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It is known that the surface of aluminum alloys is characterized by the formation of pitting (point damage),
which can subsequently cause intergranular corrosion. This corrosion damage is dangerous in that it is
almost impossible to detect it visually, since it extends from surface into interior of the material. The effect
of the form of hydrogen inclusions on the corrosion resistance of an Al – Si alloy is investigated. For the
tests on intergranular corrosion were selected uncoated samples of silumin AK12 (ENAC-AlSi12(a), A04130)
with different forms of hydrogen inclusions — atomic and molecular. The content of dissolved hydrogen
in all samples is 0.2 cm3/100 g. The duration of methodical tests in special solution of sodium chloride
(NaCl) and hydrochloric acid (HCl) is 24 hours. Additionally, two samples from each series were exposed
to a solution of another 48 hours. Evaluation of the effects of intergranular corrosion on silumin samples
was performed by metallographic method. Given the fact that the data on the loss of mass over a certain
period of time are less reliable, in comparison with the data on the structure change over the same time
Then, the effect of intergranular corrosion on the mechanical properties of silumin was evaluated using
the electromechanical universal testing machine. During the research was found that at the equal content
of the dissolved hydrogen samples with molecular inclusions are more subject to intergranular destruction.
This follows from the considerable depth of corrosion propagation and the decrease in the mechanical
properties of silumin relative to the results for samples with atomic hydrogen. Wherein the analysis of the
level of mechanical properties showed that after intergranular corrosion, the tensile strain decreases to a
considerable extent.
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Introduction

A

luminum and its alloys find wide application
in various branches of modern industry (space,
aviation, automotive, instrumental, etc.), which
impose special requirements to the used structural materials. Consequently, the study of the influence of corrosion processes on the mechanical and operational properties of aluminum-based alloys is an actual scientific
and technical task.
Castings and parts from aluminum alloys have a relatively high corrosion resistance due to the presence on the
surface of an inert oxide film. At the same time, the impact of various environmental factors leads to the thinning
of the upper layer of natural oxide protection. Moisture
accumulating on the surface of the metal as a result of pre16

cipitation of dew or atmospheric precipitation initiates the
course of electrochemical reactions, which may result in
nucleation of corrosion spot, destruction and decrease in
the safety of products [1–2].
Reduction of water containing leads to the emission
of hydrogen. That is a key cathodic process for corrosion
of many metals. Hydrogen emission occurs locally where
the naturally formed oxide is disrupted. The presence of
cathodically active alloying elements enhances superfluous hydrogen emission response to either anodic or cathodic polarisation and results in “cathodic activation” of
the dissolved regions during corrosion process [3].
The surface of aluminum alloys is characterized by
the formation of pitting (point damage), which can subsequently cause intergranular corrosion. This corrosion
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damage is dangerous in that it is almost impossible to de- silumin AK12 (analog in Europe — ENAC-AlSi12(a), in
tect it visually, since it extends from surface into interior USA — A04130).
of the material. Tracking the development of intergranular
corrosion in full-scale climatic conditions requires longMethods
term testing — from 2 to 10 years, depending on aggreSamples for research were made by low-pressure castssiveness of environment.
Today, there are two schemes of nucleation and devel- ing from AK12 alloy (Table 1). This method of casting was
opment of intergranular corrosion process [4]. The first chosen with the aim of forming zones with different forms
corresponds to alloys in the structure of which there are of hydrogen in castings. Formation of the structure in difno continuous anode paths and there are only discrete ferent zones of casting was carried out under conditions of
cathode sections (groups of intermetallic compounds) lo- controlled forced cooling by air.
For the tests on intergranular corrosion were selected
cated near the grain boundaries. The appearance of damage centers in this case is connected with the energy state and marked 10 uncoated samples of silumin with different
of grain boundaries, the cathode effect of intermetallic forms of hydrogen inclusions - atomic and molecular. The
compounds and the presence of voids formed due to coa- presence of a certain form of hydrogen inclusions in the
gulation of vacancies. Further development of pitting samples was confirmed with the EVO50 electron scanning
occurs on the tunnel mechanism along the boundaries, microscope. The sample size is 20105 mm.
The content of dissolved hydrogen in experimental alloy
near cathode phases, through voids and anodic phases.
Corrosive environment in microtunnels acidified, so is was determined on the device AV-1 (analyzer of hydrogen
their expansion and consolidation into larger forma- in aluminum alloys). This equipment is a specialized hightions. It begins continuous spread of corrosion at the grain sensitivity magnetic mass spectrometer tuned for hydrogen
boundaries. Thus, nucleation of the center of corrosion is registration, equipped with a digital recording system for
caused by a violation of the passive state of material, and mathematical processing of measurement results and an
its development by changing the composition of medium extraction and charging unit for high-temperature vacuum
extraction of hydrogen from aluminum samples. The
at top of the pitting.
The second scheme is applicable to alloys having con- principle of the device is based on measuring the amount
tinuous anodic sections along grain boundaries in the of hydrogen extracted from a sample when it is heated to a
form of a -phase, which has been released as a continu- temperature close to the melting point (vacuum heating),
ous film. Here the grouping of cathode trace elements at or when the sample is melted in vacuum (vacuum-melting).
In the samples prepared for the study, regardless
grain boundaries or near them is an optional condition.
Nevertheless, the matrix should be a sufficiently effective of the form of the inclusions, the hydrogen content is
0.2 cm3/100 g.
cathode with respect to the released phase.
Before and after the intergranular corrosion tests, samIn the general case, the following factors influence the
ples were weighed on analytical scales with an accuracy
occurrence of intergranular corrosion:
– the nature of metal or alloy (aluminum, nickel, zinc of 10–5 g. Also, the preparation of the samples consisted
apt to formation of pittings; molybdenum, chrome is not of degreasing them with an organic solvent (acetone),
followed by drying with filter paper.
affected);
Tests were carried out in glass containers. The samples
– temperature (with temperature increase the number
were immersed in a thoroughly mixed solution containing
of pittings grows);
– surface condition (roughness reduce firmness of 3% sodium chloride (NaCl) plus 1% hydrochloric acid
(HCl) at a temperature of 18–25 oC. Separate immersion
material);
– рН (pittings arise in acidic environments more of- of the samples in individual containers has allowed to
avoid their contact with each other and the imposition of
ten);
– impurity in the environment (ions activators of Cl–, additional effects of electrolytic corrosion. The solution
Br–, J–);
level above the upper edge of each of them was 20 mm.
– vital activity of microorganisms biodestructors.
The duration of methodical tests is 24 hours. AddiIn this case, aluminum alloys with a high concentration tionally, two samples from each series were exposed to a
of alloying elements are more susceptible to corrosion de- solution of another 48 hours. At the end of the tests in the
struction than alloys with a low degree of supersaturation solution, the samples were washed with flowing and disof solid solution. One of the main prerequisites for such tilled water, then dried at a temperature of 100±5 oC for
destruction is the presence of hydrogen inclusions [5–12].
5 minutes.
From the foregoing follows validity of purpose of this research,
Table 1
namely, determination of the influChemical constitution of AK12 alloy (silumin)
ence of the form of hydrogen incluElement
Fe
Si
Mn
Ti
Cu
Zr
Mg
Zn
Al
Impurities
sions on corrosion processes in
Containing, %
0.3
12
0.3 0.05 0.3
0.05
0.05
0.2
balance
2.7
aluminum alloys on the example of
Non-ferrous Metals. 2018. No. 2.
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Table 2
Technical characteristics of the testing machine WDW-10
Maximum load, kN

