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Abstract—The influence of hydrogen embrittlement of the aluminum Al—4%Cu—0.2%Mg alloy on the
parameters of localized plastic strain is studied. Digital speckle photography is used to visualize the localized
strain patterns in the D1 alloy. The velocity of localized deformation bands as a function of the yield strength
for nonhydrogenated and hydrogenated samples is found.
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INTRODUCTION

Mew methods for analyzing the inhomogeneity of
plastic deformation significantly enhance the under-
standing of the nature of the localization of plastic
deformation and the destruction of metals and alloys
[1, 2]. Aluminum alloys tend to display jerky flow,
which is accompanied by the periodic formation of
macroscopic localized-deformation bands and their
propagation along a sample. This phenomenon can be
considered as the self-organization of a deformed solid
[2]. Investigations of the influence of various factors
on the effect of jerky flow (the Portevin—Le Chatelier
effect (PLC)) have been carried out by many authors
beginning from its discovery [3]. Despite the studies of
the formation of deformation bands in the case of jerky
flow in aluminum alloys, there are to date [1] no com-
plete data on the inhomogeneity of the plastic defor-
mation of aluminum alloys subjected to electrolytic
hydrogenation, which significantly hinders the devel-
opment of corrosion-resistant structural alloys and
their processing. The aim of the work is to study the
influence of the time of hydrogen saturation of alumi-
num Al—Cu—Mg alloys on the characteristics of local-
ized deformation at the macroscale level.

EXPERIMENTAL

A precipitation-hardened aluminum Al—4% Cu—
0.2% Mg alloy (D1) was the object of investigation.
After the pressing of a hot-rolled sheet, samples were
subjected to artificial aging at 7'= 340°C for 3 h with
subsequent cooling in a furnace. The alloy was sub-
jected to electrolytic hydrogenation at a constant cath-
ode potential of —430 mV in 0.1 N sulfuric acid solu-

tion in a three-electrode electrochemical cell for 24—
120 h [4, 5]. The samples in the shape of double blades
with dimensions of 50 X 10 X 2 mm in the working part
were subjected to mechanical tests by uniaxial tension at a
rate of 6.67 x 10~> s~! on a Walter + Bai AG LFM-125kN
test machine. A high-resolution camera recorded
speckle images of the sample surface during deforma-
tion. The images formed in the light of a semiconduc-
tor laser with a wavelength of 635 nm. The technique
of optical measurements [6, 7] makes it possible to
record the field of strains in a sample directly during
loading by statistically analyzing speckle patterns. The
kinetics of the nucleation and the propagation of
localized deformation bands is analyzed using chrono-
grams, which represent the position of the fronts of
localized plastic deformation as a function of the total
deformation (time).

RESULTS AND DISCUSSION

The samples of the D1 alloy to be studied were
divided into three groups according to their states:
(1) initial state; (2) after hydrogenation for 100 h;
(3) after hydrogenation for 120 h. Figure 1 presents
stress—strain curves of the samples. Table 1 lists the
corresponding mechanical properties of the samples.
The plasticity and the strength of the material decrease
with increasing hydrogen content in a sample.
According to [8], hydrogen in aluminum alloys is in a
free state, thus increasing the porosity of a sample,
which, in turn, reduces the strength and plasticity. An
oxide film formed on the aluminum surface prevents
hydrogen diffusion. Therefore, the presence of an
aggressive medium significantly increases the possi-
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Fig. 1. Stress—strain curves of the D1 alloy in the initial
state (/) and after electrolytic hydrogenation for (2) 100 h
and (3) 120 h.

bility of saturation with hydrogen. Hydrogen can be
stored in material for along time, even at elevated tem-
peratures.

