35]. However, it was evident that WE43-T5, which has a smaller grain size, has better corrosion resistance than as-cast WE43. This may be contributed by the atomic flow being enhanced with the increase in grain boundaries counteracting the stress and making it better for the oxide layer to adhere to a substrate in turn, thus improving the corrosion resistance [11,36].



As shown in Figure 8, the domes were observed around the Zr-rich phases in both as-cast WE43 and WE43-T5 samples. The existence of these domes has been mentioned in the corrosion process from different Mg alloys [32,37,38]. It is reported that impurity elements, such as Ni, Cr, Zr, and Fe, tend to induce a smaller galvanic effect than other phases on account of their high Volta potential difference regarding the Mg matrix [38,39]. Compared to other phases, Zr-rich particles have the highest Volta potential values [38], as shown in Table 2. Hence, the Zr-rich particles here functioned as local cathodes. Mg matrix around them was gradually corroded as anode and hydrogen evolution occurs in these regions. The cathodic reaction is as follows:


  2  H 2  O + 2  e −  → 2 O  H −  +  H 2  ↑  



(3)







Therefore, in the corrosion process, the dome-shaped structure was formed on the Zr-rich phase first. Then, due to the generation of hydroxide ions, the pH value near the Zr-rich phase increases, making it easier to form Mg (OH)2 protective film in this region. However, the corrosion reaction will continue even after the domed shell is formed because both corrosion products and protective films have a porous structure. The schematic illustration of the Zr-rich phase region is shown in Figure 9. A galvanic cell is formed in this region owing to the large potential difference between the Zr-rich phase and the Mg matrix. Among them, the hydroxide ions and hydrogen were separated from H2O molecules near the Zr-rich phase. The increase in hydroxide ions makes the MgO on the Zr-rich phase more prone to hydration reaction, which makes the MgO layer thinner, while the Mg (OH)2 corrosion layer thickens sharply. Although the two layers of corrosion film have the character of porosity and low density, they still can prevent the corrosion solution from further contact with WE43 to a certain degree. The region slightly away from the Zr-rich phase experienced a serious cathodic reaction, in terms of a difference between the potential of Zr-rich and α-Mg, which accelerated the corrosion rate in this region. Moreover, due to the increase in pH value around the Zr-rich phase, corrosion pits are not easy to form in this region [15,32]. Therefore, electrochemical corrosion occurs only near the Zr-rich phase, without the local pitting phenomenon.



It is reported in the previous study [28] that the Y-rich phase is the small square particle which just has a size of 1 μm. When in the as-cast WE43, the Y-rich phase has a presence in the eutectic, and after heat treatment, the eutectic dissolves into the matrix, while the Y-rich phase remains in the Mg matrix due to their high melting point. As shown in Figure 10, it was found that there was some pitting corrosion around the Y-rich phase on both as-cast WE43 and WE43-T5 samples. It is known from the literature [38] that there is a minimal potential difference between the Y-rich phase and α-Mg. Unlike the Zr-rich phase, the electrochemical corrosion around the Y-rich phase and the pH value will not rise significantly. Therefore, local pitting corrosion and electrochemical corrosion coexist near the Y-rich phase. In addition, when the matrix near the Y-rich phase gradually corroded, the Y-rich phase was still embedded in the matrix due to the high corrosion resistance of the Y-rich phase itself until all nearby substrates were corroded and washed off together in the subsequent treatment of corrosion products. The schematic illustration for the effect of the Y-rich phase is shown in Figure 11.



