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Abstract: Magnesium alloys are promising materials for aviation, automotive engineering, and medicine, however, due
to the low resistance to stress corrosion cracking (SCC), their wide application is limited. To create alloys with high re-
sistance to SCC, a comprehensive study of this phenomenon nature is required. Previously, it was suggested that diffusible
hydrogen and corrosion products formed on the magnesium surface can play an important role in the SCC mechanism.
However, the contribution of each of these factors to the SCC-induced embrittlement of magnesium and its alloys is un-
derstudied. Since the influence of diffusible hydrogen on the mechanical properties of metals increases with the strain rate
decrease, the study of the strain rate sensitivity of the SCC-susceptibility of magnesium alloys is a critical task. In this
work, the authors studied the effect of the strain rate in the range from 5-107° to 5-10* s™! on the mechanical properties,
the state of the side and fracture surfaces of the as-cast commercially pure magnesium and the AZ31 alloy before and after
exposure to a corrosive environment and after removal of corrosion products. The study identified that the preliminary
exposure to a corrosive medium leads to the AZ31 alloy embrittlement, but does not affect the mechanical properties and
the fracture mode of pure magnesium. The authors found that the AZ31 alloy embrittlement caused by the preliminary
exposure to a corrosive medium appears extensively only at the low strain rate and only if the layer of corrosion products
is present on the specimens’ surface. The study shows that a change in the strain rate has little effect on the mechanical
properties of pure magnesium. The authors concluded that the main cause of the AZ31 alloy embrittlement after soaking in
a corrosive medium is the corrosion products layer, which presumably contains the embrittling agents such as hydrogen
and residual corrosive medium.
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INTRODUCTION

The impact of a corrosive environment on a metal, to
which an external or internal mechanical stress is applied,
facilitates the initiation and propagation of cracks. This phe-
nomenon referred to as stress corrosion cracking (SCC) is
a common cause of a sudden failure of elements of industrial
equipment and structures, as well as other metal goods ope-
rating in contact with an aggressive environment. At best,
the failure of one or another part causes economic losses, for
example, associated with the stoppage of production and
repair process, and at worst, it leads to techno-catastrophes
often accompanied by human losses. Most structural metals
and alloys are suceptible to this harmful phenomenon, in-
cluding carbon and stainless steels, alloys based on copper,
titanium, aluminum, magnesium, and many others.

Recently, special emphasis has been paid to the issue of
SCC of magnesium alloys. Since these materials have
the highest specific strength among known structural alloys,
they are of great interest for the aircraft and automotive
industries, as well as for other industries where the product
weight is one of the most important parameters. However,
the operating conditions of a large number of vehicles, in-
cluding ground and air transport vehicles, are favorable for
the SCC development since these conditions involve
the contact of loaded parts with aggressive media, for ex-
ample, salt water or humid air.

Moreover, the application of magnesium alloys in medi-
cal bioresorbable implants that can dissolve in the human
body without harming it is actively developing. The use of
these products, for example, in the form of plates and
screws for fixing bone fragments in fractures, allows avoiding
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a repeated operation, which is usually required after the end
of treatment to remove traditional insolvable temporary
implants made of titanium or stainless steels. Being in
the natural internal environment of the human body that is
aggressive towards magnesium, an implant constantly expe-
riences static and alternating loads. Since the cross section
gradually decreases as the device dissolves, such operating
conditions are associated with a particularly high risk of
premature brittle fracture of the implant due to SCC.

Thus, the production of magnesium alloys with an in-
creased SCC resistance is a critical task, the solution of
which requires a comprehensive study of this phenomenon
nature. In the issue of choosing the approaches to the for-
mation of a microstructure with the high SCC resistance,
understanding the mechanisms of the crack initiation and
propagation in a corrosive environment is of key im-
portance. Many works show that the nucleation of cracks
during SCC occurs on elongated corrosion pits, which are
formed by the magnesium local anodic dissolution [1; 2].
However, currently, the mechanism of further crack propa-
gation is not unanimous. Most researchers tend to believe
that the growth of cracks in magnesium alloys under
the SCC conditions is controlled by the diffusible hydrogen,
which penetrates into the metal as a result of the cathodic
reaction of hydrogen reduction occurring on the magnesium
surface in aqueous corrosion solutions [3; 4]. The following
arguments are given in favor of this hypothesis. Firstly,
using gas analysis, it was experimentally shown that soak-
ing in a corrosive medium leads to an increase in the hy-
drogen concentration in pure magnesium [5], as well as in
the Mg—7.5%Al [6], AZ31, and ZK60 alloys [5; 7]. Secondly,
it has been identified that pure magnesium [8], as well as
some of magnesium alloys, including AZ31 [7], AZ91 [9],
AZ80 [10], ZK21 [11], ZK60 [7], Mg—2Zn—1Nd-0.6Zr
[12], and others [13—15] suffer embrittlement, called pre-
exposure SCC (PESCC), which manifests itself upon ten-
sion in air, if before testing, specimens of these materials
were kept in a corrosive environment. Thirdly, the degree
of embrittlement as a result of PESCC decreases with in-
creasing strain rate [16], which is one of the characteristic
features of hydrogen embrittlement of many metals and
alloys, for example, steels and aluminum alloys [17; 18].
Fourthly, as is the case with hydrogen embrittlement,
PESCC of magnesium alloys can be partially or completely
eliminated by keeping samples in air or in vacuum at room
or elevated temperature after exposure to a corrosive envi-
ronment [19; 20].

