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Supplementary Notes  42 

1. Microstructure and corrosion resistance of the WA111 alloy 43 

Supplementary Fig. 1 shows representative microstructures and corresponding 44 

second phase identification in the WA111 alloy with different thermal mechanical 45 

treatments. Via comparing the morphologies and the EDS results of the second phases 46 

with those in literature1, 2, 3, two main second phases, including the polygonal Al2Y and 47 

lamellar LPSO, were identified in this system. Unlike the amount and distribution of 48 

Al2Y particles that is hard to be adjusted after casting, the amount and distribution of 49 

LPSO phase is tunable under different heat treatment and thermal deformation 50 

conditions in the WA111 alloy. The volume fractions of the LPSO phase in the 520-51 

states (including T4-1 and T4-EX-1) and the 550 states (including T4-2 and T4-EX-2) 52 

were 6.5 % and 17.0 %, respectively.  53 

Although the amount and distribution of LPSO phase varies in these five different 54 

states, the corrosion rate remains at a fairly constant level, i.e. 0.16-0.25 mm y-1, as 55 

shown in Supplementary Fig. 2 and Fig 1a. Via analyzing the volta-potential differences 56 

between the second phases and the surrounding matrix in the WA111 alloy, it was found 57 

that the volta-potential of Al2Y and LPSO phases were 300 mV and 400 mV higher than 58 

the surrounding matrix, as respectively shown in Supplementary Fig. 3. The results 59 

indicate that these two second phases are both cathode phases, which cause the strong 60 

galvanic-corrosion only in the initial period of the immersion test. As a result, the 61 

sample T4-2 (550C-16 h) with a lower volume fraction of LPSO phase (6.5%) 62 

exhibited a slightly lower corrosion rate (0.19 mm y-1) than that of sample T4-1 (520C-63 

8h, 0.21 mm y-1) with a higher volume fraction of LPSO phase (17%), as shown in 64 

Supplementary Fig. 2. However, the galvanic corrosion between the LPSO phase and 65 

Mg matrix is soon inhibited significantly through the formation of protective corrosion 66 

product film. Therefore, the corrosion rate shows a low sensitivity to the volume 67 

fraction LPSO phase in WA111 alloy. After the surface protective film is formed in 68 

1200 s, as shown in Supplementary Fig. 16, the galvanic corrosion between the second 69 

phases and the surrounding Mg matrix is strongly inhibited. 70 



3 
 

2. Mechanical properties of the WA111 alloy 71 

Supplementary Fig. 4a presents typical stress-strain curves upon tension of the T4-72 

1 and T4-EX-1 WA111 samples. The yield strength of WA111 alloy after solution 73 

treatment at 520 C for 8 hours (T4-1) is 160 MPa. After extrusion at 350 C, the yield 74 

strength was increased dramatically to 350 MPa (T4-EX-1). Generally speaking, the 75 

key factors contributing to the yield strength (𝜎0.2) of a magnesium alloy mainly consist 76 

of the friction stress of pure Mg (𝜎𝑀𝑔 ), solid-solution strengthening (𝜎𝑠𝑠 ), grain-77 

refinement strengthening (𝜎𝑔𝑏), precipitation strengthening (𝜎𝑝𝑝𝑡) as well as texture 78 

strengthening (𝜎𝑡𝑒𝑥), which can be expressed via the following equation.  79 

𝜎0.2 = 𝜎𝑀𝑔 + 𝜎𝑠𝑠 + 𝜎𝑔𝑏 + 𝜎𝑝𝑝𝑡 + 𝜎𝑡𝑒𝑥 80 

The yield strength contribution of pure Mg in the Mg-Y based alloys is about 17 81 

MPa 4. The yield strength contribution of solid-solution is evaluated by 𝜎𝑠𝑠 = 𝑚(𝑀𝑌 ∗82 

𝑐𝑌

1

2 + 𝑀𝐴𝑙 ∗ 𝑐𝐴𝑙

1

2 ) 5，where m=4.5 is the Taylor factor, Mx is the potency factor for a 83 

specific solute x, and cx is atomic percent of a specific solute x in the matrix. With 84 

respect to the WA111 alloy, 𝑀𝑌 = 124.9 MPa, 𝑀𝐴𝑙 = 19.6 MPa and the content of Y 85 

element in matrix of T4-1 state WA111 sample was measured as 𝑐𝑌 = 1.7 at. %, 𝑐𝐴𝑙 =86 

