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Abstract: Pulsed electrical discharge (PED) is a method that has been employed to fabricate metallic
glass (MG) layers on Al-Cu-Mg-(Zn) alloys. Abnormal Al and Cu element segregation has been
found on the alloys vitrified surfaces after PED treatment. Surface element evaporation was found
and proven to be the main reason for such significant segregation. Benefits to the evaporation of the
non-corrosion resisting elements in the MG layers, the corrosion resistance, and the surface hardness
of Al-Cu-Mg-Zn alloys have been greatly improved. The average corrosion rates of Al-Cu-Mg-Zn
alloys with MG layers were reduced to about 2% of that without MG layers. Additionally, the surface
hardness of Al-Cu-Mg-Zn alloys with MG layers was increased to 537.173 (±7) HV0.1. PED treatment
is a promising way to synthesize MG layers with controllable element proportions and distributions
for wear- and corrosion-resistant coatings on traditional Al-Cu-Mg-Zn alloys.
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1. Introduction

Al alloys can develop a thin oxide layer to restrain their further corrosion [1]. However, this thin
layer is reactive in damp environments. The susceptibility of Al alloys to corrosion may be further
enhanced due to the cathodic activities of their intermetallic particles, such as the Al2CuMg and
Mg(ZnCuAl)2 phase [2]. Many coating methods have been reported for fabricating surfaces on Al
and its alloys, such as preparing a chromium [3] or superhydrophobic coating on the Al alloy [4].
However, these methods are still subject to some limitations, such as toxicity, a complicated procedure,
and high cost.

Metallic glass (MG) as an excellent coating material is attracting a lot of attention because of its
ultra-high hardness and corrosion-resistant properties [5]. Generally, the formation of metallic glass
needs extremely high cooling rates and the methods that are used to generate it vary from conventional
liquid splat-quenching to pulsed laser quenching to avoid crystallization [6]. However, these methods
have either low cooling rates for the MG formation or require expensive instruments.

Pulsed electrical discharge (PED) treatment based on the spark erosion on a metal surface has
been applied widely as the traditional metal cutting method [7]. Recently, PED has been employed
to fabricate Zr-, Ti-, and Fe-based amorphous layers on bulk metal as wear- and corrosion-resistant
coatings [8] because of its extremely high heating (up to 10,000 ◦C) and ultra-high cooling rates. Notably,
the intense heating and cooling during PED treatment can also cause element distribution changes
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on the alloy’s surface [9,10], which could lead to significant changes in its physical and chemical
properties, such as surface hardness, hydrophobicity, and corrosion resistance [11–13]. However,
the PED-induced element distribution changes on metal surfaces have seldom been studied.

The Al-Cu-Mg-(Zn) alloys have been widely used in aerospace and military industries due to
their superior combination of high specific strength and fracture toughness but weak glass-forming
ability [14]. Herein, PED treatments were adopted to fabricate metallic glasses (MGs) and study
their composition and element changes on the surface of Al-Cu-Mg-(Zn) alloys. Significant Al and
Cu element segregation has been found in the vitrified coatings on their surfaces. Surface element
evaporation has been found and proven to be the main reason for the abnormal element segregation
through the PED process. In addition, enhancement of the microhardness and corrosion resistance of
Al-Cu-Mg-(Zn) alloys has been obtained after PED treatment. This work provides a green and cheap
way for the element proportions and distribution control in wear- and corrosion-resistant Al-based
MG layers through PED treatment.

