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ABSTRACT

A longstanding challenge with high Mg content Al alloys is the trade-off between corrosion resis-
tance and strength, because the stabilization temperature is lower than the recrystallization tem-
perature corresponding to a no stabilization temperature range. Herein, a stabilization temperature
range is found with an excellent match of strength and corrosion resistance of high Mg content Al
alloy via pulsed electric current. The stimulated atomic diffusion rate resulted in discontinuous grain
boundary precipitates, along with a lower electric wind force development rate to maintain disloca-
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tion strengthening. These results provide insights into developing high-performance Al-Mg alloys

by the pulsed electric field treatment.

IMPACT STATEMENT

The pulsed electric current treatment provides a new measure to develop high-performance Al alloys
with high Mg content, improving the corrosion resistance while ensuring dislocation strengthening.

1. Introduction

5xxx series aluminum alloy has become a pillar mate-
rial in marine engineering due to its excellent strength-
to-weight ratio, outstanding weldability, and advanta-
geous corrosion resistance [1-3]. The alloys are primarily
strengthened by strain hardening and solution strength-
ening of Mg atoms [4,5]. However, when the alloy is
used for a long time in an environment above 50 °C,
sensitization will occur for the alloy with Mg contents
above 3.5 wt.%. The 8-AlsMg, phase will preferentially
and continuously precipitate along the grain boundary
(GB), which will significantly reduce the corrosion resis-
tance of the alloy and seriously threaten the safety of

ships in service [6-8]. By annealing above the stabiliza-
tion treatment temperature, usually above 230 °C, the
corrosion resistance is improved in long-term service
due to the discontinuous distribution of grain bound-
ary precipitates (GBPs) [9]. The alloy can guarantee high
dislocation strengthening and excellent corrosion resis-
tance if the stabilization treatment temperature is below
the recrystallization starting temperature. Such a temper-
ature range is called the stabilization temperature range
[2]. However, the stabilization treatment temperature is
higher than the recrystallization starting temperature in
high-strength 5xxx series alloys with Mg contents above
6.0 wt.%, resulting in a region below the stabilization
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treatment temperature and above the recrystallization
starting temperature, which is sensitive to intergranu-
lar corrosion (IGC) and excessive loss of dislocation
strengthening due to recrystallization [6,10,11].

Micro-alloying is typically utilized to improve the dis-
location strengthening and corrosion resistance of the
alloy simultaneously. The synergistic addition of Er-
Zr [1,12,13] and Sc-Zr [14,15] elements dramatically
increase the recrystallization starting temperature of Al-
Mg alloy, making it possible to stabilize a high Mg content
alloy, ensuring the discontinuous distribution of GBPs
and the formation of a large number of dispersed phases
within the grain. The addition of Y [16], Nb [17], Sr
[18-20], B [21], Zn [22,23] elements to Al-Mg alloy
can create novel precipitated phases in the grain thereby
inhibiting continuous precipitation on the GB. Thermo-
mechanical treatment based on GB engineering and the
heat treatment repair process for corroded and failed
plates are also used to guarantee the dislocation strength-
ening and corrosion resistance of the alloy [24,25]. How-
ever, excessive reliance on micro-alloying resources and
complex thermo-mechanical processes raise the cost and
hamper the sustainable development for alloy produc-
tion [26]. Hence, a new development path is required to
overcome this hurdle. Therefore, it is of great significance
to produce sustainable ‘plain materials’ to significantly
improve the overall performance of Al-Mg alloys [27,28].

Pulsed electric current treatment (PEC), as a form
of electromagnetic field, has become an essential means
of metal material modification, which is a method that
has been widely used in many metallurgical engineer-
ing fields such as solidification structure control [29,30],
solid-state phase transformation [30], the electro-plastic
effect [31], and crack healing [32]. It has advantages of
high efficiency, convenience, greenness, energy-saving,
and safety, of which conventional heat treatment (CHT)
processes cannot achieve [33]. A previous study showed
that PEC can regulate the diffusion rate of GB ele-
ments and form discontinuously distributed GBPs, thus
improving the corrosion resistance of materials based on
the physical properties of the precipitated phase and the
differences in electrical properties between the second
phase and the matrix [34]. It can also promote the dislo-
cation movement and improve the elongation of the alloy
without reducing the strength [35-37].