At first sight, the specified features of SCC and PESCC
of magnesium alloys are actually very similar to the fea-
tures of hydrogen embrittlement observed in other metals,
which invited the researchers’ assumption about the analo-
gy of the mechanisms controlling these phenomena. Never-
theless, the results of a number of recent studies have
shown that SCC and PESCC of magnesium alloys can also
develop in the absence of diffusible hydrogen in their bulk.
So, the works [5; 7] identified that the diffusible hydrogen
concentration in the samples of pure magnesium, as well as
of the AZ31 and ZK60 alloys, which were subject to
the PESCC tests or exposure to a corrosive environment,
was negligible if the corrosion products were removed from
the surface of samples before gas analysis (which was not
done in earlier works). Moreover, it was found that the re-
moval of a layer of corrosion products from the samples of

the AZ31 and ZK60 alloys exposed to a corrosive environ-
ment leads to the complete restoration of their mechanical
properties and the elimination of any PESCC signs, includ-
ing a strain rate dependence of the loss of ductility in the
ZK60 alloy [7; 16]. Thus, it was proved that a corrosion
products’ layer formed on the alloy surface when interact-
ing with a corrosive medium can play a key role in
the PESCC mechanism. In [16], it was assumed that this
layer acts as a container for “embrittling agents”, in particu-
lar, hydrogen and residual corrosion medium, which, during
the crack growth, can diffuse through the crack volume to
its tip contributing to its propagation. The presence of
a corrosive medium, as well as hydrogen, in the corrosion
products’ layer in the ZK60 alloy was experimentally con-
firmed in the work [20].

At the same time, the suppression of the PESCC of
magnesium alloys with an increase in the strain rate proba-
bly indicates that the crack growth rate is limited by the rate
of diffusion of embrittling agents from the surface to the tip
of this crack. However, studies of the strain rate effect on
the PESCC of magnesium alloys, especially after the re-
moval of corrosion products, have hardly been carried out.
In fact, data of this kind are presented in the literature only
for the ZK60 alloy [16]. Therefore, to increase the reliabi-
lity of the results of previous works and the conclusions
about the SCC and PESCC mechanisms based on these
results, it is necessary to carry out similar tests for other
magnesium alloys, as well as for pure magnesium.

The work was aimed to clarify the PESCC nature of
magnesium alloys by studying the effect of the strain rate
and corrosion products on the mechanical properties and
fracture surface of the AZ31 alloy and technically pure
magnesium.

METHODS

The research was carried out using the samples of the
as-cast technically pure magnesium and the AZ31 commer-
cial alloy samples in the form of a hot-rolled sheet.
The chemical composition of the selected materials shown
in Table 1 was identified using the ARL 4460 optical-
emission spectrometer (Thermo Fisher Scientific). An aver-
age size of a pure magnesium grain and the AZ31 alloy
a-phase was 3 mm and 10 pm respectively. The microstruc-
ture of the selected materials was considered in previous
works [5].

Threaded cylindrical specimens for tensile tests with
a working part of 30x6 mm in size were produced by turn-
ing blanks. The specimens were cut along the rolling direc-
tion (AZ31) or along the cast slab axis (pure magnesium).
The working part of prepared specimens was soaked in
an aqueous corrosion solution of 4 % NaCl + 4%
K>Cr,07 for 24 hours. The soaking in the corrosion me-
dia was carried out at room temperature (24 °C) without
applying the external mechanical and electrical stress.
After that, the specimens were removed out of the corro-
sion solution, washed in an ethylic alcohol jet, and then
dried with compressed air.