2. Experimental

Alloy ingots with nominal compositions of Al-Cu-Mg-(Zn) alloys were prepared by melting a
mixture of the pure elements in an inert atmosphere. The experimental materials were prepared
with pure Al, Mg, Zn and Al-Cu master alloys by ingot metallurgy in a crucible furnace. The ingots
of Al-Cu-Mg and Al-Cu-Mg-Zn were homogenized at 495 ◦C and 470 ◦C, respectively, for 24 h,
followed by air cooling to room temperature. The chemical compositions of the two alloys investigated
are listed in Table 1. The plates were then cut by PED by the wire electrical discharge machine,
which has a 0.18 mm molybdenum wire electrode. The moving rates of the wire electrode were
controlled around 50 µm/s and the pulse interval (7 µs) and working power (64 W) of the pulse
duration were adopted. The microhardness of the polished and coated surface after PED treatment on
the Al-Cu-Mg-Zn alloy was measured by Vickers hardness tester (HV-1000) under a load of 100 g for
15 s. Corrosion behaviors of the polished and coated surfaces after PED treatment were prepared in
10% hydrochloric acid. Three pairs of samples were prepared to compare the hardness and corrosion
resistance with and without MG layers.

Table 1. Chemical composition of the alloys.

Alloys Zn (at. %) Mg (at. %) Cu (at. %) Al

Al-Cu-Mg - 1.6 1.66 Balance
Al-Cu-Mg-Zn 2.88 1.75 1.11 Balance

The surface morphologies of the treated alloys were measured by scanning electron microscopy
(SEM) (JSM-6700F, JEOL Corp., Tokyo, Japan). The crystal structures were examined with an X-ray
diffractometer (Ultima IV, Rigaku Corp., Tokyo, Japan) and high-resolution transmission electron
microscopy (JEOL-2100F, JEOL Corp., Tokyo, Japan). The element segregation characterization was
observed by an electron microprobe analysis (EPMA) (JXA-8230, JEOL Corp., Tokyo, Japan) instrument.

3. Results and Discussion

It is well known that PED is generally used as a traditional metal cutting method, which can
instantly heat the surface of Al alloys far beyond their boiling points by the spark [14]. Under such
high temperatures, the surface elements of Al alloys are vaporized and then carried away by the water
fluid flow, as shown in Figure 1a. Then, the melted surface rapidly cools to room temperature by
high-speed flow and the nature of the thermal diffusion to Al alloy substrate. The PED equipment
and the samples in our case are presented in Figure 1b. Obviously, the surface color of the Al alloy
became gray after PED treatment due to the formation of a recast layer. As shown in Figure 1c,
the recast layer on the Al alloy was about 25 µm without obvious cracks and had an amorphous state.
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The electoral electron diffraction provided similar results (inset in Figure 1d). The ultra-fast heating
and cooling rates led to the formation of the MG layer on the surface of the Al alloys through the PED
treatment. Figure 2 shows that the characteristic peaks of the Al and AlCu phases disappeared after
PED treatment, which proves the complete vitrification on their surfaces during the ultra-fast cooling
during the PED treatment.

As reported, the extreme heat generated and the gas produced by the electrolysis of water by the
PED treatment led to the generation of bubbles (with diameters ranging from 10–100 µm) near the
surface of the Al alloys [15,16], as shown in Figure 1a. The explosion of these bubbles pounded the Al
alloy surface, which caused a shallow pit-shaped recast layer without obvious orientation, as shown in
Figure 1c. Meanwhile, the heat generation induced rapid transformations of the three phases (vapor,
liquid, and solid), simultaneously causing significant material evaporation and the formation of MG
layers at the Al alloy surface. The bubble percussion and surface evaporation on the surface have a
great influence on the element proportions and distribution in the MG layers of Al alloys.

