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Supplementary Notes

1. Microstructure and corrosion resistance of the WA 111 alloy

Supplementary Fig. 1 shows representative microstructures and corresponding
second phase identification in the WAI11l alloy with different thermal mechanical
treatments. Via comparing the morphologies and the EDS results of the second phases
with those in literature! %, two main second phases, including the polygonal Al,Y and
lamellar LPSO, were identified in this system. Unlike the amount and distribution of
ADLY particles that is hard to be adjusted after casting, the amount and distribution of
LPSO phase is tunable under different heat treatment and thermal deformation
conditions in the WA111 alloy. The volume fractions of the LPSO phase in the 520-
states (including T4-1 and T4-EX-1) and the 550 states (including T4-2 and T4-EX-2)
were 6.5 % and 17.0 %, respectively.

Although the amount and distribution of LPSO phase varies in these five different
states, the corrosion rate remains at a fairly constant level, i.e. 0.16-0.25 mm y!, as
shown in Supplementary Fig. 2 and Fig la. Via analyzing the volta-potential differences
between the second phases and the surrounding matrix in the WA111 alloy, it was found
that the volta-potential of ALY and LPSO phases were 300 mV and 400 mV higher than
the surrounding matrix, as respectively shown in Supplementary Fig. 3. The results
indicate that these two second phases are both cathode phases, which cause the strong
galvanic-corrosion only in the initial period of the immersion test. As a result, the
sample T4-2 (550°C-16 h) with a lower volume fraction of LPSO phase (6.5%)
exhibited a slightly lower corrosion rate (0.19 mm y™!) than that of sample T4-1 (520°C-
8h, 0.21 mm y!) with a higher volume fraction of LPSO phase (17%), as shown in
Supplementary Fig. 2. However, the galvanic corrosion between the LPSO phase and
Mg matrix is soon inhibited significantly through the formation of protective corrosion
product film. Therefore, the corrosion rate shows a low sensitivity to the volume
fraction LPSO phase in WA111 alloy. After the surface protective film is formed in
1200 s, as shown in Supplementary Fig. 16, the galvanic corrosion between the second

phases and the surrounding Mg matrix is strongly inhibited.
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2. Mechanical properties of the WA 111 alloy

Supplementary Fig. 4a presents typical stress-strain curves upon tension of the T4-
1 and T4-EX-1 WAI111 samples. The yield strength of WA111 alloy after solution
treatment at 520 °C for 8 hours (T4-1) is 160 MPa. After extrusion at 350 °C, the yield
strength was increased dramatically to 350 MPa (T4-EX-1). Generally speaking, the
key factors contributing to the yield strength (o, ;) of a magnesium alloy mainly consist
of the friction stress of pure Mg (oug ), solid-solution strengthening (oys), grain-
refinement strengthening (o), precipitation strengthening (o) as well as texture
strengthening (o, ), Which can be expressed via the following equation.

0.2 = Opmg + Oss T Ogp + Oppt + Otex
The yield strength contribution of pure Mg in the Mg-Y based alloys is about 17

MPa . The yield strength contribution of solid-solution is evaluated by oy, = m(My *

1 1
cy + My x c3)) 3, where m=4.5 is the Taylor factor, My is the potency factor for a

specific solute X, and cx is atomic percent of a specific solute x in the matrix. With
respect to the WA1l11 alloy, My = 124.9 MPa, M,; = 19.6 MPa and the content of Y
element in matrix of T4-1 state WA 111 sample was measured as ¢y = 1.7 at. %, ¢4 =
0.3 at.% by EDS. Then, the oy is about 80 MPa. Since the major strengthening
precipitate in the WA111 alloy is LPSO phase, and its volume fraction and distribution
are characterized in Supplementary Fig. 1, the yield strength contribution of LPSO

phase in undeformed WAIIl alloy can be evaluated by 0,5 = ATpesar =

Gb n ds
2nVI—v(X23

J?—l)dt b
14

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

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

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

refinement strengthening (ay;, = kd_%) is calculated to be about 43 (160-17-80-20)
MPa. Then the Hall-Petch value & of WAT111 alloy is estimated to be close to 252
MPa-um~"2, which is one of the commonly used k value of Mg-Y based alloys in
literature 7.