0.3 at. %  by EDS. Then, the 𝜎𝑠𝑠  is about 80 MPa. Since the major strengthening 87 

precipitate in the WA111 alloy is LPSO phase, and its volume fraction and distribution 88 

are characterized in Supplementary Fig. 1, the yield strength contribution of LPSO 89 

phase in undeformed WA111 alloy can be evaluated by 𝜎𝑝𝑝𝑡 = ∆𝜏𝑏𝑎𝑠𝑎𝑙 =90 

𝐺𝑏

2𝜋√1−𝑣(
0.953

√𝑓𝑝

−1)𝑑𝑡

𝑙𝑛
𝑑𝑡

𝑏
 6, which is about 20 MPa. As seen in Supplementary Fig. 4 a-b, 91 

the T4-1 state WA111 sample, of which the yield strength is about 160 MPa, has an 92 

average grain size of ~40 μm with no obvious texture, the contribution of grain-93 

refinement strengthening (𝜎𝑔𝑏 = 𝑘𝑑−
1

2 ) is calculated to be about 43 (160-17-80-20) 94 

MPa. Then the Hall-Petch value k of WA111 alloy is estimated to be close to 252 95 

MPaμm−, which is one of the commonly used k value of Mg-Y based alloys in 96 

literature 7, 8. 97 

After extrusion, the yield strength increment of the T4-EX-1 WA111 sample is 98 
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about 190 MPa. Since there is neither noticeable difference of solute concentration nor 99 

the volume fraction of secondary phases between T4 and T4-EX samples, the yield 100 

strength increment (∆𝜎0.2) after extrusion was estimated to mainly come from the grain 101 

refinement (∆𝜎𝑔𝑏) as well as texture strengthening (∆𝜎𝑡𝑒𝑥). In this work, a modified 102 

Hall-Petch relationship below is usually used to describe the compounded effect of 103 

grain size and texture on the yield strength: 𝜎𝑦(𝑔𝑏+𝑡𝑒𝑥) =
0.3

𝑚𝑡
(𝜎0 + 𝑘𝑑−

1

2) 9, 10, where 104 

mt and k are the average Schmid factor and the Hall-Petch slope, respectively, and 𝜎0 105 

= 𝜎𝑀𝑔 + 𝜎𝑠𝑠  + 𝜎𝑝𝑝𝑡. The average grain sizes in the T4-1 and T4-EX-1 samples are 40 106 

μm and 2 μm (Supplementary Fig. 4b and 4c), respectively. The average Schmid factor 107 

mt of T4-EX-1 sample is about 0.27 (Supplementary Fig. 5), and the Hall-Petch factor 108 

k is set as 252 MPa μm−. Therefore, the estimated yield strength increment ∆𝜎0.2 109 

contributing from grain refinement and texture is about 170 MPa, with ∆𝜎𝑔𝑏 =110 

135 MPa and ∆𝜎𝑡𝑒𝑥 = 35 MPa, respectively. The rest of yield strength increment (20 111 

MPa out of 190 MPa) might be attributed to the residual forest dislocations because 112 

immediate water-quenching just after extrusion could prohibit some dislocations from 113 

recovery (as shown in Supplementary Fig. 6). On the other hand, some LPSO lamellae 114 

were bent away from basal plane and hence increased the hindrance of basal 115 

dislocations (also shown in Supplementary Fig. 6). These two factors could further 116 

enhance the yield strength by 20 MPa to 350 MPa.  117 

The reasons for achieving a moderate elongation after extrusion (e.g. from 4 % of 118 

the T4-1 to 8% of the T4-EX-1) are threefold. Firstly, the reduction of grain size is 119 

beneficial on the ductility of magnesium11. Secondly, the severe stress concentration 120 

around Al2Y particles in WA111 alloy is significantly alleviated by the grain refinement 121 

caused by the extrusion process, thus delaying the fracture of the alloy12. Last but not 122 

least, sufficient non-basal slip systems are activated in the extruded WA111 samples. 123 