To understand the PED-induced changes of the main element proportions and distributions in
Al-based metallic glass, element mappings of the Al-Cu-Mg alloys as cast and after PED treatment
were carried out by EPMA. As shown in Figure 3a, Cu and Mg in the Al-Cu-Mg alloy tended to
be concentrated together at the solidification phase, whereas there does not seem to have been a
segregation of Al and alloying elements (Cu, Mg) at the conventional solidification phase. It is easy
to accept that the Al content in the region of the solidified phase is poorer in Al alloys, according to
our common metallography cognition. However, the proportions and distributions of the Al-Cu-Mg
alloys after PED treatment showed significant differences (Figure 3b). Serious element segregation
of Al and Cu was observed on the MG layer of Al-Cu-Mg alloys after PED treatment, which shows
almost an opposite position with that of the α-Al and micro-alloying element Cu in the solidified
phase. The element Mg was uniformly distributed in the Al matrix without element segregation.
The serious reductions in the element proportions of Cu and Mg (Figure 3b) show significant differences
in the atomic diffusion-induced element concentration in the traditional casting process [17,18].
Such PED-induced changes in the main element proportions and distributions in Al-based metallic
glass cannot be understood from the traditional diffusion kinetics in solidification processes.
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Figure 1. The schematic diagram of the pulsed electrical discharge equipment (a); the inset is
Al-Cu-Mg-Zn samples with and without pulsed electrical discharge (PED) treatment (b). Scanning
electron microscopy (SEM) image of the surface and the cross-section (c) of the Al-Cu-Mg-Zn after PED
treatment; the inset is the cross-section view of the recast layer. (d) TEM image of the recast surface
layer within the rectangular boxes and its selected area electron diffraction (SAED) pattern.
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Figure 3. (a) Original element distribution of Al-Cu-Mg alloys by electron microprobe analysis (EPMA);
(b) element distribution of Al-Cu-Mg alloys after PED treatment.

Besides the atomic diffusion, the reason for the change of surface composition can only be the
detachment of elements from the surface of Al alloys. In our case, the detachment of surface elements
of Al alloys can be attributed mainly to two possible ways. First, the bubble percussion peels the
surface uniformly and cannot lead to the segregation of surface elements. Second, from the surface
evaporation perspective, the boiling point-dependent co-evaporation provides us a possible way for
understanding such abnormal element segregation after PED treatment. As shown in Table 2 [19],
the boiling points of Cu and Al are similar and are much higher than Mg. As a result, Mg would
evaporate more easily than Al and Cu from the alloy’s surface. Meanwhile, the similar high boiling
points of Cu and Al lead to the co-evaporation of Al and Cu azeotrope during the PED heating and
could cause significant element segregation of the Al and Cu. Therefore, element evaporation rather
than atomic diffusion caused the element proportion and distribution changes in the MG layers on an
Al alloy surface during the PED treatment.
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Table 2. Melting point and boiling point of the elements.

Elements Zn (◦C) Mg (◦C) Cu (◦C) Al (◦C)

Melting point 419 650 1083 660
Boiling point 907 1108 2580 2500

To confirm that evaporation induced the element proportion and distribution changes, Zn as a
more volatile metal with 2.88 at. % was added in the Al-Cu-Mg alloys. Significant element segregation
of Al and Cu was also observed after Zn addition, as shown in Figure 4b. In contrast to Figure 4a,
the residual quantity of Zn was quite low, which indicates that metals with a lower boiling point
evaporate more easily from the alloy’s surface with PED treatment.
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Figure 4. (a) Original element distribution of Al-Cu-Mg-Zn alloys by EPMA; (b) Al-Cu-Mg-Zn alloys
after PED treatment.

Significant enhancement in corrosion resistance of the Al-Cu-Mg-Zn alloy has also been found
after PED treatment. As shown in Figure 5a, two Al-Cu-Mg-Zn alloy samples with and without MG
layers were dipped into 10 vol % HCl solution. The sample with the MG layer showed less bubble
generation than the sample without the MG layer. From the full immersion corrosion loss presented
in Figure 5d, the sample with an MG layer showed significantly higher corrosion than without. It is
well known that the corrosion behavior of an alloy depends primarily on the chemical activity of
the alloy elements within the solution. Mg and Zn elements are more prone to corrosion in HCl
solutions. As a result, the reduction in the element proportions of Mg and Zn in MG layers caused by
surface evaporation significantly improved their corrosion resistance. Meanwhile, the dense atomic
arrangement of MG layers on an Al-Cu-Mg-Zn alloy led to relatively mild and uniform corrosion,
which also improved their corrosion resistance. The average corrosion rates of the Al-Cu-Mg-Zn alloys
with a MG layer were reduced to about 2% of that without an MG layer. The formation of an MG layer
not only provided a corrosion-resistant layer on the Al alloy surface but greatly enhanced the surface
hardness. As shown in Figure 5b,c, the microhardness of the Al-Cu-Mg-Zn alloy was greatly enhanced
from 90.086 (±2) (mean, standard deviation) HV0.1 to 537.173 (±7) HV0.1 after the PED treatment.