There are many irregular sharp and discontinuous eutectic in the as-cast WE43. The eutectic phase has a low potential difference regarding the α-Mg matrix which is similar to the Y-rich phase. However, unlike the Y-rich phase, the eutectic occupies a large area and is embedded in the matrix. Figure 12 showed the SEM images of eutectic in as-cast WE43 after corrosion, the white part is convex eutectic and the black part is the concave matrix. The α-Mg matrix near the eutectic turned to the MgO and Mg (OH)2 layer gradually by corrosion, while eutectic does not change significantly for its resistance of corrosion. Hence, near the upper part of the eutectic is full of corrosion products, then the corrosion films fall off after immersing in chromate acid, leaving the outstanding eutectic and uncorroded α-Mg. At the first stage of the corrosion process, the corrosion layers are continuously forming on the surface of the α-Mg matrix. The eutectic can enter the MgO corrosion layer at this time because of its high stability, just like the Y-rich phase. At this stage, the eutectic phase does not have much influence on the corrosion behavior of the WE43 alloy. Therefore, the corrosion velocity and mass loss of WE43 in two conditions are almost the same initially as shown in Figure 2a,b. With the further corrosion of the matrix, the eutectic phase can still maintain its original shape and start to damage the protective film. As the corrosion proceeds, the eutectic phase achieves the breakthrough of bi-layers finally. Li reported a similar corrosion model that the long period stacking ordered (LPSO) phase will damage the film to expedite the corrosion [40]. Unlike the Y-rich phase, the eutectic experiences difficulty falling off since it is firmly embedded in the matrix, which leads to the corrosion films around the eutectic suffering serious damage. The solution is in direct contact with the surface through cracks of matrix and eutectic, accelerating the corrosion rate eventually. A diagram of the eutectic is shown in Figure 13.



It is worth noticing that the largest size of eutectic or particle should highly depend on the thickness of the corrosion layer of the alloy since it may punch through and damage the layer. The thickness of the corrosion layer was found to be 27.2 to 62.9 µm for the as-cast WE43 and around 10 µm for the heat-treated alloy, respectively [41,42]. Therefore, the largest size of the eutectic or particle that would damage the corrosion layer and affect the corrosion behavior should be 27 µm for the untreated WE43 and 10 µm for the heat-treated WE43.




5. Conclusions


The corrosion behavior of as-cast WE43 and WE43-T5 was investigated by employing the immersion test in the 3.5 wt% NaCl solution. The corrosion resistance of as-cast WE43 and WE43-T5 were evaluated by corrosion rate and mass loss. The effect of each precipitate on the corrosion films of WE43 and the improvement of its corrosion behavior is emphatically studied. The results are as follows.



	(1)

	
For the as-cast WE43 alloy, the eutectic dissolved after T5 heat treatment and the grain size decreased significantly from 54.1 ± 18.6 to 24.8 ± 12.5 µm. However, T5 heat treatment did not dissolve the second phase.




	(2)

	
The corrosion rate and mass loss of as-cast WE43 and WE43-T5 were the same at the beginning of corrosion, while the corrosion reaction in as-cast WE43 increased rapidly after the 4th day, reaching 3.64 ± 0.81 mg·cm−2·day−1 on the 7th day. On the contrary, the corrosion rate of WE43-T5 did not change much.




	(3)

	
The hemispheric dome structure formed above the Zr-rich phase was ascribed to the large potential difference between the Zr-rich phase and the α-Mg matrix. On the one hand, the cathodic reaction occurs in the Zr-rich phase, which generates more hydroxide and increases the pH value, thus producing more Mg (OH)2 corrosion films, which alleviates the corrosion rate of WE43 to some extent. On the other hand, the anodic reaction occurs far away from the Zr-rich phase, which accelerated the corrosion rate. In general, the Zr-rich phase has a negative effect on slowing down the corrosion reaction. The Y-rich phase, identified as β-Mg14Nd2Y, is quite small compared to other phases and has an insignificant influence on corrosion behavior, and a certain amount of the Y-rich phase is found near pitting corrosion. The eutectic, which was identified as Mg24RE5 in our previous study, is large and has irregular sharp morphology leading to a significant increase in the corrosion rate. It is noted that whether the size of the eutectic phase affects the corrosion rate is linked to the thickness of the corrosion layer, and the critical size for damaging the integrity of the films on the surface of untreated WE43 and WE4-T5 should be 27 µm and 10 µm, respectively.
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Figure 1. The optical microscopy images of WE43 in (a) as-cast (b) T5 condition. 
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Figure 2. Comparison of (a) corrosion rates and (b) weight loss. 
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Figure 3. Macro morphology of as-cast WE43 (a) before the 1st day and (b) after the 7th day. 
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Figure 4. Macro morphology of WE43-T5 (a) before the 1st day and (b) after the 7th day. 