Regardless of the hydrogen content, the deforma-
tion of the samples was accompanied by the appear-
ance of a characteristic sawtooth profile on the stress—
strain curve, which is a consequence of the Portevin—
Le Chatelier effect [3]. For all samples, the appear-
ance of jerky flow was accompanied by the periodic
generation and propagation of localized deformation
bands. The statistical processing of the speckle images
provided information about the positions of localized
deformation bands at any time during loading from its
beginning to the sample fracture. Figure 2 shows the
sequential images of the formation of a double front
(two bands) of localized deformation for a nonhydro-
genated sample. The horizontal axis (x) is directed
along the working part of a sample. The onset of the
front of localized deformation is accompanied by
relaxation of stresses on the stress—strain curve. Each
relaxation period corresponds to only one double
front, which is an autowave of switching according to
the classification of autowaves [2]. Such localized
plastic deformation is typical of aluminum alloys
exhibiting jerky flow [3, 9]. It should be noted that
defects on the surface of the hydrogenated samples
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caused by layer corrosion do not significantly affect
the propagation of localized deformation bands.

The localized plastic deformation with increasing
total deformation was analyzed with the help of chro-
nograms representing a time-extended result of statis-
tical processing of speckle images on the axial line of a
sample parallel to the loading axis (Fig. 3). The hori-
zontal axis in Fig. 3 represents the total deformation of
asample € ~ ¢. The vertical axis is the coordinate on the
working axis along which the tension occurs. Points on
the chronogram indicate the position of the localized
plastic deformation front along the sample axis at
given moments of time 7 corresponding to specific val-
ues of total deformation €. Vertical discontinuities on
the chronogram result from the stopping of the prop-
agation of one front of localized deformation and the
subsequent nucleation of another double front (band)
in another part of the sample. These chronograms give
the information about the propagation velocity of a
deformation band and can be used for constructing the
dependences of the velocity on the total strain [9] or
acting stresses. Note that, after 1.5% of total deforma-
tion before sample fracture, the region of propagation of
localized deformation bands becomes limited near the
region of subsequent fracture. An increase in the total
deformation narrows this region gradually and it turns
into a fracture nucleus, as can be seen from Fig. 3.

The velocity of the bands as a whole was found to
decrease with increasing deformation. However, this
dependence is nonlinear, whereas the dependence of
the velocity of bands on the effective stresses is linear
with the correlation coefficient R = 0.98 (Fig. 4a).

It should be noted that the slope of the lines that
correspond to the rate of change is higher for hydroge-
nated samples. The number of jumps on the stress—
strain diagram and the velocity of the bands at the
beginning and at the end of the plastic flow are inde-
pendent of the degree of hydrogen saturation of a sam-
ple. In this case, the process of localization of deforma-
tion is related to the length of the stages of plastic flow,
which shrink after hydrogenation, and is a manifesta-
tion of the self-organization of the deformed medium in
the case of hydrogen embrittlement. Figure 4b shows

Fig. 2. Onset of the double front of localized deformation in the nonhydrogenated D1 alloy: (a—c) sequential images of the work-

ing surface of the deformed sample at a step of 0.3 s.
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Fig. 3. Chronograms of the positions of localized deformation bands in the D1 alloy hydrogenated for 120 h.
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Fig. 4. Velocity of localized deformation bands in the D1 alloy in the initial state (/) and after hydrogenation for (2) 100 h and
(3) 120 h as a function of the (a) stress and (b) stress normalized to tensile strength.

the velocity of localized deformation bands as a func-
tion of the normalized stress (stress normalized to the
tensile strength of material):

c
V=V +71—,
Gu
where ¥V, and 7y are constants (Table 2), ¢ is the yield
strength, and G, is the tensile strength.

CONCLUSIONS

In this work, digital speckle photography was used
to obtain the patterns of change in the velocity of
localized deformation bands in the D1 alloy after
hydrogenation.

(1) The regular formation and evolution of the
localized deformation bands are observed in the initial

Table 1. Mechanical properties of the D1 alloy in the initial state (1) and after electrolytic hydrogenation for (2) 100 h and

(3) 120 h
No. Gy, MPa G,, MPa 8, % H,, MPa
76.3 180.0 15 251.0 £ 1.5
2 68.4 150.8 7.9 235.7+£6.3
3 61.8 131.7 6.7 233.3% 15

Table 2. Empirical coefficients for approximating the function of the velocity of the localized deformation bands in D1
samples in three states

No. State Vo, m/s Y, m/s R
1 Initial 0.0032 —0.0030 0.99
2 Hydrogenation for100 h 0.0038 —0.0033 0.98
3 Hydrogenation for 120 h 0.0055 —0.0051 0.96
INORGANIC MATERIALS: APPLIED RESEARCH Vol.8 No.4 2017
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state without hydrogenation and after electrolytic
hydrogenation of the D1 alloy samples over the whole
period of loading. The deformation localization during
tension of the samples made of a sheet of a precipita-
tion-hardening aluminum Al—4%Cu—0.2%Mg (D1)
alloy is established to have an autowave pattern.