Mechanical tests of specimens pre-exposed to a corrosive
environment were carried out in air at room temperature ac-
cording to the uniaxial tension scheme at constant initial
strain rate of 5-107° and 5-10*s™! (0.01 and 1 mm/min) us-
ing the AG-Xplus testing machine (Shimadzu).
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Table 1. Chemical composition of the AZ31 alloy and technically pure magnesium, % wt.
Taonuua 1. Xumuueckuii cocmas cniasa AZ31 u mexunuuecku yucmozo maznus, éec. %

Material Mg Al Zn Ca Zr Fe Cu Mn Ce Nd Si
AZ31 Base 4.473 0.887 0.0015 - 0.002 0.003 0.312 0.017 0.007 0.008
Pure
. Base 0.005 - 0.0002 - 0.067 - 0.002 0.009 0.001 0.003
magnesium

To compare, similar tests were conducted for speci-
mens in the reference state, previously not subjected to
exposure to a corrosive environment, and for specimens
pre-exposed to a corrosive environment, from the surface
of which corrosion products were removed immediately
after exposure. The removal of corrosion products was
performed by dipping a specimen for 1 minute to the
standard C.5.4 (20 % CrO; + 1 % AgNO3) solution ac-
cording to the GOST R 9.907-2007 standard. After re-
moving the corrosion products, the specimens were
washed in alcohol and dried with compressed air. After
mechanical tests, the fractures and side surfaces of frac-
tured specimens were analyzed using the JCM-6000 scan-
ning electron microscope (JEOL).

RESULTS

Mechanical properties

As a result of the experiments, it was found that an in-
crease in the strain rate of samples of the AZ31 alloy in
the reference state leads to a decrease in their ductility and
an increase in strength (Fig. 1 a, 1 b, 2 a). The tests at a low
strain rate showed that preliminary holding of samples of
this alloy in a corrosive environment leads to a decrease
both in its strength and ductility (Fig. 1 a, 1 b, 2 a). How-
ever, at a high strain rate, there is no decrease in mechanical
properties after corrosion exposure. Moreover, the complete
restoration of the alloy mechanical properties occurs if,
after soaking in a corrosive environment, corrosion pro-
ducts are removed from the surface of the samples. This
effect is observed both at low and high strain rates.

The ductility of the reference pure magnesium samples
slightly depends on the strain rate, and the increase in
the strength with increasing strain rate is much weaker than
that of the AZ31 alloy (Fig. 1 ¢, 1d, 2b). Preliminary ex-
posure to a corrosive environment does not have a signifi-
cant effect on the pure magnesium ductility, but leads to
a slight decrease in its strength, which slightly increases
with an increase in the strain rate. Interestingly, the ductility
of pure magnesium specimens with the removed corrosion
products is significantly lower than that of specimens in the
reference state and specimens kept in a corrosive environ-
ment, from the surface of which corrosion products were
not removed.

The analysis of fractures and side surfaces

On the side surface of the AZ31 alloy specimens
(Fig. 3) tested for tension in the initial state, a large number
of small ductile cracks oriented across the tension axis are

observed (Fig.3a, 3d). These cracks appear along
the grooves formed by the cutter on the metal surface dur-
ing turning. On the surface of the samples that were sub-
jected to soaking in a corrosive environment followed by
a tensile test at a low strain rate, there are also many cracks,
which, however, are much larger and more brittle compared
to cracks on the reference samples (Fig. 3 b). After testing
at a high strain rate, there are practically no such large
cracks in specimens of a similar type (Fig.3e). Large
cracks are present on the surface of samples from which
the corrosion products were removed before testing, but
their quantity is significantly less than that of samples that
were tested after holding in the environment without re-
moving the corrosion products (Fig. 3 c).

The fractographic analysis (Fig. 4) showed that the frac-
tures of the AZ31 alloy reference samples are fully-ductile,
regardless of the strain rate (Fig. 4 a, 4 d). On the fracture
surface of specimens tested at a low strain rate and after
pre-exposure to a corrosive medium, together with the domi-
nant ductile component, there are multiple brittle fracture
areas, which are always located in the peripheral part of
the fracture and directly adjacent to the side surface of
the specimen (Fig. 4 b). One of these brittle areas is blocked
with a frame (“A” area in Fig. 4 b) and is shown at higher
magnification in Fig. 5 a.