After extrusion, the yield strength increment of the T4-EX-1 WA111 sample is

3
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about 190 MPa. Since there is neither noticeable difference of solute concentration nor
the volume fraction of secondary phases between T4 and T4-EX samples, the yield
strength increment (Agy, ,) after extrusion was estimated to mainly come from the grain
refinement (Aagy,) as well as texture strengthening (Adgey). In this work, a modified
Hall-Petch relationship below is usually used to describe the compounded effect of

0.3 9, 10

1
grain size and texture on the yield strength: o), (gp4tex) = — (00 + kd_E) , Where
t

m¢ and k are the average Schmid factor and the Hall-Petch slope, respectively, and g,
= Omg + 055 + Oppe. The average grain sizes in the T4-1 and T4-EX-1 samples are 40
um and 2 um (Supplementary Fig. 4b and 4c¢), respectively. The average Schmid factor
my of T4-EX-1 sample is about 0.27 (Supplementary Fig. 5), and the Hall-Petch factor
k is set as 252 MPa um™"2. Therefore, the estimated yield strength increment Agy
contributing from grain refinement and texture is about 170 MPa, with Aagy, =
135 MPa and Ao, = 35 MPa, respectively. The rest of yield strength increment (20
MPa out of 190 MPa) might be attributed to the residual forest dislocations because
immediate water-quenching just after extrusion could prohibit some dislocations from
recovery (as shown in Supplementary Fig. 6). On the other hand, some LPSO lamellae
were bent away from basal plane and hence increased the hindrance of basal
dislocations (also shown in Supplementary Fig. 6). These two factors could further
enhance the yield strength by 20 MPa to 350 MPa.

The reasons for achieving a moderate elongation after extrusion (e.g. from 4 % of
the T4-1 to 8% of the T4-EX-1) are threefold. Firstly, the reduction of grain size is
beneficial on the ductility of magnesium!!. Secondly, the severe stress concentration
around ALY particles in WA111 alloy is significantly alleviated by the grain refinement
caused by the extrusion process, thus delaying the fracture of the alloy'?. Last but not
least, sufficient non-basal slip systems are activated in the extruded WA111 samples.
The TEM observation shows the dislocation behavior in the T4-1 and T4-EX-1 WA111
samples, respectively (See Supplementary Fig. 7). The two-beam bright field image
shows the dislocation in solution treated WA111 sample is mainly <a> type while a

number of <c+a> dislocations are activated in extruded WA111 sample. It is well
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recognized that the poor plasticity of magnesium alloys is mainly caused by the limited
slip systems that can be activated at room temperature. The observation of <c+a>
dislocations in extruded WAI111 sample indicates that non-basal slip systems are
successfully activated, which facilitates subsequent plastic deformation and hence
increases the ductility of WA111 alloy.

The extrusion induced ductility of WA111 alloy can also be witnessed on the
fractography. It reveals that the tensile fractography of solution treated WA 111 sample
features a large number of cleavage planes and many Al,Y particles are exposed to the
fracture surface (as shown in Supplementary Fig. 4f). This result indicates that the
fracture of the solution treated WA111 sample is cleavage dominated and the crack is
probably initiated around the hard and brittle ALY particles. After extrusion, the
fracture mode turns from cleavage dominated to dimple dominated (as shown in
Supplementary Fig. 4g) due to substantial grain refinement. In addition, the severe
stress concentration around Al,Y particles in WA 111 alloy is significantly alleviated by
the grain refinement caused by the extrusion process, thus delaying the fracture of the

alloy!?.

3. Equivalent circuit diagrams of the W11 and WA111 alloys

In order to explain the form of WAIIIl alloy corrosion, we simulated the
electrochemical AC impedance behavior of WAI111 alloy. The equivalent circuit
diagram has been listed above. Here are the parameters used in the fitting. Ry is solution
resistance, R, is charge transfer resistance, Ry is inductor resistance and Ry is film
resistance. We can notice that the Ry of as-cast WA 111 alloy is 2968 Qecm?, which is
two orders of magnitude higher than that of as-cast W11 alloy. This indicates a
remarkable protection from corrosion by film in the as-cast WA111 alloy. The LPSO
amount of T4-1 sample is higher than that of as-cast sample, leading to a lower Rr of
T4-1 sample than that of as-cast sample. With the extension of soaking time, the Rr of
as-cast sample increases gradually. These phenomena are consistent with the corrosion

rate performance (hydrogen volume evolution and weight loss) in the WA111 alloy.
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4. The hydrogen volume evolution and the thickness of protective film.

Supplementary Fig. 15a shows hydrogen evolution curves against immersion time
of three representative WA 111 samples. It shows that the hydrogen evolution volume
of the WA111 alloy in different states all increases slowly with immersion time.
However, the difference of the hydrogen volume between three specimens is marginal,
indicating that the corrosion resistance of WA111 alloy shows lower sensitivity to
microstructure compared to other commonly used Mg-Al or Mg-RE alloys due to
formation of the protective film layer on the alloy surface. Supplementary Fig. 15b
shows the thickness of the protective film layer with the immersion time. The thickness
evolution of the corrosion product film (Supplementary Fig. 15b) shows that the grow
rate of the film slows down with immersion time, which is consistent with the hydrogen
evolution curves (Supplementary Fig. 15a).