Appl. Sci. 2018, 8, 956 6 of 7

Appl. Sci. 2018, 8, x FOR PEER REVIEW  6 of 7 

arrangement of MG layers on an Al-Cu-Mg-Zn alloy led to relatively mild and uniform corrosion, 

which also improved their corrosion resistance. The average corrosion rates of the Al-Cu-Mg-Zn 

alloys with a MG layer were reduced to about 2% of that without an MG layer. The formation of an 

MG layer not only provided a corrosion-resistant layer on the Al alloy surface but greatly enhanced 

the surface hardness. As shown in Figure 5b,c, the microhardness of the Al-Cu-Mg-Zn alloy was 

greatly enhanced from 90.086 (2) (mean, standard deviation) HV0.1 to 537.173 (7) HV0.1 after the 

PED treatment. 

 

Figure 5. (a) Hydrochloric acid (HCl) corrosion of the Al-Cu-Mg-Zn alloy with and without an MG 

layer; microhardness of the Al-Cu-Mg-Zn alloy without (b) and with (c) MG layers; (d) weightlessness 

of the Al-Cu-Mg-Zn alloy with and without MG layers in 10 vol % HCl solution. 

4. Conclusions 

Abnormal Al and Cu element segregation has been discovered in the Al-Cu-Mg-(Zn) MG layers 

through the PED treatment. Surface element evaporation has been found and proven to be the main 

reason for such significant surface element segregation. Beneficial to the evaporation of the non-

corrosion resisting elements in the MG layers, the average corrosion rates of Al-Cu-Mg-Zn alloys 

with MG layers were reduced to about 2% of that without MG layers. Additionally, the surface 

hardness of Al-Cu-Mg-Zn alloys with MG layers was enhanced from 90.086 (±2) HV0.1 to 537.173 (7) 

HV0.1. As a result, PED treatment provides us a possible way for the element proportion and 

distribution control in wear- and corrosion-resistant Al-based MG layers. 

Author Contributions: Conceptualization, H.D.; Methodology, J.S.; Validation, X.Y.; Investigation, J.Z.; 

Resources, Z.L. and J.C.; Data Curation, H.F.; Writing-Original Draft Preparation, H.D.; Writing-Review & 

Editing, H.D.; Supervision, X.Y.; Project Administration, H.D. and X.Y. 

Funding: This research were funded by (A Project of Shandong Province Higher Educational Science and 

Technology Program) grant number (J17KA043, J17KB076); (Natural science foundation of Shandong province, 

China) grant number (ZR2017PEM005). 

Acknowledgments: This research was support by Caiqiong Li for logistical services. 

Figure 5. (a) Hydrochloric acid (HCl) corrosion of the Al-Cu-Mg-Zn alloy with and without an MG
layer; microhardness of the Al-Cu-Mg-Zn alloy without (b) and with (c) MG layers; (d) weightlessness
of the Al-Cu-Mg-Zn alloy with and without MG layers in 10 vol % HCl solution.

4. Conclusions

Abnormal Al and Cu element segregation has been discovered in the Al-Cu-Mg-(Zn) MG layers
through the PED treatment. Surface element evaporation has been found and proven to be the
main reason for such significant surface element segregation. Beneficial to the evaporation of the
non-corrosion resisting elements in the MG layers, the average corrosion rates of Al-Cu-Mg-Zn alloys
with MG layers were reduced to about 2% of that without MG layers. Additionally, the surface hardness
of Al-Cu-Mg-Zn alloys with MG layers was enhanced from 90.086 (±2) HV0.1 to 537.173 (±7) HV0.1.
As a result, PED treatment provides us a possible way for the element proportion and distribution
control in wear- and corrosion-resistant Al-based MG layers.
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