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Abstract. Cracking occurred on the aluminum alloy sealing cover of a trans-
former in a 220kV substation after three years of operation. To investigate the
cause, a systematic analysis was conducted on its chemical composition, macro-
scopic appearance, and microscopic morphology. The results revealed that the
sealing cover was made of a 7xxx series aluminum alloy with a composition of
Al-6Zn-2Cu-1Mg, which does not comply with the requirements of
Q/GDW11717-2023, "Technical Supervision Guidelines for Metal Equipment in
Power Grids" (Section 4.4.1 states that "Series 2 and Series 7 aluminum alloys
should not be used"), indicating that the material was unqualified. The Al-6Zn-
2Cu-1Mg aluminum alloy contains a large number of second-phase particles at
the grain boundaries, which have a significant potential difference with the ma-
trix aluminum alloy, leading to a susceptibility to intergranular corrosion. The
sealing cover underwent stress corrosion cracking in a stressful and corrosive
environment.

Keywords: Aluminum alloy, Transformer sealing cover plate, Corrosion, Grain
boundary corrosion

1 Introduction

With the acceleration of power construction, the utilization of metallic materials in
power grids has increased significantly [1-2]. Power metallic components, including
transmission and transformation hardware, operating mechanisms, conductors, and
towers, constitute vital parts of transmission and transformation lines, spanning the en-
tire grid and serving functions such as connection, transmission, mechanical support,
and electrical load delivery [3]. Currently, there are basically two types of materials
used for electrical fittings in China: one is made of ferromagnetic materials, primarily
malleable cast iron. Fittings made of this material generate eddy current losses and hys-
teresis losses during use, with eddy current losses being particularly severe. They have
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drawbacks such as significant electrical energy loss, susceptibility to corona discharge,
prone to damaging conductors, inconvenient installation, and high labor intensity [4-
5]. Aluminum, one of the most widely used non-ferrous metals in power grids, boasts
characteristics like low density, high strength, excellent electrical and thermal conduc-
tivity, good corrosion resistance, and ease of processing [6-7]. It is thus extensively
applied in substation equipment line clamps, main transformer bushings, and connec-
tion terminals. However, for aluminum alloy electrical fittings used outdoors, corrosion
protection is one of the critical issues that must be addressed [8-9]. Aluminum alloy
components are also prone to failure, which can drastically reduce equipment efficiency
and, in severe cases, lead to grid paralysis, significantly impacting grid stability and
safety [10]

Electrical fittings are used in environments that, apart from typical atmospheric con-
ditions, also encompass high-temperature and high-humidity environments, alternating
dry and wet conditions, and low-temperature settings [11]. These diverse operational
environments demand exceptional corrosion and aging resistance from electrical fit-
tings. However, aluminum alloys are highly susceptible to stress corrosion, with crack
nucleation and propagation occurring readily under the combined effects of stress and
corrosion [12-13]. Stress corrosion is particularly destructive, as the stresses involved
in stress corrosion cracking are lower than the yield strength of the material, posing a
grave threat to the safety of operational products [14-15]. Especially for the 7000 series
(Al-Zn-Mg-Cu) high-strength aluminum alloys, stress corrosion cracking is a critical
factor affecting their service safety and stability [16]. It is reported that stress corrosion
cracking accounts for over 40% of all types of corrosion occurring in aluminum alloys,
causing losses of trillions of Chinese yuan annually [17].

The aluminum alloy sealing cover of a transformer in a 220kV substation, with a
service life of three years, exhibited cracking. To ascertain the reason for the cracking,
a comprehensive analysis was performed, including an examination of its chemical
composition, macroscopic features, and microscopic structure.

2 Experimental Procedures

Photos were taken directly at the site of the failed sealing cover plate to record its mor-
phology at the time of failure. Subsequently, ultrasonic cleaning was performed to re-
move dirt from its surface, followed by observation of its fracture morphology using a
stereo microscope. Microstructural observations of the fracture surface were performed
under the scanning electron microscope equipped with energy dispersive spectroscopy
(SEM-EDS, EVO 18, Carl Zeiss, Germany).

