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It has been recently suggested that it is the corrosion solution sealed within the corrosion products layer that can be the
primary cause of pre-exposure stress corrosion cracking (PESCC) of Mg alloys. In the present study, we attempt to find
additional evidence for the presence of the retained corrosive media in the corrosion products layer deposited on the surface of
the ZK60 alloy. The samples of this alloy were pre-exposed to the corrosive solution for 1.5 h and then subjected to the thermal
desorption analysis (TDA). The specimens were tested either immediately after pre-exposure or after the post-exposure
immersion in CCl, or storing in desiccator for 24 h. During the immersion in CCl,, the volume of hydrogen desorbing from
the samples was assessed. The main finding of the present study lies in that the corrosion reaction remains within ZK60
samples even after their extraction from the corrosive solution. This is evidenced by the extensive hydrogen desorption which
continued and not ceased even after 24 hours after pre-exposure. It is established that the largest part of this hydrogen cannot
be detected by short TDA of the sample right after pre-exposure to corrosive media, thus it should be produced in-situ during
the immersion in CCl,. Considering that CCl, is inert with respect to Mg, it is concluded that the corrosion reaction producing
hydrogen can be caused only by aggressive media retained within the corrosion products layer.
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CBHUeTeIbCTBO NPUCYTCTBUA KOPPO3ZMOHHOTO PAaCTBOPaA B ClI0€
NPOAYKTOB KOPPO3UM Marunesoro ciiasa ZK60
Mepcon E. JI.", ITonysanos B. A.", Markux I1. H.!, Mepcosn [I.JI.!, Bunorpazgos A. 0.2

"Hay4Ho-MCCrIefloBaTe/IbCKMI MHCTUTYT HPOIPECCUBHBIX TeXHOIOIMI TONMbATTUHCKOTO TOCYJApPCTBEHHOTO YHUBEPCUTETA,
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HepaBHO 6bITO BBICKa3aHO IPEAIIONOXNKEHNE O TOM, YTO KOPPOSMOHHBII PacTBOP, 3aleYaTaHHBI B CI0e MPOAYKTOB
KOPPO3UH, MOXKeT OBITh OCHOBHOI IIPUYNHOI MPEeIIKCIO3ULINIOHHOTO KOPPO3MOHHOTO PACTPECKUBAHS TIOJ HATIPsDKEHIEM
(PESCC) marHmeBbIX CITaBOB. B HacTosiieil paboTe MpeAIpMHSTA MOMBITKA HAWTHU MOMOTHUTENbHbIE JOKA3aTeIbCTBA
Ha/IM4Ms OCTATOYHOI arpecCUBHOIN Cpefibl B C/I0€ NMPORYKTOB KOPPO3UM, OCAKAAMOIIMXCA Ha MTOBEPXHOCTHU cImaBa ZK60.
O6pasiibl 9TOrO CITaBa MPeBAPUTENIBPHO BBIAEPKUBA/IM B KOPPO3MOHHOM pacTBOpe B TedeHue 1.5 4, a 3aTeM MOfIBeprajmn
tepmopecopbunonnomy anamsy (TIIA), KoTopslit mpoBoAWIM MO0 Cpasy MOCTIe IPeABAPUTEIbHON BbIAEPKKM 06pasiia,
nu6o nocre ero norpyxenns B CCl, nmm BbineXnBanus B 9KcuKaTope B Tedenue 24 u. [Tpu norpysxennn s CCl, onennsanm
06beM BOJOpPOZA BBIfje/AIONIErocss 13 00pasioB. OCHOBHOI BBIBOJ, HACTOAIIETO HCCIENOBAHNS 3aK/IIOYAeTCS B TOM,
YTO MPOTEKaHNe KOPPO3MOHHOI peaKLny IPoRobKaeTcst B obpasnax ZK60 gaxke mocie nx M3BIeYeHNs U3 arPeCcCUBHOTO
pacTtBopa. O6 3TOM CBUJIETENIbCTBYET UHTEHCUBHAS lecOpOLMs BOFOPO/A, KOTOpask He IpeKpallaeTcs faxe yepes 24 daca
HOCTIe TIPefiBAPNUTEIbHOI BBIIEPXKKI. YCTAaHOBJIEHO, YTO OOJIBIIIAs YaCTh TOTO BOJOPOJA He MOXKET ObITh 0OHAPY>KeHa B X0fje
OTHOCHUTeIbHO KOpoTKoro TITA, KOTOpbIt IPOBOAUTCS Cpasy MOC/Ie MPeBAPUTENIbHOI BBIEPXKKI 00pasiia B arpecCUBHOI
cpernie. CrenoBaTe/IbHO, JAHHBII BOJOPOJ, HO/DKEH 00Pa30BBIBATHCSA itl-Sitl, T. €. HEITOCPEACTBEHHO B IIPOLIeCCe BhUIEKMBAHMS
obpasia B CCl,. Yunteisas, yto CCl, nnepTeH mo oTHomeHnio K Mg, c/ielaH BBIBOJ, YTO KOPPO3MOHHAS PEAKINS C
06pasoBaHMeM BOLOPOJA MOXKET ObITh BBI3BaHA TOIBKO arpeCCUBHOI CPEMIOIt, yAeP>KIBAaeMOIl B CI0€ IIPOAYKTOB KOPPO3UNL.