In addition, the electric wind force is the result of
momentum transfer between electrons and metal ion
cores [38,39]. The generation of electric wind force is
mainly due to the momentum transfer of electrons in the
grain boundary region [38,39]. Furthermore, the semi-
classical model of the electric wind force assumes ballistic
transport, exhibiting minimal disturbance from the lat-
tice [40]. D. Waryoba et al. [41] believe that electric

wind force is the interaction of electronic defects and is
very effective in two-dimensional defects such as grain
boundaries.

This study is a comprehensive comparison of PEC
and CHT on alloys relative to the corrosion resistance
improvement rate and strength reduction rate.

2. Results and discussion

A schematic diagram of the pulsing device is provided
in Fig. S1. The materials and methods are detailed in the
Supplementary Material.

Fig. S2 is the microstructure of the cold rolled alloy.
From the Electron Backscatter Diffraction (EBSD) results
in Fig. S2(a)-(c), it can be seen that after the cold defor-
mation of the alloy, the grains are elongated in the form
of bands and there is high stress between the grains. As
seen in Fig. S2(e)-(f), the alloy in the cold rolled state has
avery low concentration of GBPs at the grain boundaries,
indicating that the solid solution of the alloy is high [1-4].
When the alloy is left at room temperature, the precipita-
tion of the Al3sMg, phase causes the alloy to lose strength.
At the same time, stress corrosion and intergranular cor-
rosion occur due to the continuous distribution of the
precipitated phase at the grain boundaries [5-9].

Figure 1 shows the hardness variation and EBSD
recrystallization fraction of different alloys under PEC
and CHT. In general, the microhardness of the alloy
decreases with an increase in annealing temperature.
Combined with the statistical results of the recrystalliza-
tion fraction of the alloys after CHT in EBSD, the recrys-
tallization starting temperature is determined when the
recrystallization fraction is above 5% [12]. The boundary
between 2° and 15° was set as a low angle grain boundary,
and above 15° was selected as a high angle grain bound-
ary [42-45]. Under CHT, by compiling the results of the
recrystallization fraction and hardness under CHT of the
Al-3.97Mg annealed at 220 °C, the Al-4.82Mg annealed
at 240 °C, the Al-5.84Mg annealed at 250 °C, and the Al-
6.98Mg annealed at 260 °C, it was determined that the
recrystallization starting hardness (RSH) values of differ-
entalloys were 99.3 + 3.0 HV,102.5 + 3.0 HV, 105.0 + 3.0
HV, 115.8 +3.0 HV, respectively, as shown by the four
dashed lines in Figure 1(a). Under PEC, the dashed line
intersects the hardness curves of Al-3.97Mg at 220 °C,
Al-4.82Mg at 230 °C, Al-5.84Mg at 230 °C, Al-6.98Mg
at 240 °C, respectively, which are taken as the recrystal-
lization starting temperatures under PEC. As shown in
Figure 1(a), at the same microhardness, the temperature
of PEC is lower than that of CHT.

The IGC resistance of alloys treated by different pro-
cesses is shown in Figure 2(a). When the Mg content is
less than 3.97 wt.%, the alloy has excellent IGC resistance



@ Recrystallization starting temperature of CHT

Recrystallization starting temperature of PEC

—3—PEC

80

L 1 1
100 150 200

Temperature (°C)

o

50

MATER. RES. LETT.