To observe the propagation depth and path of corrosion cracks, the cover plate at the
fracture site was cut horizontally, and comparisons were made between the micro-mor-
phology and composition distribution near the fracture and those far from it. Sample
for microstructure was prepared through cutting, grinding, and polishing, and subse-
quently etched with 5% HF (volumetric concentration) for a period of 10 seconds. Mi-
crostructural observations were performed under the scanning electron microscope
equipped with energy dispersive spectroscopy (SEM-EDS, EVO 18). The surface of
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the failed cover plate was thoroughly flattened using 500#, 1000#, and 2000# grit sand-
papers respectively, followed by ultrasonic cleaning for the purpose of measuring the
composition of the sealing cover plate. Compositional analysis of the sampled cover
plate was conducted using the Oxford FOUNDRY-MASTER PRO direct-reading spec-
trograph.

3 Results

3.1 Macroscopic Inspection and Chemical Composition Analysis

Fig. 1 illustrates the on-site photographs and macroscopic images of the fractured seal-
ing cover. The fracture surfaces consists of two main cracks and can be divide into four
sections. Fracture Surfaces 1# and 2# intersect the bolt holes, while Fracture Surfaces
3# and 4# do not. The failed cover exhibits no apparent deformation.

Fig. 2 reveals the fracture morphologies of Fracture Surfaces 1#-4#. Fracture Sur-
faces 1# and 2#, delineated by the bolt holes, exhibited significant oxidation and con-
tamination at the inner ring position of the annular cover compared to the outer ring
position. This trend extended gradually from the inside of the casing upper part towards
the outside of the cover, as indicated by the red arrows in Fig. 2. Fracture Surfaces 3#
and 4# displayed a consistent trend, with oxidation and contamination intensifying
gradually from the outer to the inner regions.

The test results of cover plate element composition are detailed in Table 1. The test
results indicated a non-standard aluminum alloy with a chemical composition similar
to 7XXX (Al-6Zn-2Cu-1Mg) aluminum alloy. This does not comply with the require-
ment in Q/GDW 11717-2017 that Series 2 and Series 7 aluminum alloys should not be
used for sealing plates.

LSV

Fig. 1. Appearance of fractured sealing cover plate (a)-(b) Failure site, (b)-(d) Fracture Sur-
faces 1#-4#, from front and back respectively.
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Fig. 2. Macroscopic morphology of fracture surface of 1#-4#.

Table 1. Test results of cover plate element composition

Composition(wt%)

Chemical element Zn Mg Cu Mn Fe

Measured value 6.33 1.11 1.83 0.031 0.279

3.2  Microstructure Analysis and Discussions

Fig. 3 shows the microstructural analyses of the fracture surface. The fracture surface
exhibited virtually no dimples, and numerous casting defects such as microcracks and
pores were visible internally, indicative of typical brittle fracture characteristics. In
some areas, the fracture surface was coated with a layer of oxides, and energy dispersive
spectrometry (EDS) results in Table 2 showed high concentrations of C, O, and S ele-

ments on the fracture, suggesting oxidation and contamination as the causes.
(a) ol ®LEN B i rd
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Fig. 3. (a)-(d) are the microscopic morphology of fracture surface at different locations.
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Table 2. EDS results of fracture surface in Fig. 3a

Composition(wt%)

Chemical element C (6] Al Zn S
Point 1 30.11 19.74 30.82 3.66 0.61

Point 2 4220 2630 236 /  0.07

After sectioning the side of fracture surface 4# to prepare a metallographic sample,
microstructural morphology and compositional analyses were conducted on the areas
near the fracture. The results are presented in Figures 4-8. Fig. 4 compares the mor-
phologies near and far from the fracture, with Fig. 4a and Fig. 4c showing the micro-
structures away from and near the fracture, respectively, and Fig. 4b and Fig. 4d being
magnified views of Fig. 4a and Fig. 4c. From Fig. 4a-b, it is evident that the second
phase is primarily distributed along the grain boundaries in a network-like pattern, with
a small amount of spherical second phase present in the central regions of the crystals.
No obvious microcracks are observed within the grain boundaries or interiors. Fig. 4c-
d reveal that cracks propagate from the fracture along the grain boundaries into the
crystal interior, as indicated by the red arrows. The distribution of cracks is more pro-
nounced at the grain boundaries and at the interfaces with the second phase.