KiroueBrle cioBa: MarHueBble CIUIABBI, TPEIIKCIIO3NIMIOHHOE KOPPO3MOHHOE PacTPecKUBaHIe IIOf] HaIIPsHKeHIeM, BOTOPOJ, IPOYKThI
KOPPO3WUM, TEPMOZLeCOPOIVIOHHbII AHATNS.
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1. Introduction

Magnesium alloys are highly susceptible to stress corrosion
cracking (SCC), which is a frequent reason of the loss of
integrity and brittle in-service failures of load-bearing
metallic parts operating in aggressive environments [1]. Thus,
SCC is a serious safety-related issue impeding wider uptake
of Mg-based alloys, which are considered by industry as
structural materials for low-weight elements of aerospace and
automobile vehicles [2] as well as bio-compatible materials
for temporary medical implants [3]. However, up to date,
there are no practically viable approaches to the chemical and
microstructural design of SCC-resistant Mg alloys. It is largely
and unfortunately because of the insufficient understanding
of the mechanisms responsible for the nucleation and
propagation of cracks in Mg under the simultaneous action
of external loads and corrosion-active environment.

The overall Mg corrosion reaction in aqueous solutions
reads as [4]:

Mg+2H,0-> Mg +2(OH") + H,-»Mg(OH),+H, (1)

The partial cathodic reaction for a neutral or alkaline

solution is evolution of hydrogen:

2H,0+2e - H,+20H" (2)
The overall anodic reaction is dissolution of Mg:
Mg—> Mg+ 2e (3)

The SCC of Mg alloys is most often attributed to anodic
dissolution (AD), hydrogen embrittlement (HE) or to the
synergistic action of both these phenomena [1,5]. While AD
is an intrinsic process occurring during the interaction of the
metal with corrosive media, HE is believed to be induced by
hydrogen evolving via the cathodic corrosion reaction and
presumably absorbed by the metal in a diffusible atomic form.

The understanding of the role of hydrogen and corrosive
solution in SCC is crucially important for choosing the most
effective strategy for the microstructural design of Mg alloys
to diminish their susceptibility to SCC. The phenomenon
known as PESCC has long been considered as strong evidence
that it is HE that governs SCC in Mg alloys [6,7]. PESCC is
referred to the embrittlement, which appears after immersion
of the metal in a corrosive solution followed by tensile testing
in an inert environment. Since the corrosive solution does not
interact directly with the metal during mechanical testing, and,
consequently, the effects associated with AD can be excluded,
PESCC is commonly attributed to hydrogen being absorbed
by the metal during pre-exposure to corrosive media [6-10].
However, this interpretation of the origin of PESCC has
been challenged by the present authors recently on the basis
of several new experimental findings reported in [11-13].
Specifically, it was found that neither the loss in ductility
nor the appreciable concentration of diffusible hydrogen is
observed in Mg alloys pre-exposed to the corrosive solution if
the corrosion products layer is removed from the specimens’
surface prior to the subsequent tensile testing in air [12,13].
These findings imply that PESCC should be attributed
merely to the corrosion products layer. It was concluded
that the role of diffusible hydrogen was minor because of
insufficient penetration of this hydrogen into the Mg matrix
during corrosion. Furthermore, it was suggested that PESCC
could be caused by the retained corrosive solution, which
was supposed to be sealed within the discontinuities in the
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corrosion products [11]. This was indirectly evidenced by the
abundant presence of the corrosion products on the peripheral
parts of the fracture surface as well as inside the secondary
cracks in the pre-exposed specimens, which did not interact
with external corrosive media during tensile testing in air.
The present study is aimed at gaining a deeper insight into
the mechanism controlling the SCC phenomenon. Additional
evidence for the presence of the aggressive solution in the
corrosion products layer deposited on the surface of Mg alloys
is needed and sought in the present work. Being sealed within
the corrosion products, the corrosion solution is expected to
cause the corrosion reaction that should be accompanied by
AD of Mg and cathodic reduction of hydrogen. To this end,
the primary task is to confirm whether these reactions occur
or not in the Mg alloy samples, which had been pre-exposed
to corrosive media.