On the fracture surface of specimens with the removed
corrosion products tested at a low strain rate, there are also
a small amount of such brittle fracture areas (Fig. 4 ¢ and
5 b); however, their quantity is significantly less than in
specimens from which the corrosion products were not re-
moved. The fractures of all specimens pre-exposed to a cor-
rosive environment and tested at a high strain rate are fully-
ductile and do not contain brittle fracture areas, regardless
of whether the corrosion products were removed from them
or not (Fig. 4 d-f).

On the side surface of pure magnesium specimens tested
in the reference state and after soaking in a corrosive envi-
ronment, including the subsequent removal of corrosion
products, there are large cracks and numerous slip bands
(Fig. 6). Moreover, a network of small cracks is also ob-
served on the surface of specimens pre-exposed to a corro-
sive environment (Fig. 6 e and 7 a). Interestingly, there is
a large quantity of corrosion pits on the surface of samples
with the removed corrosion products (Fig. 6 ¢, 6 f, and 7 b),
which are not observed on the surface of samples tested
immediately after soaking in a corrosive environment
(without the removal of corrosion products). No critical
effect of the strain rate on the appearance of the side surface
of pure magnesium specimens in the initial state and after
soaking in a corrosive medium was found.
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Fig. 1. The effect of strain rate on elongation to failure (a, c) and ultimate tensile strength (b, d) of the AZ31 alloy specimens (a, b)
and technically pure magnesium specimens (c, d) in the reference state, after the pre-exposure to a corrosive medium,
and after the pre-exposure to a corrosive medium followed by the removal of corrosion products
Puc. 1. Brusanue ckopocmu deghopmuposanus na degpopmayuio 0o paspyuienus (a, ¢) u npeden npounocmu (b, d)
obpasyos cnnasa AZ31 (a, b) u mexnuyecku yucmozo machus (c, d) 8 UCXOOHOM COCMOAHUU, NOCTE BLIOEPIICKU 8 KOPPOIUOHHOTL Cpede
U nocie 8bLOEPIACKU 8 KOPPOZUOHHOU Cpede ¢ NOCIeOVIoWUM yOaieHuem npooyKmos Kopposuul
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Fig. 2. The effect of strain rate on the stress-strain diagrams of the AZ31 alloy specimens (a)

and technically pure magnesium specimens (b) in different states: 1 — reference state; 2 — after the pre-exposure to a corrosive medium,
3 — after the pre-exposure to a corrosive medium and the removal of corrosion products

Puc. 2. Bauanue ckopocmu 0eghpopmuposanus na ouazpammsl pacmsadicenus oopasyos cnaasa AZ31 (a)

u mexuuuecku uucmozo mazhus (b) 6 paznvix cocmosinusx: 1 —ucxoonom; 2 — nocie npedsapumenbHol 8blOEPAUCKU 8 KOPPOZUOHHOU

cpede; 3 — nocie npedsapumenbHoOll 8bLOEPICKU 8 KOPPOZUOHHOU Cpede U YOaleHUst RPOOYKMO8 KOppo3uu
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Fig. 3. The appearance of the side surface of the AZ31 alloy specimens tensile-tested in air: a, d — in the reference state;
b, e — after the pre-exposure to a corrosive medium, ¢, f— after the pre-exposure to a corrosive medium and the removal of corrosion
products: a—c — at a low (5-107° s7') strain rate; d—f— at a high (5-107 s7!) strain rate. Images are obtained by SEM
Puc. 3. Buewnuil 6uo 60x080u nogepxnocmu 00pasyos cniasa AZ31, ucneimanuvlx Ha pacmsdiceHue Ha 8030yxe:
a, d — 6 ucxoonom cocmosinuu; b, e — nocie 8vl0epPICKU 8 KOPPOZUOHHOIL cpede; ¢, f— noce 8bl0ePICKU 8 KOPPOZUOHHOU cpede
u yoanenus npooykmoe kopposuu npu. a—c — nuskoti (5-107° ¢™1); d—f — evicoxoii (5-10~* ¢™!) ckopocmax depopmupoeanus.
Crumxu noayyenst npu nomowu COM

The fracture surface of all pure magnesium samples has
a similar structure, regardless of the strain rate and the type
of samples (Fig. 8). In all cases, the fracture is represented
mainly by the facets with a fluted relief. Smooth facets
without clearly defined relief are occasionally found.