181

Figure 1. (a) Hardness changes of different alloys under pulsed electric current treatment (PEC) and conventional heat treatment (CHT);
Under CHT, statistical chart of EBSD recrystallization fractions of (b) Al-3.97Mg alloy annealed at 220°Cfor 1 h, (c) Al-4.82Mg alloy annealed
at 240°Cfor 1 h, (d) Al-5.84Mg alloy annealed at 250°C for 1 h, (e) Al-6.98Mg alloy annealed at 220°C for 1 h.
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Figure 2. (a) Mass loss of different alloys under pulsed electric current treatment (PEC) and conventional heat treatment (CHT), (b) Dis-
location densities of Al-6.98Mg under PEC and CHT, (c) The engineering stress - strain curves for Al-6.98Mg under PEC and CHT, (d) The
data for the average yield stresses, ultimate tensile strengths and total elongations of Al-6.98Mg under PEC and CHT.

regardless of the treatment method. With an increase in
Mg content, the IGC resistance of the alloy is closely
related to the treatment process and temperature. Specifi-
cally, with increasing temperature, the mass loss of alloys
shows a decreasing trend, showing that the alloy’s IGC
resistance has been gradually improved. The temperature
at which the corrosion mass loss of the alloy is below 15
mg/cm? for the first time is the stabilization temperature
of the alloy [12]. It can be found that the stabilization
temperatures of Al-4.82Mg, Al-5.84Mg, and Al-6.98Mg
under CHT are 230, 260, and 270 °C, respectively, and

210, 230, and 240 °C, respectively, under PEC. XRD tests
the dislocation densities of Al-6.98Mg alloys under dif-
ferent processes, and the values are shown in Figure 2(b).
Combining the results in Figures 1 and 2, the alloy can
obtain good corrosion resistance at 270 °C after CHT,
and the dislocation density is 3.77 x 10'> m—2. After PEC,
the alloy can obtain good corrosion resistance at 240 °C,
and the dislocation density is 1.67x10'* m~2, which is
4.4-fold increase compared to CHT.

As seen from the tensile test results in Figure 2(c)-
(d), the yield strengths of the alloys are above 300 MPa
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when the alloy stabilization treatment temperature is
lower than the recrystallization starting temperature.
Combined with Figure 2(a), it can be seen that the
corrosion resistance of the alloy under PEC is much
higher than that of the alloy under CHT while ensuring
strength. Moreover, when the corrosion performance of
the alloy under CHT is enhanced, the strength of the alloy
decreases significantly. When the alloy shows maximum
corrosion resistance, the yield strength of the alloy under
CHT is reduced by 30 MPa compared to PEC.

The evolution of GBPs in Al-6.98Mg alloy under dif-
ferent processes is observed, as shown in Figure 3. As seen
from the distribution of GBPs after phosphoric acid ero-
sion, the change in number of GBPs is consistent under
CHT and PEC, both of which show the evolution law
of GBPs becoming intermittent with increasing temper-
ature. When the treatment temperature is higher than
220 °C, the rate of change of GBPs of the alloy after PEC
is faster than that of CHT.

By comparing the distribution of GBPs in Figure 3(c)
and (g), the GBPs with more intermittent distribution are
processed by PEC. Meanwhile, Figure 1(a) shows that the
Al-6.98Mg alloy has a comparable hardness under CHT
at 260 °C for 1 h and PEC at 240 °C for 1 h. By analyz-
ing the TEM structure in these two states, as shown in

Vi

Figure 3(i) and (j), CHT has a narrower and more contin-
uous GBP morphology on the GB. The GBP distribution
observed by scanning transmission electron microscopy
is shown in Figure 3(k) and (1). By analyzing the line scan-
ning results at specific positions, it can be observed that
the alloy after PEC presents an intermittent distribution
of GBPs and reduces the enrichment degree of the Mg
element in GBPs.

In Fig. S3, the continuous precipitate is prolate, while
the discontinuous precipitate is stubby. Combining the
results of Fig. S3 and S4, it can be found that with
increasing temperature, the distribution of precipitates
becomes more intermittent, the aspect ratio of the precip-
itates becomes smaller, and the discontinuous precipitate
becomes coarser and larger. Comparing CHT and PEC,
it can be seen that the GBPs can be distributed intermit-
tently under PEC at a lower treatment temperature, and
the coarsening rate of the precipitated phase under PEC
is significantly coarser than that of CHT.