2. Experimental

The cylindrical samples of 6 mm diameter and 30 mm
length were machined from the hot-extruded bar of the
commercial alloy ZK60, which is known to be strongly
susceptible to PESCC. The chemical composition,
microstructure and mechanical properties of this alloy
as well as its susceptibility to SCC and PESCC at various
conditions, were documented in detail in our previous
reports [11-16]. The samples were immersed in the
aqueous corrosive solution of 4% NaCl+4% K Cr,O, at the
open-circuit potential and ambient temperature of 24°C.
No external stress was applied to the samples during pre-
immersion. Two samples were submerged at the same time.
However, a separate beaker with the corrosion solution
was used for each of them. After 1.5 hours of exposure, the
samples were removed from corrosive media, cleaned with
ethanol and dried with compressed air.

2.1. Hydrogen evolution at room temperature

Within 5 minutes after these procedures, one sample was
subjected to the thermal desorption analysis (TDA), while
the other one was immersed for 24 hours in a burette filled
with chemically pure CCI, as is schematically shown in
Fig. 1 to measure the volume of hydrogen-gas desorbed from
the sample at room temperature and to assess the kinetics
of hydrogen evolution. The similar hydrogen evolution
technique is frequently utilized to evaluate the corrosion rate
of Mg alloys [4,17]. Since one mole of dissolved Mg produces
one mole of H,, the corrosion rate can be evaluated by the
volume of hydrogen gas accumulated in the upper end of the
burette [4,17]. It is generally accepted that H, is the only gas
that can evolve from the sample [17]. The main difference of
the experimental approach used in the present study from
the conventional one is that, instead of the corrosive solution,
the burette was filled with CCl,, which is inert to Mg. This
enables ensuring that hydrogen gas evolving from the sample
is (i) hydrogen, which has been already produced during
the pre-exposure of the sample to corrosive media, and/or
it is (ii) new “nascent” hydrogen, which is produced in-situ
due to the corrosion reaction of the sample with corrosive
media retained and sealed within the corrosion products.
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Fig. 1. (Color online) Experimental setup for evaluation of hydrogen
evolution from the sample pre-exposed to the corrosion solution.

The volume of hydrogen gas accumulated in the burette have
been measured every 30 min within 24 hours to characterize
the kinetics of hydrogen evolution. When the experiment
was finished, the total volume of hydrogen was measured;
the sample was extracted from the burette, dried with
compressed air and subjected to TDA to evaluate the residual
concentration of hydrogen in the sample. For the reference,
the similar pre-exposed sample of the same alloy was stored
in a desiccator for 24 hours immediately after pre-exposure; it
was then subjected to TDA too. To assess the reproducibility,
all the experiments described above have been repeated twice.