DISCUSSION

The results obtained in the work showed that the loss of
the AZ31 alloy mechanical properties as a result of PESCC
can be completely eliminated when increasing the strain
rate by two orders of magnitude, from 5-107 to 5-107*s7..
A similar result was previously obtained for the ZK60 alloy
[16] when exposing it to a medium of the same composition
and at the same strain rates as in the present work. Usually,
such behavior of mechanical characteristics depending on
the strain rate is explained by the embrittling effect of dif-
fusible hydrogen, which weakens with an increase in
the strain rate.

A negative strain rate dependence of the ductility loss
was identified in many metallic hydrogen-saturated materi-
als, for example, in steels [18] and aluminum-based alloys

[17]. In these works, such behavior of ductility depending
on the strain rate can only be explained by the effect of hy-
drogen dissolved in the bulk of the metal, since hydrogena-
tion was carried out without corrosion participation. How-
ever, when discussing the nature of the negative strain rate
dependence of the loss of ductility of magnesium alloys
embrittled as a result of interaction with a corrosive medi-
um, it is necessary, along with the possible hydrogen disso-
lution in the bulk of the metal, to consider other factors, for
example, the presence of corrosion products on the surface
of samples, which may contain both hydrogen and residual
corrosive medium in liquid form.

Indeed, the results of the present study for the AZ31 al-
loy, as well as of the previous studies for the ZK60 alloy,
show that the removal of a layer of corrosion products from
the surface of samples before tensile testing eliminates both
the embrittlement caused by preliminary exposure to a corro-
sive environment and the negative strain rate sensitivity of
ductility loss associated with this embrittlement. In this case,
the loss of ductility of samples with the removed corrosion
products either increases with an increase in the strain rate
(ZK60 alloy) or does not depend on the latter (AZ31 alloy).
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Fig. 4. The appearance of the fracture surface of the AZ31 alloy specimens tensile- tested in air: a, d — in the reference state;
b, e — after the pre-exposure to a corrosive medium, c, f— after the pre-exposure to a corrosive medium and the removal
of corrosion products: a—c — at a low (5-107% s7!) strain rate; d—f— at a high (5-107¢ s7!) strain rate.
Images are obtained by SEM. The blocked “A” and “B” areas are shown in Figure 5
Puc. 4. Buewnuii 6uo uznomos obpasyos cniaea AZ31, ucnolmannuix Ha pacmsasxcenue Ha osoyxe: @, d — 6 UCXOOHOM COCMOAHUU,
b, e — nocne 6v10epiicKU 8 KOPPO3UOHHOI cpede; ¢, f— nocie 8blOepICcKU 8 KOPPOSUOHHOU cpede U yOaneHus nPoOYKmMos KOppo3uu npu.:
a—c — nusxoti (5-1079 ¢™!); d—f — evicoxoii (5107 ¢ ') cxopocmsax degpopmuposanus.
Crumxu noayuenst npu nomowu COM. Bvioenennvie obnacmu «A», «B» npedcmaeienvl Ha puc. 5

Fig. 5. The magnified fracture surface areas blocked in the frames in fig. 4 b and 4 c, respectively: a — “4” area; b— “B” area,
containing the regions of brittle fracture in the peripheral part of the fracture surfaces of the AZ31 alloy specimens tested at a low strain rate
immediately after the pre-exposure to a corrosive medium (a) and after the removal of corrosion products (b). Images are obtained by SEM
Puc. 5. Yeenuuennvie obnacmu hosepxHocmu paspyuteHus, obee0enHble pamkamu Ha puc. 4 b u 4 ¢ coomsemcmeenHo:
a — obnacmu «A»; b — obnacme «By, codeparcawue yuacmxu Xpynkozo paspyuieHus 6 nepugeputino yacmu usioma oopasyos
cnaasa AZ31. O6paszybl uCnbIMbIEANUCH NPU HUSKOU CKOPOCIU 0epOPMUPOBAHUsL CPA3ZY NOCTIE BbLOEPICKU 8 KOPPOIUOHHOU cpeoe (@)
u nocne yoanenus npooykmog kopposuu (b). Cuumku nonyuenvt npu nomowu COM
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d e f