10

Stiffness of the power frame, kN/mm

80

Load accuracy, %

±1

Load range, %

0.4–100

Deformation range, %

2–100

Deformation accuracy, %

±1

Travel resolution, mm

0,001

Accuracy of movement, %

±1

Range of loading speeds, mm/min

0.005–500

Evaluation of the effects of intergranular corrosion on
silumin samples was performed by metallographic method
using the OLYMPUS GX51 microscope less than 7 days
after the tests. The maximum depth of intergranular corrosion (in microns) and its propagation along the edge of
the sample were recorded.

In addition, cylindrical samples were held in the test
solution for 24 hours. Then, the effect of intergranular
corrosion on the mechanical properties of silumin was
evaluated using the electromechanical universal testing
machine WDW 10 (Table 2). This equipment is used for
static testing of tensile, compression and bending of nonmetallic materials, as well as testing of non-ferrous metals
with small strength parameters.
Software WinWDW, developed by the specialists of
TIME Group Inc. for this testing machine, allows to adjust
parameters in accordance with the main international,
European, American and Russian standards: ISO 6892-84,
ASTM E8, DIN 50125, EN 10002, State Standart 1497-84.
Results
Intergranular corrosion destruction is dangerous in
that it extends from the surface into the interior of the material. Figures 1 and 2 (one point of the background grid
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Fig. 1. Exterior view of samples with atomic (a) and molecular (b) form of hydrogen inclusions:
1 – before test; 2 – after testing for 24 h.
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amount to 5 mm) show the effect of intergranular corrosion on selected samples of silumin, leading to a change in
their exterior view and mass.
In this case, the data on the loss of mass over a certain period of time are less reliable, in comparison with

1

2

1

2

Fig. 2.