The TEM observation shows the dislocation behavior in the T4-1 and T4-EX-1 WA111 124 

samples, respectively (See Supplementary Fig. 7). The two-beam bright field image 125 

shows the dislocation in solution treated WA111 sample is mainly <a> type while a 126 

number of <c+a> dislocations are activated in extruded WA111 sample. It is well 127 
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recognized that the poor plasticity of magnesium alloys is mainly caused by the limited 128 

slip systems that can be activated at room temperature. The observation of <c+a> 129 

dislocations in extruded WA111 sample indicates that non-basal slip systems are 130 

successfully activated, which facilitates subsequent plastic deformation and hence 131 

increases the ductility of WA111 alloy. 132 

The extrusion induced ductility of WA111 alloy can also be witnessed on the 133 

fractography. It reveals that the tensile fractography of solution treated WA111 sample 134 

features a large number of cleavage planes and many Al2Y particles are exposed to the 135 

fracture surface (as shown in Supplementary Fig. 4f). This result indicates that the 136 

fracture of the solution treated WA111 sample is cleavage dominated and the crack is 137 

probably initiated around the hard and brittle Al2Y particles. After extrusion, the 138 

fracture mode turns from cleavage dominated to dimple dominated (as shown in 139 

Supplementary Fig. 4g) due to substantial grain refinement. In addition, the severe 140 

stress concentration around Al2Y particles in WA111 alloy is significantly alleviated by 141 

the grain refinement caused by the extrusion process, thus delaying the fracture of the 142 

alloy12. 143 

 144 

3. Equivalent circuit diagrams of the W11 and WA111 alloys 145 

In order to explain the form of WA111 alloy corrosion, we simulated the 146 

electrochemical AC impedance behavior of WA111 alloy. The equivalent circuit 147 

diagram has been listed above. Here are the parameters used in the fitting. Rs is solution 148 

resistance, Ra is charge transfer resistance, RL is inductor resistance and Rf is film 149 

resistance. We can notice that the Rf of as-cast WA111 alloy is 2968 Ω•cm2, which is 150 

two orders of magnitude higher than that of as-cast W11 alloy. This indicates a 151 

remarkable protection from corrosion by film in the as-cast WA111 alloy. The LPSO 152 

amount of T4-1 sample is higher than that of as-cast sample, leading to a lower Rf of 153 

T4-1 sample than that of as-cast sample. With the extension of soaking time, the Rf of 154 

as-cast sample increases gradually. These phenomena are consistent with the corrosion 155 

rate performance (hydrogen volume evolution and weight loss) in the WA111 alloy. 156 

 157 
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4. The hydrogen volume evolution and the thickness of protective film. 158 

Supplementary Fig. 15a shows hydrogen evolution curves against immersion time 159 

of three representative WA111 samples. It shows that the hydrogen evolution volume 160 

of the WA111 alloy in different states all increases slowly with immersion time. 161 

However, the difference of the hydrogen volume between three specimens is marginal, 162 

indicating that the corrosion resistance of WA111 alloy shows lower sensitivity to 163 

microstructure compared to other commonly used Mg-Al or Mg-RE alloys due to 164 

formation of the protective film layer on the alloy surface. Supplementary Fig. 15b 165 

shows the thickness of the protective film layer with the immersion time. The thickness 166 

evolution of the corrosion product film (Supplementary Fig. 15b) shows that the grow 167 

rate of the film slows down with immersion time, which is consistent with the hydrogen 168 

evolution curves (Supplementary Fig. 15a). 169 

For kinetics, the protective film formed quickly in the WA111 alloy at the early 170 

stage as shown in Supplementary Fig. 16, which is consistent with the polarization 171 

curves in Fig. 4a. The thickness evolution of the corrosion product film (Supplementary 172 

Fig. 15b) shows that the grow rate of the film slows down with immersion time. More 173 

importantly, the EIS curves with different soaking time in Fig. 4c verify that the 174 

resistance of the WA111 increases significantly in the first 1-2 days and reaches a 175 

plateau till the end. In summary, the protective corrosion product film of WA111 forms 176 

instantly and soon covers the whole surface of the specimen in the immersion test. The 177 

corrosion resistance of film reaches a high level in 1-2 days and keeps stable till the 178 

end. 179 

When the Al and Y solute atoms on the sample surface are in contact with the brine 180 

solution, they lost electrons and then transform into Al3+ and Y3+ ions, respectively, 181 

which dissolve into the solution simultaneously. In contrast, the Al and Y atoms in the 182 

second phases do not dissolve into the solution because the second phases are cathode 183 

phases, as shown in Supplementary Fig. 3. Due to the low solubility of Al3+ and Y3+, 184 

their concentrations in the brine solution quickly reach saturation, leading to the 185 

precipitation of Al and Y hydroxides on the alloy surface and the subsequent formation 186 

of protective product film. 187 



7 
 

Supplementary Tables 188 

 189 

 190 

Supplementary Table 1 The fitting results of the samples according to the equivalent circuit. 191 