Fig. 6. The appearance of the side surface of the technically pure magnesium specimens tensile-tested in air:

a, d — in the reference state; b, e — after the pre-exposure to a corrosive medium, ¢, f— after the pre-exposure to a corrosive medium
and the removal of corrosion products: a—c — at a low (5-107% s7!) strain rate; d—f — at a high (5-107* s7!) strain rate.
Images are obtained by SEM. The blocked “A” and “B” areas are shown in Figure 7
Puc. 6. Brewnuii 6u0 60K0601 NOBEPXHOCU 00PA3YOE MEXHUYECKU YUCIO20 MASHUS, UCHBIMAHHBIX HA PACMANCEHUE HA 8030YXe.
a, d — 6 ucxoonom cocmosnuu; b, e — nocie 6v10epiCKU 8 KOPPO3UOHHOT cpede; ¢, f— nocie 8blOepIHCKIL 8 KOPPOSUOHHOT cpede
u yoanenus npooykmoe kopposuu npu. a—c — nusoti (5-107° ¢™1); d—f — svicoxoii (5-10~* ¢™!) ckopocmax depopmuposanus.
Crumru nonyuenwt npu nomowu COM. Bvidenennvie oonacmu «A», «B» npedcmasnensi na puc. 7

Fig. 7. The magnified side surface areas blocked in the frames in fig. 6 e and 6 frespectively: a — “A” area; b — “B” area, illustrating
the brittle cracks net (a) and corrosion pits (b) on the surface of technically pure magnesium specimens tested at the low strain rate
right after pre-exposure to corrosive medium — a; as well as after the removal of corrosion products — b. The images are obtained by SEM
Puc. 7. Yeenuuennvie obnacmu 60K0601i nosepxHocmu, 006edeHHvle pamkamu Ha puc. 6 e u 6 f coomeemcmeenHo: a — oonacmo «A»,
b — obnacmo «By, unnocmpupyiowue cemxy Xpynkux mpewut (@) u kopposuonnsvie a36vl (b) na nosepxnocmu 0bpaszyos mexnuuecku
yucmozo mazhus. Oopasyvl UCNLIMBIBATUCS NPU BLICOKOU CKOPOCHU 0e@DOPMUPOBAHUSL CPA3Y NOCTE 8bIOEPICKU 8 KOPPOIUOHHOIL cpede (a)
u nocne yoanenus npoodykmog kopposuu (b). Cnumxu nomyuenvt npu nomowu COM
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Fig. 8. The appearance of the fracture surface of the technically pure magnesium specimens tensile-tested in air:

a, d — in the reference state; b, e — after the pre-exposure to a corrosive medium, c, f— after the pre-exposure to a corrosive medium
and the removal of corrosion products: a—c — at a low (5-107 s7!) strain rate; d—f — at a high (5-107% s7!) strain rate.
Images are obtained by SEM
Puc. 8. Brewnuti u3iomog o6pasyo8 mexHuiecku YUcmo20 Mazuusl, UCRbIMAHHbIX HA PACMAJICEHUe HA 8030yXe:

a, d — 6 ucxoonom cocmosnuu; b, e — nocie 6b10epIHCKU 8 KOPPOIUOHHOIL cpede; ¢, f— noce 8blepICKU 8 KOPPOIUOHHOU cpede
u yoanenus: npoOyKmos Kopposuu npu.: a—c — nuskoti (5-1076 ¢1); d—f — evicoxoii (5-107% ¢™!) ckopocmsax degpopmuposanus.
Crumku nonyuenst npu nomowu COM

The suppression of the AZ31 alloy embrittlement as
a result of the removal of corrosion products is confirmed,
firstly, by the restoration of mechanical properties at a low
strain rate, and secondly, by a significant decrease in
the number of large brittle cracks on the side surface of
samples, as well as the areas with the brittle fracture mor-
phology on the fracture surfaces of these samples. In fair-
ness, it should be noted that a small quantity of cracks and
brittle fracture areas in the AZ31 alloy samples is still pre-
sent even after the removal of corrosion products. Hypo-
thetically, this may be associated with the incomplete re-
moval of corrosion products. The work [7] showed that
C.5.4 solution used in the present and previous works is
noticeably less effective in removing corrosion products
from the AZ31 alloy than from the ZK60 alloy. It can be
assumed that hydrogen still partially penetrates into
the metal surface layer. However, it is not clear why this
does not occur in the ZK60 alloy, which, all other things
being equal, as a result of soaking in a corrosive environ-
ment, is embrittled much more strongly than the AZ31 al-
loy, but does not show any signs of embrittlement after
the removal of corrosion products [7]. It can be concluded
that the key role in the PESCC mechanism of the AZ31

alloy is played by the layer of corrosion products, which
presumably contains the “embrittling agents” such as hy-
drogen and residual corrosive environment. Probably, the
participation of these agents in the mechanism of crack
initiation and growth, including their diffusion from
the sample surface to the crack tip, leads to the appearance
of a negative rate sensitivity of ductility. At the same time,
as shown by previous studies, the hydrogen penetration
directly into the bulk of the magnesium matrix almost does
not occur during the corrosion process [5; 7].