The above results indicate that dislocation strength-
ening of the Al-6.98Mg alloy occurred, and there is a
superior IGC resistance in Al-6.98Mg alloy treated by
PEC, which corresponds to the experimental results in
Figure 4(a). With increasing temperature, the tempera-
ture drops of the stabilization treatment temperature and

Figure 3. Distribution of grain boundary precipitates (GBPs) in Al-6.98Mg alloy observed by optical microscope (a) (b) (c) (d) and TEM (i)
(j) under conventional heat treatment (CHT), by optical microscope (e) (f) (g) (h) and TEM (k) (I) under pulsed electric current treatment

(PEC).
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Figure 4. (a) Stabilization temperature range (STR) after pulsed electric current treatment (PEC) and conventional heat treatment (CHT),
(b) Rate change curves of the Mg element diffusion coefficient growth and electric wind force development under PEC.

recrystallization starting temperature of the alloy treated
by PEC are more significant than those treated by CHT.
By careful comparison, a fascinating phenomenon can
be seen. The temperature drop of the stabilization treat-
ment temperature after PEC is greater than that of the
recrystallization starting temperature, which changes the
sensitization-stabilization transition temperature range
of the PEC in contrast to CHT. When the Mg con-
tent is greater than 5.5 wt.%, a low-temperature inver-
sion occurs, and the alloy has a stabilization temperature
range after PEC, which does not exist in CHT. More-
over, when the Mg content is less than 5.5 wt.%, the alloy
treated by PEC has a broader stabilization temperature
range than the alloy treated by CHT.

The electric wind force development rate and diffusion
coefficient growth rate of the alloy treated under PEC are
calculated. When PEC is applied to the metal material, it
applies additional energy, AGe, which is closely related to
the electric resistance of the material [46]. The deformed
metals own higher electric resistance than those in the
recovery and recrystallization states. When PEC passes
through the deformed metal, the driving force for recrys-
tallization can be described as [46]

AG = AGy + AGe (1)
where AGqo is the deformation storage energy of
deformed material and AGc is the variation in free energy
due to the influence of PEC expressed as

04 — Oy

AGe = pog AV (2)

oy + 204

where (g is the magnetic permeability, g is a positive con-
stant related to the material, AV is the volume of the
recrystallized nucleus, oq is the electrical conductivity of
deformed metal, oy is the electrical conductivity of the
recrystallized metal, and ] is the current density.

It is known that deformed metals contain a consider-
able quantity of dislocations. After recovery and recrys-
tallization, dislocation slip, and annihilation, dislocation
density decreases accordingly, which explains that oq is
less than oy. Hence, AG. is a negative value, which shows
that the free energy of the alloy in the deformation state
is higher than that in the recrystallization state under the
action of PEC.

In the recovery and recrystallization process, the free
energy decreases due to the dislocation migration, and
the dislocation will be subjected to the pressure of migra-
tion. H. Conrad et al [31,41] quantitatively calculated the
force exerted by the current on unit dislocation length
after applying pulse processing, which showed the elec-
tronic wind force to be:

Few = plene (3)

where p is the electric resistivity (related to the state of the
material and the values are shown in Table 1 and Fig. S5),
eis the electron charge, and n. is the valence electron con-
centration, the value is 2 [47]. The electronic wind force
is the interaction of drifting electrons and dislocations
generated when current passes through the metal mate-
rial, which can promote the annihilation of dislocations,
reduce the dislocation density, and promote the blocked
dislocation clusters [35,36].

Then, the electric wind force development rate can be
calculated under the PEC

Fey

qr = @ (4)
ew

where FL_is the electronic wind force under the PEC at
a specific temperature related to current density, where
the current density corresponding to temperature can be
obtained from Table 1, and F2%s the electronic wind
force under the PEC at 200 °C, and current density is
shown to be 1.83 x 10”7 A/m?.
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Table 1. The detailed parameters of pulsed electric current treatment.