Signal A= SE1 Date: 29 Apr 2024 EHT = 1500 &V Signal A = SET Dete: 29 Ape 2024 x|
Mag= 100K Tima: 17:36:27 WO = 6.10 mm Meg= S00KX Time: 17:37.57

ENT= 18004V Signat A= SET Date: 25 Apr 2024 = EHT = 13,00 k¥ Signal .= SE1 —
WD = 5,31 mem Mag= LT2KX Time: 17:22:20 - WD = 9,28 mm Mag= B00KX Tima: 17.25:36

Fig. 4. Microstructure of sealing cover plate (a) away from the fracture surface and (c) near the
fracture surface, (b) and (d) are the local enlarged drawing of (a) and (c).

Figs. 5 and 6 present the surface scanning energy dispersive spectroscopy (EDS)
maps of Figs 4b and 6d, respectively. It is evident from these figures that the phases in
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the crystalline structure away from the fracture are primarily the second phase contain-
ing Zn, Mg, and Cu, with no significant segregation of elements such as C, S, and O
observed. However, scanning near the fracture in Fig. 6 reveals a notable segregation
of C and O elements near grain boundaries and the second phase, located at the crack
propagation sites. This demonstrates that C and O elements progressively penetrate into
the sample along the cracks, resulting in significant intergranular corrosion. On one
hand, the larger atomic misarrangement at grain boundaries facilitates the migration of
corrosive substances such as C and O into the sample along these boundaries. On the
other hand, the significant potential difference between the second phase and the alu-
minum matrix leads to accelerated corrosion at grain boundaries, thereby forming cor-
rosion cracks that propagate along these boundaries.

S50pm

Fig. 5. (a) Mcroscopic morphology and (b)-(e) scanning energy spectrum of Al, Zn, Mg and
Cu, of the surface in Fig. 4a, respectively.

S0pum

S0pm S0um

Fig. 6. (a) Microscopic morphology and (b)-(g) scanning energy spectrum of Zn, O, Mg, Cu, C
and Al near the fracture surface in Fig. 4c, respectively.

Figs. 7-8 present the energy dispersive spectroscopy (EDS) maps of the microstruc-
ture near the fracture surface. Fig. 7 reveals that corrosion gradually progresses within
the crystal grains besides grain boundaries, as indicated by the red arrows. The element
C can be detected within the crystal grains. Fig. 8 indicates the presence of sulfur-
containing corrosive substances near the fracture, in addition to oxides.
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Fig. 7. (a) Microstructure and (b)-(g) scanning energy spectrum of Zn, O, Mg, Cu, C and Al
near the fracture surface, respectively.

100pm 100m 100m 100m

Fig. 8. (a) Microstructure and (b)-(h) scanning energy spectrum of Al, C, Cu, Mg, S, O and Zn
near the fracture surface, respectively.

Fig. 9 illustrates the propagation of corrosion cracks in the vicinity of the fracture
surface. It is evident from the figure that the cracks gradually extend from the fracture
surface to a distance of 300-400 pum, with significant segregation of C and O elements
at the crack locations.



142 C.Lietal.

\,\_ J i

EHT = 15.00 kV Signal A= SE1 Date: 29 Apr2024
WD =9.21 mm Mag= 288KX Time: 15:53:09

100pm 100um

Fig. 9. (a) Microstructure and (b)-(g) scanning energy spectrum of Zn, O, Mg, Cu, C and Al
near the fracture surface, respectively.

4 Conclusion

(1) The material of the sealing cover plate has been changed to Al-6Zn-2Cu-1Mg,
which has a composition close to the 7xxx series aluminum alloy. However, it does not
meet the requirements of Q/GDW11717-2023, Guidelines for Metal Technical Super-
vision of Power Grid Equipment (Section 4.4.1 states, "Aluminum alloys of series 2
and 7 shall not be used"), rendering the material.

(2) The presence of numerous second-phase particles at the grain boundaries in the
Al-6Zn-2Cu-1Mg alloy results in the fracture of the sealing cover plate, which is caused
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by the gradual propagation of cracks due to long-term stress corrosion at the hole loca-
tion on the inner side of the plate. The networked second-phase particles at the grain
boundaries exacerbate the crack propagation.
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