In view of the above reasoning, it is interesting that
technically pure magnesium is actually not subject to
the PESCC process — at least in the as-cast coarse-grained
state and when exposed to a corrosive solution of the
4 % NaCl + 4 % K,Cr,O7 composition. At the same time, in
the literature, there is evidence that fine-grained magnesium
suffers embrittlement after soaking in the 107> M Na,SO4
solution [8]. Coarse-grained magnesium is also distin-
guished by the almost complete absence of ductility strain
rate sensitivity both in the reference state and after pre-
exposure to a corrosive environment.

In spite of the fact that the actual reason for the high re-
sistance of this material to PESCC has yet to be investigat-
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ed, at the moment two possible explanations for this phe-
nomenon can be proposed. Firstly, the presence of second-
ary phases in the structure can be a critical factor affecting
the stability of a particular magnesium alloy. It is known
that particles of almost all secondary phases in magnesium
alloys act as a cathode in relation to the magnesium matrix
and, therefore, serve as the sites for the initiation of corro-
sion pits [21], which subsequently act as the crack nuclei
during SCC [1]. Consequently, the absence of such parti-
cles in pure magnesium can favorably affect its resistance
to PESCC and SCC. Secondly, one can assume that
the pure magnesium immunity to PESCC is associated with
its low strength. The pure magnesium plastic deformation
begins at very low stresses, so even if brittle cracks have
time to nucleate, they quickly become blunted due to the
plastic flow at their tips and propagate mainly by a ductile
mechanism. Indeed, numerous small brittle cracks were
found on the lateral surface of magnesium specimens kept
in a corrosive medium. However, the fractures of these
samples, as well as of samples in the reference state, are
mainly represented by facets with a characteristic fluted
pattern, which is formed due to the formation and ductile
merging of tubular pores [22], which indicates a ductile
mechanism of crack propagation in this material.

It is important to note that pure magnesium samples,
from which the corrosion products were removed after
soaking in a corrosive medium, have noticeably lower duc-
tility than samples, from which corrosion products were not
removed. Probably, it is associated with the presence of
corrosion pits, which were identified on the side surface of
the samples after the removal of corrosion products. Appar-
ently, the standard C.5.4 solution for removing corrosion
products can lead to corrosion damage to pure magnesium,
although this was not observed when interacting with
the AZ31 and ZK60 alloys. Currently, it is unclear whether
this effect depends on the presence and type of corrosion
products on the surface of pure magnesium.

CONCLUSIONS

1. An increase in the strain rate from 5-107¢
to 5-107* s7! leads to a complete elimination of the AZ31
alloy embrittlement caused by preliminary exposure to
an aqueous solution of the 4 % NaCl + 4 % K,Cr,07
composition for 24 h.

2. The removal of corrosion products using the standard
C.5.4 (20 % CrOs + 1 % AgNO:s) solution from the surface of
the AZ31 alloy pre-exposed to a corrosive environment leads
to a complete elimination of the loss of ductility caused by
PESCC, but does not completely suppress brittle cracking.

3. Technically pure magnesium in the as-cast coarse-
grained condition is not susceptible to PESCC after soaking
in an aqueous solution of the 4 % NaCl + 4 % K,Cr,07
composition for 24 h.

4. An increase in the strain rate from 5:107° to 5-107*s!
has no significant effect on the mechanical properties of tech-
nically pure magnesium in the as-cast coarse-grained state,
regardless of whether preliminary exposure to a corrosive me-
dium was carried out before the tensile tests or not.

10.

11.

12
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Almomamm: MarnueBbie CIUIaBbl SBIISIIOTCS MNEPCHCKTUBHBIMU MaTCpraiaMu Ui UCIIOJIb30BaHWUA B aBUALlMU, ABTO-