 

 

Rs 

(Ω·cm2) 

Y0-f 

(Ω·sn·cm-2) 

nf Rf 

(Ω·cm2) 

Ra 

(Ω·cm2) 

Y0-a 

(Ω·sn·cm-2) 

na RL 

(Ω·cm2) 

L 

(H·cm-2) 

W11-F 7 1.79×10-5 0.97 14 106 1.09×10-5 0.96 184 26 

WA111-F-1.5h 7 1.33×10-5 0.94 2968 2743 1.10×10-3 0.69 — — 

WA111 

-T4-1-1.5h 

10 1.37×10-5 0.93 2080 1447 1.20×10-3 0.68 — — 

WA111- 

T4-EX-1-1.5h 

15 1.71×10-5 0.94 3161 2517 1.58×10-3 0.63 — — 

WA111-F-1day 17 1.64×10-5 0.94 4526 4810 0.85×10-3 0.58 — — 

WA111-F-2day 8 1.80×10-5 0.94 6311 5146 0.45×10-3 0.66 — — 

WA111-F-3day 8 1.90×10-5 0.94 7134 6418 0.41×10-3 0.64 — — 

WA111-F-9day 8 2.85×10-5 0.92 6755 6967 0.53×10-3 0.62 — — 

WA111-F-14day 10 3.69×10-5 0.91 7346 7051 0.68×10-3 0.66 — — 

 192 

 193 

Supplementary Table 2 Chemical compositions of the alloys determined by ICP analysis. 194 

Alloys 

(wt. %) 

Y Zn Al Fe Ni Cu Si Mg 

WA111 11.00 / 0.91 0.018 <0.0005 <0.0005 0.29 Bal. 

W11 11.41 / 0.036 0.020 <0.0005 <0.0005 0.32 Bal. 

AZ91D / 0.65 8.96 <0.001 <0.0005 <0.0005 <0.01 Bal. 

 195 

 196 

 197 

 198 

 199 

 200 

 201 

 202 
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Supplementary Figures 203 

 204 

Supplementary Fig. 1 Microstructure of the WA111 alloy in different states. (a) as-cast state; 205 

(b) T4-1 state; (c) T4-2 state, with the EDS results of marked Al2Y and LPSO particles shown in (d); 206 

(e) T4-EX-1 state; (f) T4-EX-2 state.  207 

 208 

Supplementary Fig. 2 Corrosion rate against volume fraction of LPSO phase in WA111 alloy. 209 

The volume fractions of the LPSO phase in the 520-states (including T4-1 and T4-EX-1) and the 210 

550 states (including T4-2 and T4-EX-2) were 6.5 % and 17.0 %, respectively. The volume fraction 211 

of LPSO phase has little effect on the corrosion rate of WA111 alloy. 212 
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 213 

Supplementary Fig. 3 Potential analysis of second phases in the WA111 alloy. Potentials of the 214 

(a-b) Al2Y and (c-d) LPSO phases in the WA111 alloy, respectively. The dotted lines in (b) and (d) 215 

represent the corresponding position of blue solid pentagon in (a) and (c), respectively. 216 

 217 

 218 

 219 

Supplementary Fig. 4 Mechanical properties and microstructures of the WA111 samples. (a) 220 
tensile stress-strain curves; EBSD maps and pole figures of T4-1 WA111 sample (b and d), T4-EX-221 
1 WA111 sample (c and e), with the average grain sizes of 40 μm and 2 μm, respectively. (f) and 222 
(g) are the tensile fractographies of T4-1 and T4-EX-1 state WA111 samples, respectively. 223 
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 224 

Supplementary Fig. 5 Schmid factor distribution histograms of T4-EX-1 WA111 sample. The 225 

average Schmid factor mt of T4-EX-1 WA111 sample is about 0.27. 226 

 227 

 228 

Supplementary Fig. 6 TEM observation of the T4-EX-1 WA111 sample before tensile test. 229 