For kinetics, the protective film formed quickly in the WA111 alloy at the early
stage as shown in Supplementary Fig. 16, which is consistent with the polarization
curves in Fig. 4a. The thickness evolution of the corrosion product film (Supplementary
Fig. 15b) shows that the grow rate of the film slows down with immersion time. More
importantly, the EIS curves with different soaking time in Fig. 4c verify that the
resistance of the WA111 increases significantly in the first 1-2 days and reaches a
plateau till the end. In summary, the protective corrosion product film of WA111 forms
instantly and soon covers the whole surface of the specimen in the immersion test. The
corrosion resistance of film reaches a high level in 1-2 days and keeps stable till the
end.

When the Al and Y solute atoms on the sample surface are in contact with the brine
solution, they lost electrons and then transform into AI** and Y** ions, respectively,
which dissolve into the solution simultaneously. In contrast, the Al and Y atoms in the
second phases do not dissolve into the solution because the second phases are cathode
phases, as shown in Supplementary Fig. 3. Due to the low solubility of AI** and Y**,
their concentrations in the brine solution quickly reach saturation, leading to the
precipitation of Al and Y hydroxides on the alloy surface and the subsequent formation

of protective product film.



188 Supplementary Tables
189
190
191 Supplementary Table 1 The fitting results of the samples according to the equivalent circuit.
Rs Yot nf Rr Ra Yo0-a Ny RL L
(Q-em?) | (Q's"cm?) (Q-em?) | (Qrem?) | (Q-s™cm?) (Q-em?) | (H-em)
WI11-F 7 1.79X10% | 0.97 14 106 1.09X10° | 0.96 184 26
WA111-F-1.5h 7 1.33x10°° 0.94 2968 2743 1.10X 10 | 0.69 — —
WAL11 10 1.37x10°° 0.93 2080 1447 1.20X 103 | 0.68 — —
-T4-1-1.5h
WAI111- 15 1.71x10°° 0.94 3161 2517 1.58X103 | 0.63 — —
T4-EX-1-1.5h
WAI111-F-1day 17 1.64x107° 0.94 4526 4810 0.85X103 | 0.58 — —
WAI111-F-2day 8 1.80x107° 0.94 6311 5146 0.45X103 | 0.66 — —
WAI111-F-3day 8 1.90x107° 0.94 7134 6418 0.41X103 | 0.64 — —
WAI111-F-9day 8 2.85%1073 0.92 6755 6967 0.53X103 | 0.62 — —
WAT111-F-14day 10 3.69x1073 0.91 7346 7051 0.68X103 | 0.66 — —
192
193
194 Supplementary Table 2 Chemical compositions of the alloys determined by ICP analysis.
Alloys Zn Al Fe Ni Cu Si Mg
(wt. %)
WAL111 11.00 / 0.91 0.018 <0.0005 <0.0005 0.29 Bal.
Wil 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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212

A Element At% B Element At% C Element At%
Mg 13.8% Mg 42.5% Mg 78.4%
Y 29.6% Y 18.5% Y 83%
Al 56.6% Al 39% Al 13.4%

Supplementary Fig. 1 Microstructure of the WA111 alloy in different states. (a) as-cast state;
(b) T4-1 state; (c) T4-2 state, with the EDS results of marked ALY and LPSO particles shown in (d);
(e) T4-EX-1 state; (f) T4-EX-2 state.
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Supplementary Fig. 2 Corrosion rate against volume fraction of LPSO phase in WA111 alloy.
The volume fractions of the LPSO phase in the 520-states (including T4-1 and T4-EX-1) and the
550 states (including T4-2 and T4-EX-2) were 6.5 % and 17.0 %, respectively. The volume fraction
of LPSO phase has little effect on the corrosion rate of WA111 alloy.

8



200 mvV b

I
S
=4

&
=1
o

Potential (mV)
P
o
=3

-500

|
i
i

\—
i
i
i
i
i
i
i
i

|
i
i
i
i
i
i
i
! /
-600 | A
i
i

-700

2 4 6 8 10 12 14 16 18
Distance (pm)

=700 mV

=100 mvV
-100

-200 i ’ h A

Potential distribution

-300

-400

Potential (mV)

-500/

/ g N~
-600 A o) AN’

=700

12 14 16

=700 mV

Potential distribution Distance (um)

213
214  Supplementary Fig. 3 Potential analysis of second phases in the WA111 alloy. Potentials of the
215  (a-b) ALY and (c-d) LPSO phases in the WA111 alloy, respectively. The dotted lines in (b) and (d)
216  represent the corresponding position of blue solid pentagon in (a) and (c), respectively.