Frequncy  Duration  Currentdensity ~ Temperature Electric resistivity Effective
Alloys f(Hz) p(us)  J(x 107A/m?) T(°C) p(x1078Q-m)  valenceZ*
PEC1 500 200 1.67 180 7.21 —0.17
PEC2 500 200 1.83 200 7.24 —0.16
PEC3 500 200 1.92 210 7.25 —0.16
PEC4 500 200 2.00 220 7.26 —0.15
PEC5 500 200 2.08 230 7.27 —0.15
PEC6 500 200 2.17 240 7.30 —0.15
PEC7 500 200 2.25 250 734 —0.14
PEC8 500 200 233 260 737 —0.13
PEC9 500 200 2.50 280 7.41 —0.12

On the other hand, the additional electrical free energy
introduced by the PEC based on the current density dis-
tribution reduces the atomic transition energy barrier
and the atomic diffusion activation energy, accelerating
the interface diffusion velocity of elemental Mg [34]. Due
to the similar particle radii of Al and Mg atoms, the
vacancy diffusion mechanism is dominant in the Al-Mg
alloy. The diffusion coefficient of the Mg atom under PEC
can be expressed as [34]

RT ®)

*
DPEC — Dyexp ( Q-+ leZ b,OINe|>
where Dy is the diffusion constant, DYEC is the diffu-
sion coefficient of Mg atom under the action of PEC,
Q is the diffusion activation energy, Z* is the effec-
tive valence, the sum of the wind and direct valence
related to the electric resistivity and the values are shown
in Table 1 [41,48], N, is Avogadro’s constant, R is the
molar gas constant, and T is the Kelvin temperature.
The parameters used in the calculation of Al-6.98Mg
alloy are as follows: Dy = 1.49 x 107> m?/s [49], Q =
1.205 x 10° J/mol [37], R = 8.314]/(mol - K), e = 1.6 x
107 C, N =6.02 x 10%*/mol, and b = 0.286 [34].
And, Fig. S6 shows the anisotropic diffusion of atoms
under PEC.

At the same time, we mainly consider the influence of
the elemental diffusion coefficient under a pulsed electric
field, and the detailed calculation formulas are as follows

Dgec
= === 6

9o sz}gg ( )
where D;Tmc is the change in diffusion coefficient under
PEC at a specific temperature, gpis the diffusion coef-
ficient growth rate, and D2 is the change in diffusion
coefficient under PEC at 200 °C. The calculation results
are shown in Figure 4(b).

When the current density is greater than 2x 107 A/m?,
the electric wind force development rate increases lin-
early, while the diffusion coefficient growth rate increases
exponentially. The Joule heat temperature caused by
PEC at a current density of 2x107 A/m? increases to

220 °C. This temperature corresponds precisely to the
low-temperature inversion interval under the action of
PEC in Figure 4(a). This infers that the effect of PEC
on the size of GBPs is more significant than the loss of
hardness in the alloy recovery stage, especially when the
current density is higher than 2x 107 A/m?2. It is the main
reason for the low-temperature inversion interval caused
by the effect of the electric field.

High Mg content Al-Mg alloys under CHT show that
the stabilization treatment temperature is higher than the
recrystallization starting temperature. There is no stabi-
lization temperature range, which means that the alloy
cannot show good corrosion resistance and dislocation
strengthening properties simultaneously. However, after
PEC, the alloy has a stabilization temperature range at low
temperatures, which can have excellent corrosion resis-
tance and dislocation strengthening ability. The results
are innovative and have not been reported before.

3. Conclusions

In summary, this study proposes an innovative stabiliza-
tion treatment method for Al-Mg alloy with high Mg
content using PEC.

(1) The stabilization treatment temperature and recrys-
tallization starting temperature were simultaneously
reduced by using PEC.

(2) The stabilization treatment temperature was signif-
icantly reduced compared with the recrystallization
starting temperature due to the higher Mg atom dif-
fusion rate and slower wind force development rate
under PEC.

(3) The stabilization temperature range under PEC was
reversed at low temperature compared with CHT
to achieve excellent corrosion resistance and rela-
tively high dislocation strengthening simultaneously
for high Mg content aluminum alloys.
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