Figure 4. Macro morphology of WE43-T5 (a) before the 1st day and (b) after the 7th day.



[image: Metals 10 01552 g004]







[image: Metals 10 01552 g005 550] 





Figure 5. Optical microscopy images of as-cast WE43 (a) before the 1st day and (b) after the 7th day. 
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Figure 6. Optical microscopy images of WE43-T5 (a) before the 1st day and (b) after the 7th day. 
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Figure 7. SEM images of pitting corrosion of WE43 in (a) as-cast and (b) T5 condition after immersion test. 
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Figure 8. SEM images of hemisphere domes appeared on WE43. 
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Figure 9. Schematic illustration for the effect of Zr-rich phase on corrosion behavior. 
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Figure 10. SEM images of corrosion pits (a) without visible Y-rich phases and (b) with visible Y-rich phases. 
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Figure 11. Schematic illustration for the effect of Y-rich phase on corrosion behavior. 
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Figure 12. SEM image of the eutectic region on the surface of as-cast WE43 alloy after corrosion. 
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Figure 13. Schematic illustration for the effect of eutectic on corrosion behavior. 
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Table 1. The chemical composition of WE43.
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	Element
	Yttrium
	Rare Earths
	Zirconium
	Magnesium





	Proportion (%)
	4.3
	3.4
	0.4
	Balance
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Table 2. Volta potential differences of the phases, data from [38].
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	Phases
	Zr-Rich
	Y-Rich
	Eutectic





	  Δ V  (mV)
	+170 ± 10
	+50 ± 10
	+25 ± 5
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
@

(b)





media/file4.png
Corrosion rate, V

(mg/cm?*/day)

o

N W A~ O

ok

|
ok
N

m as-cast 3  mas-cast
- mTs o 10 - mT5
® 8 |
i S ~
= X6 -
L ': ’
o4 0
L § o -
0
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Exposure time, t (days) Exposure time,t (days)

(a) (b)





media/file18.png
MgO oxide film

Mg(OH), film

WE43

Precipitation of Mg(OH), dome

Thinner MgO laver

WE43

|

H, OH

Mg2* anodic - anodic Mg?**

WE43

WE43





media/file21.jpg
MgO oxide film
Yerich

WE43 WE43

e washed away l

Y-rich pha

visible Yorich phases

Residual pit

WE43 WE43





media/file26.png
MgO oxide film

eutectic

/

4

WEA43

The eutectic breaks the protective film

—ga—

<

WE43

Mg(OH), film

L

WEA43

1

the relative position
of eutectic increases

WE43





media/file3.jpg
@ Koo

Corrosion rate, V.
(mg/cm?/day)
B

 as-cast
uT5

1234567
Exposure time, t (days)

(a)

‘Weight Loss, W

@5

o n s

™ as-cast
=T5

2 6
Exposute imét (dayd)
®)





media/file22.png
Mg(OH), film

MgO oxide film I

Y-rich

WE43 WE43

Y-rich phase washed away 1

visible Y-rich phases

B I

WE43 WE43





media/file19.jpg





media/file7.jpg
@

(b)





media/file10.png





media/file14.png





media/file11.jpg





media/file6.png





media/file15.jpg





nav.xhtml


  metals-10-01552


  
    		
      metals-10-01552
    


  




  





media/file16.png





media/file2.png





media/file20.png





media/file23.jpg





media/file5.jpg





media/file24.png





media/file1.jpg





media/file25.jpg
Mg(OH), film

R0 cutectc I

-
L A — K4

WE43 WE43

|

the relative position
‘The eutectic breaks the protective film of eutectic increases

—— e

WE43 WE43





media/file12.png





media/file9.jpg





media/file0.png





media/file8.png
(a)

(b)





media/file17.jpg
MgO oxide film

WE43. WE43

Preci

of Mg(OH), dome

Thinner MgO layer
— N —

“—
e UL ———

—
WE43. WE43