the data on the structure change over the same time
(Fig. 3). Nevertheless, it was shown that the change in
mass for samples with atomic hydrogen form in 24 hours
was 0.0132 g, for 72 hours — 0.025 g. Whereas for samples with a molecular hydrogen form in 24 hours it was
0.0248 g, for 72 h — 0.269 g. This is explained by the fact that in samples with a
molecular form of hydrogen inclusions,
the area of interaction with the solution is
greater due to hydrogen porosity.
In intergranular corrosion only, certain structural components are irritated.
The specific features of intergranular
corrosion can differ only in metallographic studies, so the change in the
structural state over fixed time intervals
has been studied. The results of the metallographic study are shown in Fig. 4.
Fig. 4, b shows that corrosion begins
and spreads from the pores, developing
along intermetallic inclusions located
along the grain boundaries. This is due to
а
the fact that during the contact of the corrosive medium with the metal, the existing potential difference between the discharge along the boundaries of the dendritic cells and the edge of the dendrites
increases. Depending on the degree of inertness of these precipitates in relation to
the base metal, they either influence the
dissolution process along the boundaries
of the dendritic cells (Fig. 4, b) or dissolve
themselves (Fig. 4, a). In both cases, there
is a certain loss of connection between
the individual crystallites. As a result, the
metal loses strength and plasticity over
time.
A study of the structure of samples
showed that in the course of experiment
the development of intergranular corrob
sion is more pronounced in samples with
Exterior view of samples with atomic (a) and molecular (b) form of hydrogen
a
molecular form of hydrogen. The aveinclusions:
rage depth of intergranular corrosion for
1 — before test; 2 — after testing for 72 h
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Fig. 3. Changes in the mass of samples with atomic (a) and molecular (b) forms of hydrogen inclusions during the tests
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considerable extent. It is noted that the tensile strain of the initial samples with the molecular form of hydrogen inclusions is 21%
lower in comparison for samples with an
atomic form of hydrogen inclusions. This is
explained by the presence in the structure
of gas pores with a size of 100 200 μm.
The formation of structure defects during
the tests led to a further decrease the tensile
strain in samples with the molecular form of
hydrogen by an average of 28%.
Conclusion

Fig. 4.

Thus, by the metallographic method
has revealed that the depth of propagation of intergranular corrosion in silumin
castings is influenced not by the hydrogen
100 m
100 m
content of the alloy, but by its shape. The
predominant presence of hydrogen in the
molecular form promotes the developMicrostructure of silumin samples after corrosion:
a, c – hydrogen in atomic form; b, d – hydrogen in molecular form;
ment of corrosion processes and a reducа, d – test 24 h; c, b – test 72 h
tion in the service characteristics of aluminum alloy structures.
For
decrease
in negative effect of molecular hydroga
202
enous inclusions it is recommended to provide control of
187
cast technology, choose the hydrodynamic and thermal
modes of casting providing the optimum crystallization
124
123
speed of casting.
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Fig. 5. Mechanical properties of cylindrical silumin samples:
a — hydrogen in atomic form; b — hydrogen in molecular form;
— before corrosion test; — after corrosion test

samples with atomic and molecular forms of hydrogen inclusions was, respectively:
– 27 and 361 microns after 24 hours in test solution;
– 44 and 1215 microns after 72 hours in test solution.
The test results of mechanical properties for cylindrical samples are shown in Fig. 5.
Analysis of the level of mechanical properties showed that
after intergranular corrosion, the tensile strain decreases to a
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Nowadays permanent magnets of Nd – Fe – В system are widely used in various branches of production. The
trend has been toward increase of the world consumption of the magnets in the making of advanced technology
gadgets (smartphones, navigators, television sets, and computers). However, this magnet material can not be
always applied in the special-purpose devices because of its low corrosion resistance and poor temperature
stability. To elongate service life of the magnets it is necessary to deposit a protective coating based on nickel,
zinc, copper as well as on the combination of other substances (phosphate, epoxy resin).
The given paper is dedicated to the results of implemented comparative research of corrosion resistance of
permanent magnets made of magnetically hard material based on Nd – Fe – В alloy both with metallic anticorrosive coat and without it in a magnetized and non-magnetized state.
It has been found that the inherent magnetization influence on the corrosion resistance of PM made of Nd – Fe – В
MHM both with metallic anticorrosive coat and without it are of an opposite nature. The corrosion resistance of
the samples without coating in the magnetized state has increased by 12%. At the same time, the corrosion
resistance of Zn- and Ni-coated samples in the magnetized state has decreased by 40–45%. It is determined
that the coating-free magnets are better to be stored and transported in the magnetized condition while the
magnets protected by metallic anticorrosive coats need to be stored in the non-magnetized condition.
Key words: rare-earth elements, permanent magnets, corrosion resistance, anticorrosive coat, magnetization,
magnetic field
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Introduction

A

s it is known, high-performance magnetically
hard materials (MHM) based on Nd – Fe – В
alloy are characterized by low resistance to corrosion [1–2]. It is one of their main imperfections along
with poor temperature stability [3–4]. Therefore, variNon-ferrous Metals. 2018. No. 2.
2. pp. 21–24

ous anticorrosive coats are used to elongate service life of
permanent magnets (PM) made of the above mentioned
materials [5–6].
For the most part, different metals (Ni, Zn, Al, etc.)
are used as a material of anticorrosive coats, being deposited by galvanic or another method [7].
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