(2) The velocity of the localized plastic deforma-
tion bands during uniaxial tension of the D1 samples
is a linearly dependent function of stresses both in ini-
tial state and after electrolytic hydrogenation for 100
and 120 h.

Layer-corrosion-induced defects on the surface of
the hydrogenated samples do not significantly affect
the propagation of localized deformation bands.

(3) Hydrogen enhances the localization of plastic
flow and changes the quantitative parameters of the
autowave process, namely, the velocity of the auto-
waves of deformation localization. A decrease in the
plasticity and the strength of the material with increas-
ing hydrogen content in a sample is responsible for the
growing velocity of localized plastic deformation
bands during tension of the D1 samples preliminarily
saturated with hydrogen.

ACKNOWLEDGMENTS

This work was supported in part by the Basic
Research Program, Russian Academy of Sciences
(project no. 111.23.1.2); by the Mendeleev Scientific Fund
at Tomsk State University; and by the Russian Founda-
tion for Basic Research (project no. 16-08-00385-a).

REFERENCES

1. Shibkov, A.A., Zolotov, A.E., and Zheltov, M.A.,
Nucleation mechanisms of macrolocalized deforma-

SPELL: 1. OK

tion bands, Bull. Russ. Acad. Sci.: Phys., 2012, vol. 76,
no. 1, pp. 85-95.

. Zuev, L.B., Danilov, V.I., and Barannikova, S.A.,

Fizika makrolokalizatsii plasticheskogo techeniya (Phys-
ics of Macrolocalization of Plastic Flow), Novosibirsk:
Nauka, 2008.

. Portevin, A. and Le Chatelier, F., Sur un phenomene

observe lors de I’essai de traction d’alliages en cours de
transformation, C. R. Seances Acad. Sci., Ser. A, 1923,
vol. 176, pp. 507—510.

. Barannikova, S.A., Nadezhkin, M.V., Lunev, A.G.,

Gorbatenko, V.V., and Zuev, L.B., Regularities in local-
ization of plastic flow upon electrolytic hydrogenation of
an iron bcc-alloy, Tech. Phys. Lett., 2014, vol. 40, no. 3,
pp. 211-214.

. Barannikova, S.A., Nadezhkin, M.V., Lunev, A.G.,

Gorbatenko, V.V., Shlyakhova, G.V., and Zuev, L.B.,
Effect of hydrogen on the localization of plastic defor-
mation under tensile of low-carbon steel, Metallofiz.
Nov. Tekhnol., 2014, vol. 36, no. 2, pp. 229—245.

. Zuev, L.B., Gorbatenko, V.V., and Pavlichev, K.V.,

Elaboration of speckle photography techniques for
plastic flow analyses, Meas. Sci. Technol., 2010, vol. 21,
no. 5, p. 054014.

. Gorbatenko, V.V. and Markova, I.I., RF Patent 2403536,

2009.

. Kolachev, B.A., Vodorodnaya khrupkost’ tsvetnykh

metallov (Hydrogen Fragility of Nonferrous Metals),
Moscow: Metallurgiya, 1966.

. Benallal, A., Berstad, T., Borvik, T., Hopperstad, O.S.,

Koutiri, I., and Nogueira de Codes, R., An experimen-
tal and numerical investigation of the behavior of AA5083
aluminum alloy in presence of the Portevin—Le Chatelier
effect, Int. J. Plast., 2008, vol. 24, pp. 1916—1945.

Translated by T. Gapontseva

INORGANIC MATERIALS: APPLIED RESEARCH Vol. 8§ No.4 2017