217

218
!
ST TR
g AR
219
220

221  tensile stress-strain curves; EBSD maps and pole figures of T4-1 WA111 sample (b and d), T4-EX-
222 1 WAI11 sample (c and e), with the average grain sizes of 40 um and 2 um, respectively. (f) and
223 (g) are the tensile fractographies of T4-1 and T4-EX-1 state WAL111 samples, respectively.
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Supplementary Fig. 5 Schmid factor distribution histograms of T4-EX-1 WA111 sample. The
average Schmid factor m¢ of T4-EX-1 WA111 sample is about 0.27.

4 / dislocation

Supplementary Fig. 6 TEM observation of the T4-EX-1 WA111 sample before tensile test.
Some LPSO lamellae were bent away from basal plane and hence increased the hindrance of basal
dislocations. In addition, some residual dislocations caused by immediate water-quenching just after
extrusion were observed.
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Supplementary Fig. 7 Bright field TEM images of statistically stored dislocations in the WA111
alloy after tensile test in two-beam conditions. (a) T4-1 sample with g = 1010; (b) T4-1 sample
with g = 0002; (c) T4-EX-1 sample with g = 0002; (d) the enlarged portion of a local region in
(c). The insets of the panels (a-c) are diffraction patterns. The ovals with red dashed lines in panels
(a-b) represent the same position with different two-beam conditions, indicating that the dislocations
are basal <a> dislocations.
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Supplementary Fig. 8 Salt spray tests of the WA111 and AZ91D alloys. The macroscopic
corrosion of WA111-F alloy is very mild and uniform and no noticeable cavity was
observed on the surface even after being salt sprayed for two weeks. However, the
AZ91D alloy has been corroded much more substantially and there is serious pitting
corrosion on the surface after salt spray test. Hence, the corrosion resistance of WA111
alloy is much better than AZ91D alloy.

Supplementary Fig. 9 Microscopic surface morphologies of the WA111 alloy with different
states after soaking in the 3.5 wt. % NaCl solution for 14 days without the corrosion products.
(a) as-cast state; (b) T4-1; (c)T4-2; (d) T4-EX-1; (e) T4-EX-2.
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Supplementary Fig. 10 Quasi in-situ observation of the second phase shedding in the as-cast
WAL111 alloy before and after brine immersion. (a) microstructure before soaking in 3.5 wt. %
NaCl solution; (b) microstructure of same position after soaking in 3.5 wt. % NacCl solution for 1

day.

EPMA result in W11-F
wit% at%
Mg 52.80+1.64 43.54+2.96
- O 44.61+2.26 55.88+2.80

Y 257+1.68 0.58+0.38
Al 0.01+0.01 0.01+0.01

EPMA result in WA111-F
wt% at%
Mg 25.49+1.86 29.72+2.99
O 31.9+2.03 56.5+5.45

Y 42.35+4.64 13.5+2.79
OORTL] Al 0.27£0.10  0.28+0.11

.

Supplementary Fig. 11 EPMA results of corrosion product films in the as-cast W11 and WA111
alloys after soaked in 3.5 wt. % NaCl solution. (a) as-cast W11 alloy soaked for 1 day; (b) as-cast

WA111 alloy soaked for 14 days.
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265
266 Supplementary Fig. 12 Morphology and element characterization of corrosion product film

267 of the as-cast WA111 alloy after soaking in 3.5 wt. % NaCl solution for 1 hour. (a) HAADF-
268 STEM image with SEAD patterns from inner layer (Y.0O3) and outer layer (MgO); (b-d)
269  corresponding EDS Mapping.
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271 Supplementary Fig. 13 XRD patterns of corrosion products taken from the surface of as-cast
272 WALII11 alloy soaked for 14 days. A few strong diffraction peaks match well with Y,O3 and Y(OH)s.
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Supplementary Fig. 14 Equivalent circuit diagrams of the W11 and WAI111 alloys. (a) as-cast
W11 alloy; (b) WAT111 alloy with different states.
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Supplementary Fig. 15 Kinetic description of corrosion process of WA111 alloy. (a) Hydrogen
volume evolution and (b) thickness evolution of corrosion product film against immersion time in
the WA111 alloy. The hydrogen evolution and corrosion film thickness of the alloy were calculated
as the average of three samples, and the error bars were plotted according to their standard deviation.
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Supplementary Fig. 16 Surface morphology of W11 and WAI111 alloys after soaking for a
period of time. The images in the left column are as-cast W11 alloy after soaking for (a) 30 s, (c)
240 s and (e) 1200 s, respectively. The images in the right column are as-cast WA111 alloy after

soaking for (b) 30 s, (d) 240 s and (f) 1200 s, respectively.
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Supplementary Fig. 17 The statistical diagram of mechanical and corrosion properties of
magnesium alloys prepared by conventional methods with corresponding literature sources
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
‘self-prepared’ data represent some alloys mentioned in literature where either strength or corrosion

rate data were not provided.
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