2.2. Thermal desorption analysis

TDA of both samples was performed by the hot-extraction
method by the Galileo G8 (Bruker) gas-analyzer. The hot-
extraction was conducted in the flux of 99.999% pure nitrogen
gas. The procedure of hot-extraction included: (i) heating the
sample from 24 to 450°C with the constant heating rate of
38°C/min, and (ii) isothermal baking at 450°C during 600 s
followed by (iii) free cooling in the furnace during 600 s to
stabilize the signal from the detector at the background level.
The reasons for choosing this gas-analysis schedule have been
described elsewhere [16]. The important point to note is that
the gas-analyzer is equipped with a selective filtration system
that absorbs the water vapour, which can possibly evolve from
the sample during heating. Thus, until the H,O molecules
are decomposed into oxygen and hydrogen, water stored
within the sample does not affect the hydrogen signal of the
thermal conductivity detector built-in in the gas-analyzer. To
verify the effectiveness of this filtration system, the quartz
tube abundantly wet with distilled water was subjected to
gas analysis according to the same protocol as described
above. Throughout the test, the signal of hydrogen was close
to the background level. Thus, the hydrogen evolution from
evaporating water was confirmed negligible. This means
that if the liquid corrosive solution is sealed within the pre-
exposed sample, it cannot be detected by the gas-analysis,
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except the part of this liquid that is decomposed right during
the gas analysis.

2.3. Metallographic study

The metallographic examination of the sample was conducted
immediately after pre-exposure in corrosion solution. The
cross-section of this sample was hot-mounted in epoxy resin,
grounded by emery papers wet with alcohol and polished
with water-free alcohol-based diamond suspensions. The
investigation of the cross-sections was done by the scanning
electron microscope (SEM) JCM-6000 (JEOL).

3. Results and discussion
3.1. Metallographic study

The metallographic examination showed the presence of
numerous gas bubbles “frozen” within the epoxy resin
around the surface of the pre-exposed sample. Large bubbles
are found attached to corrosion cavities. Beneath the
bubbles, one can see the friable layer of corrosion products
containing numerous cracks and other discontinuities,
which can potentially serve as collectors for corrosive media.
It can also be observed in Fig. 2 that corrosion occurred
inhomogeneously; the net of microscopic cracks is clearly
seen. These cracks are formed presumably along the grain
boundaries; at least, one can notice that the size and the
shape of the fragments surrounded by these micro-cracks are
comparable to those of grain size, which has been shown to
be of 3 um diameter on average in this alloy.

3.2. Hydrogen evolution at room temperature

The experiments showed that the samples, which were
immersed in CCI, right after pre-exposure in corrosive
media, demonstrated extensive desorption of hydrogen. This
was witnessed by numerous bubbles emanating from the
sample; these bubbles were visible even by the naked eye. This
hydrogen gas accumulated in the upper end of the burette,
shifting the CCl, liquid downward. The measurement of the
volume of extracted gas according to the displacement of CCl,
level showed that evolution of hydrogen occurs throughout
the entire experiment during 24 hours, see Fig. 3. However,
it follows from Fig. 3, that the rate of hydrogen desorption
decreases strongly with time, and it is significantly larger
during the first two hours after pre-exposure. Besides, after
approximately 2 hours of immersion in CCl,, the desorption
of hydrogen tends to occur sporadically with the burst
extractions of relatively large gas portions followed by the
fairly long waiting time intervals when hydrogen evolution was
practically not detectable. It is established that, on average, 2 ml
or 109 ppm of hydrogen were desorbed from the pre-exposed
samples being immersed in CCl, during 24 hours, c.f., Table 1.

3.3. Thermal desorption analysis
The hydrogen extraction curves obtained during TDA of the

pre-exposed samples are represented in Fig. 4. The shape
of these curves suggests that they appear because of the
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Fig. 2. The metallographic SEM images of the sample of the alloy ZK60 mounted in epoxy resin right after pre-exposure to corrosive media.
The magnified views of the areas outlined by the letter-labeled frames “A-E” in (a-e) are represented in (b-f), respectively.

superposition of several individual peaks. Although the
identification of the exact nature of each of these peaks is
still challenging, it was established in our previous studies
that all these peaks are attributed to the components of the
corrosion products layer. In particular, this was evidenced by
the fact that after the removal of corrosion products from the
surface of the pre-exposed ZK60 specimens, all these peaks
vanished almost completely. Besides, it is obvious from the
results of the previous and present studies that the first peak
corresponding to the lowest temperature on the extraction
curve, peak 1 in Fig. 4, is associated with gaseous hydrogen
accumulated within the discontinuities of the corrosion
products layer and can freely evolve from the samples at
room temperature. It is underpinned by the observation that
this peak is absent on the extraction curves obtained from the
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Fig. 3. Evolution of hydrogen from the pre-exposed samples of the
alloy ZK60 being immersed in CCl, for 24 hours.
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pre-exposed samples after 24 hours of storing in CCI, or in
the desiccator, c.f., Fig. 4.