MOOMJIECTPOEHHH ¥ MEJIUIMHE, OJHAKO, BCIEACTBUE HU3KOH CTOHKOCTH K KOPPO3HOHHOMY PacTPECKHUBAHUIO I0J] HAIps-
sxkeaneM (KPH), obGnacte ux npumeHeHust orpaHudeHa. J[is co3maHus CIUIaBOB, 00JIQAIOIIMX BBICOKOH CTOMKOCTBIO
k KPH, Tpebyercst BcecTopoHHEE H3yUeHHE MPUPOJIBI ITOTO sIBICHUS. Panee ObIIIO BBICKA3aHO IPEATION0KEHHE, YTO BaXK-
Hy10 posib B Mexannzme KPH moxer urpats nud¢y3noHHO-TIOABIKHEIA BOJOPOA U IPOAYKTH KOPPO3HH, 00pa3yromuecs
Ha TMOBepXHOCTH MarHus. OTHaKo BKJIAJ KaXKIOTO U3 3THX (DAKTOPOB B OXPYMUMBAHNE MArHUS M €TO CIIABOB, BHI3BAHHOE
KPH, mano mzyden. Ilockoneky BiausHuE Au(y3nOHHO-TTOIBIKHOTO BOJOPOJA HA MEXAaHWYECKHE CBOIMCTBa METAJIOB
YCHIIMBACTCSl C YMEHBILIEHHEM CKOPOCTH Je()OpMHpOBaHMS, aKTyalbHOH 3aJaduci SABISETCS HCCIECAOBAHHUE CKOPOCTHOU
YyBCTBUTEIHFHOCTH BOCTIPHMMYHBOCTH crtaBoB MarHus k KPH. B Hacrosmeit pabote mccienoBanich TEXHUYECKH Y-
CTBII MAarHuii B JIMTOM COCTOSIHUM M CIUIaB AZ31: M3y4anock BIMSHHE CKOPOCTH Je(OPMUPOBAHKS B AMAIA30HE OT 5-107°
10 5-107* ¢! Ha MexaHWYECKHE CBONCTBA, COCTOSAHME GOKOBOI MTOBEPXHOCTH U M3JI0Ma MATEPHAJIOB JI0 M MOCJIE BBIIEPKKH
B KOPPO3UOHHOMU cpejie U MOocie yAaleHus MPOAYKTOB KOPPO3UHU. Y CTaHOBIIEHO, YTO MpeABapUTENbHAsl BBIICPAKKA B KOP-
PO3MOHHOH cpeie MPUBOAUT K OXPYIUUBAHMIO ciiaBa AZ31, HO He BIMsSIET HA MEXaHMYECKHE CBOMCTBAa U Xapakrep
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paspymenus yncroro Marausa. OOHapy>KeHO, 9TO OXpyIYUBaHHE ciiaBa AZ31, BEI3BaHHOE MPEABAPUTEIHHOM BBIICPIKKOI
B KOPPO3HOHHOI! cpefie, IPOSBIIAETCS B IIOJTHOM Mepe TOIbKO MPU HU3KOM CKOPOCTH e()OpMUPOBAHMS M TOJIBKO B TOM CIIy-
yae, ecM Ha MOBEPXHOCTH 00pasloB MPUCYTCTBYET CJIOH MPOAYKTOB Koppo3uu. IlokasaHo, 4TO M3MEHEHHE CKOPOCTH Jie-
q)OpMI/IpOBaHI/IH OKa3bIBaeT HE3HAUYMTEIHLHOE BIMSHHUE HA CBOMCTBA YMCTOTO MarHus. C,uenaH BBIBOJL O TOM, 4YTO OCHOBHOM
MPUYMHON OXpymuuBaHus criiaBa AZ31 mocie BBIIEP)KKH B KOPPO3UOHHOM cpefie sIBISEeTCs CIION MPOIYKTOB KOPPO3UH, KO-
TOPBIN, IPE/ITOJIOKUTENBHO, COICPIKUT OXPYITIMBAOLINE areHTHI, TAKUE KaK BOJOPO/] U OCTaTOYHAs KOPPO3HOHHAS CPea.

Knroueguie cnoga: maruueBsle ciiaBbl; AZ31; Marauil; KOpPpO3MOHHOE PAacTPECKUBAHME O] HAIPSIKEHUEM; KOppo-
3151; CKOPOCTH e(hOPMHUPOBAHNS; MEXaHHIECKNE CBOWCTBA.

bBnazooapuocmu: ViccnenoBanue BbIIOIHEHO npu (puHancoBoi mognepxke PH® B pamkax HaydHoro mpoekra Ne 18-
19-00592.
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HUSI HA MEXaHWIECKHE CBOMCTBA M XapakTep paspyuieHus ciutaBa AZ31 ¥ TEXHUYECKH YHCTOTO MarHus, IMpeIBapUTEIbHO
BBIJICP)KaHHBIX B KOPPO3HOHHOU cpene // Frontier Materials & Technologies. 2023. Ne 3. C. 71-82. DOI: 10.18323/2782-
4039-2023-3-65-7.
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