Some LPSO lamellae were bent away from basal plane and hence increased the hindrance of basal 230 

dislocations. In addition, some residual dislocations caused by immediate water-quenching just after 231 

extrusion were observed. 232 
 233 
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 234 

Supplementary Fig. 7 Bright field TEM images of statistically stored dislocations in the WA111 235 

alloy after tensile test in two-beam conditions. (a) T4-1 sample with 𝑔⃗ = 101̅0; (b) T4-1 sample 236 

with 𝑔⃗ = 0002; (c) T4-EX-1 sample with 𝒈⃗⃗⃗ = 0002; (d) the enlarged portion of a local region in 237 

(c). The insets of the panels (a-c) are diffraction patterns. The ovals with red dashed lines in panels 238 

(a-b) represent the same position with different two-beam conditions, indicating that the dislocations 239 

are basal <a> dislocations. 240 
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 241 

Supplementary Fig. 8 Salt spray tests of the WA111 and AZ91D alloys. The macroscopic 242 

corrosion of WA111-F alloy is very mild and uniform and no noticeable cavity was 243 

observed on the surface even after being salt sprayed for two weeks. However, the 244 

AZ91D alloy has been corroded much more substantially and there is serious pitting 245 

corrosion on the surface after salt spray test. Hence, the corrosion resistance of WA111 246 

alloy is much better than AZ91D alloy. 247 

 248 

 249 

Supplementary Fig. 9 Microscopic surface morphologies of the WA111 alloy with different 250 

states after soaking in the 3.5 wt. % NaCl solution for 14 days without the corrosion products. 251 

(a) as-cast state; (b) T4-1; (c)T4-2; (d) T4-EX-1; (e) T4-EX-2.  252 

 253 
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 254 

Supplementary Fig. 10 Quasi in-situ observation of the second phase shedding in the as-cast 255 

WA111 alloy before and after brine immersion. (a) microstructure before soaking in 3.5 wt. % 256 

NaCl solution; (b) microstructure of same position after soaking in 3.5 wt. % NaCl solution for 1 257 

day.  258 

 259 

 260 

Supplementary Fig. 11 EPMA results of corrosion product films in the as-cast W11 and WA111 261 

alloys after soaked in 3.5 wt. % NaCl solution. (a) as-cast W11 alloy soaked for 1 day; (b) as-cast 262 

WA111 alloy soaked for 14 days. 263 

 264 
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 265 

Supplementary Fig. 12 Morphology and element characterization of corrosion product film 266 

of the as-cast WA111 alloy after soaking in 3.5 wt. % NaCl solution for 1 hour. (a) HAADF-267 

STEM image with SEAD patterns from inner layer (Y2O3) and outer layer (MgO); (b-d) 268 

corresponding EDS Mapping.  269 

  270 

Supplementary Fig. 13 XRD patterns of corrosion products taken from the surface of as-cast 271 

WA111 alloy soaked for 14 days. A few strong diffraction peaks match well with Y2O3 and Y(OH)3. 272 
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273 

Supplementary Fig. 14 Equivalent circuit diagrams of the W11 and WA111 alloys. (a) as-cast 274 

W11 alloy; (b) WA111 alloy with different states. 275 

 276 

Supplementary Fig. 15 Kinetic description of corrosion process of WA111 alloy. (a) Hydrogen 277 

volume evolution and (b) thickness evolution of corrosion product film against immersion time in 278 

the WA111 alloy. The hydrogen evolution and corrosion film thickness of the alloy were calculated 279 

as the average of three samples, and the error bars were plotted according to their standard deviation. 280 
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 281 

Supplementary Fig. 16 Surface morphology of W11 and WA111 alloys after soaking for a 282 

period of time. The images in the left column are as-cast W11 alloy after soaking for (a) 30 s, (c) 283 

240 s and (e) 1200 s, respectively. The images in the right column are as-cast WA111 alloy after 284 

soaking for (b) 30 s, (d) 240 s and (f) 1200 s, respectively. 285 

 286 
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 287 

Supplementary Fig. 17 The statistical diagram of mechanical and corrosion properties of 288 

magnesium alloys prepared by conventional methods with corresponding literature sources 289 

are shown in Supplementary Fig. 1713, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30 for Fig. 1f. The 290 

‘self-prepared’ data represent some alloys mentioned in literature where either strength or corrosion 291 

rate data were not provided. 292 

 293 
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