According to the results of TDA, the room temperature
storing of the pre-exposed samples in desiccator results in
the decrease of hydrogen concentration from 88.6+5.3 to
75.6+1.2. Thus, they lose only about 13 ppm of hydrogen
during storing in desiccator, whereas, according to the results
of hydrogen evolution experiment with the burette-based
setup described above, almost 9 times of magnitude higher
concentration of hydrogen is desorbed from the counterpart
pre-exposed samples being immersed in CCl, during the same
time and at the same temperature. Obviously, this apparent
contradiction cannot be explained by different environments
in which the samples were stored after pre-exposure since
both CCl, and dry air are inert to Mg, and there is no reason

Table 1. Concentration of hydrogen desorbed from the pre-exposed
samples of the alloy ZK60 during TDA and during immersion in CCI,.

Volume / concentration of | Concentration
hydrogen desorbed at room | of hydrogen
Sample yaros ) yerog
temperature during 24 h measured by
immersion in CCl, ml/ppm | TDA, ppm
Pre- t
re e.xposure .o i 88.645.3
corrosion solution
Pre-exposure
to corrosion
2.0+0.3/108.6+14.8 98.9+£5.7
solution and 24 h /
immersion in CCl,
Pre-exposure to
. luti
corrosion so u 19n ) 75 6412
and 24 h storing in
desiccator
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Fig. 4. (Color online) TDA extraction curves of hydrogen from the
samples of the ZK60 alloy tested immediately after pre-exposure
in corrosive media as well as after pre-exposure followed by the
storing in CCl, or in desiccator for 24 hours.

to expect any additional hydrogen to be produced by the
interaction of Mg with CCl,. The most plausible explanation
for the obtained results is that the largest fraction of hydrogen
evolved from the pre-exposed sample during immersion in
CCl, is produced in-situ due to the interaction of Mg matrix
with the retained corrosive media being sealed within the
corrosion products. If the gas analysis is conducted right
after pre-exposure, the most part of this “nascent” hydrogen
cannot be detected by short TDA lasting for approximately
30 min, because this hydrogen remains to be part of the
H,0 molecules, which are filtered out by filter system of gas-
analyzer.

As follows from the results of TDA represented in Table 1,
the hydrogen concentration corresponding to the samples,
which were immersed in CCl, is higher than that of the pre-
exposed samples analyzed right after pre-exposure as well
as after storing in desiccator. Presumably, this can be due to
the fact that CCI, can promote the formation of magnesium
hydride MgH, [18], which is supposed to be the component
of corrosion products. A certain part of hydrogen evolving
during corrosion reaction can be probably consumed for
the formation of the hydride both in CCI, as well as in dry
air of desiccator. However, in the presence of CCI, the more
significant amount of hydride formed in this way is expected.
It can be seen in Fig. 4 that the extraction curve of the pre-
exposed samples, which were additionally immersed in
CCl,, is featured by the remarkably higher peak, c.f., peak 2
in Fig. 4, at the temperature of 330°C if compared to the
curves of two other kinds of samples. This temperature is
very close to the decomposition temperature of MgH, [18].
Nevertheless, the identification of the nature of individual
peaks on the extraction curves obtained by TDA of the
corroded Mg samples was beyond the scope of the present
investigation and requires additional comprehensive study.

4. Conclusions
The results of the present study show that abundant evolution

of hydrogen gas occurs from the corroded samples of the
ZK60 alloy at least during 24 hours after pre-exposure to the
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aqueous 4%NaCl+4%K Cr,O. solution. The greatest part
of this hydrogen cannot be detected by the short thermal
desorption analysis if this analysis is conducted immediately
after pre-exposure. The observed behaviour strongly supports
the hypothesis that the active corrosion reaction occurs at the
specimen surface due to the corrosion solution retained and
sealed within the discontinuities of the corrosion products layer.
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