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Dynamics of deformation bands initiated by impact of an indenter on the
surface of aluminum—magnesium alloy
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The dynamics of macrolocalized deformation bands generated by the impact of a Vickers indenter on the
surface of an AIMg6 aluminum—magnesium alloy deformed under creep conditions was studied by high—speed
video recording and acoustic emission methods. It has been established that these bands are the trigger for the
development of a macroscopic jump in plastic deformation on the creep curve. It is shown that in alloys exhibiting
the Portevin—Le Chatelier effect it is necessary to take into account the initiation and propagation of deformation
macrobands during surface erosion damage and to estimate the volume and morphology of the plastic zone during

impact microindentation of a deformable alloy.
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Aluminum—magnesium alloys with the magnesium con-
tent of 3—6% are widely used in aerospace industry, ship
building, automobile industry and chemical engineering. In
the technologically important ranges of deformation rates
and test temperatures, these alloys exhibit an intermittent
deformation manifesting itself in repetitive stress jumps oc-
curring during deformation with the preset rate &y = const
at a stiffness testing machine (the Portevin—Le Chatelier
effect), during loading with the preset rate &y = const
(the Savar—Masson effect), and under the creep conditions
0p = const (staircase creep) [1]. In all the mentioned cases,
deformation jumps result from spontaneous generation and
propagation of macrolocalized deformation bands negatively
affecting mechanical and corrosion properties of the alloys,
for instance, reducing their plasticity and corrosion resis-
tance, and, possibly, causing sudden damages. Investigation
of the effect of external impacts on intermittent deformation
and band formation in commercial aluminum alloys were
started in works [2,3] devoted to the influence of pulsed
laser radiation [2] and chemically aggressive medium [3].
The goal of this work was to study the influence of
the indenter impact against the surface of the deformable
aluminum—magnesium alloy on the deformation bands
dynamics and morphology and subsequent development of
the macroscopic jump in plastic deformation.

As the test sample, alloy AIMg6 (Al-6.15mass% Mg—
0.65 mass% Mn—0.25 mass% Si—0.21 mass% Fe) was used.
Samples were cut from a cold—rolled sheet in the form of
bilateral blades with the effective area of 6 x 3 x 0.5 mm,
annealed for an hour at the temperature of 450°C, and
quenched in air.  The scheme of tension under the
intermittent creep conditions is described in detail in [4].
Tension at a soft testing machine was performed first in
the mode of loading with the rate of 6y = 1 MPa/s up
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to the stress of o9 = 260MPa, and then in the creep
mode. The band dynamics was studied by acoustic emission
(AE) and rapid video recording with the speed of up
to 20000 fps (frames per second) using high—speed digital
camera VS-FASTG6 (Videoscan) mounted on the side of
the flat sample surface opposite to the indenter. An acoustic
channel comprising acoustic emission sensor Zetlab BC 601
and preamplifier AEP5 (Vallen-Systeme) detected the AE
signals in the frequency band from ~ 30 to ~ 600kHz.
The sample surface was subject to impacts from the
Vickers indenter suspended on a light bronze tape (see
the Fig. 1 inset); the indenter was triggered by exploding
a compact charge of explosive substance (ES) with a
pulse of infrared laser (YLP-1-100-50-50-HC-RG). The force
response was detected by tensometer (Zemic H3-C3-100
kg-3B), deformation was measured with a laser triangulation
sensor (Riftec) having sensitivity of 1.5 um in the frequency
band of up to 2kHz.

Fig. 1 presents synchronous records of signals from the
deformation (/) and acoustic—emission (2) sensors and
tensometer (3), which were induced by the Vickers indenter
impact against the center of the sample effective area during
its tension under the creep conditions at oy = 260 MPa.
The indenter made the impact in 7jmp = 60s after reaching
the creep mode. In the absence of external effects at
the given applied stress, the creep curve jump takes place
spontaneously in 7 ~ 100s. As the figure shows, the
indenter impact initiates a ,,precocious” development of the
deformation jump with amplitude Ae ~ 4% (curve I in
Fig. 1), which is accompanied by characteristic repetitive
bursts of AE signals (curve 2) and stress drops in the
force response (curve 3). Amplitude of the first AE
burst occurring simultaneously with the indenter impact
exceeds considerably amplitudes of subsequent AE signals
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Figure 1. Synchronous records of the deformation (), acous-
tic (2) and force (3) responses to the Vickers indenter impact
against the surface of the alloy AIMg6 flat sample initiated by
exploding the ES charge installed in the indenter tail part. The
arrow indicates the moment of impact. The inset presents the
experimental setup.

and is to a high extent caused by strictly the indenter
impact against the sample surface. Further AE bursts and
stress drops are associated with generation and expansion
of the deformation bands initiating the deformation jump
development. Correlation of these time series with the
deformation band dynamics is described in detail in [4,5].
Data from 20000 fps video recording shows that in the
center of effective area on the surface opposite to the
indenter first there appears a mark (indicated with the
arrow in Fig. 2) in the form of a cross or straight section
0.1-0.3 mm long from which two conjugated deformation
bands are then (during 1-2 frames or 50—100 us) ,shot
through the sample cross—section at the angles of +30° to
the sample normal cross—section. The AE signal shape
shows that the first signal maximum corresponds to the
moment when the mark appears, while the AE signal
onset corresponds to the previous frame where the mark
is still absent (Fig. 2). As per [5], the AE signal amplitude
matches with the moment when the embryo band reaches
the opposite surface of the flat sample. Data from the
high—speed video recording and AE signal measurements
show that the mark appears when the surface opposite
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to the indenter is reached by the tip of deformation
band generated by the indenter impact, while the impact
onset is fixed by the AE signal start, which gives the
upper estimate of the band propagation time At = 50us
and lower estimate of its tip velocity vt =~ w/At ~ 10 m/s,
where w = 0.5mm is the sample thickness. Notice that in
the case of intermittent deformation the bands propagate
in the plane of maximal tangent stresses directed at the
angle B ~ 56—63° to the tension axis [5,6] (in an isotropic
plastically deformable material, this angle corresponds to
condition tg 8 = /2 which gives 8 = 54°44’ [7]). The main
(shear) crack always develops along one of the conjugated
deformation bands generated by the indenter impact (see
the Fig. 2 inset).

Based on the obtained results, it is possible to assume
the following pattern of band formation under the indenter
impact against the surface of the sample being deformed
by uniaxial tension. The indenter tip as a stress con-
centrator generates two conjugated bands in the planes
arranged at the angles of about +30° to the samples
normal cross—section (Fig. 3). Prior to reaching the
surface opposite to the indenter, band boundaries within
the material bulk have an almost parabolic shape. Once
the tip of one of the bands reaches the opposite surface
monitored by the video camera, first a mark in the form of
a straight section appears, and the crosswise mark appears
after the conjugated band tip reaches the surface (Fig. 3).
According to this band formation scheme, the mark proves
to be precisely opposite the indenter tip, which agrees
with the observations. Because of competence between the
conjugated bands, one of them will dominate and become
a trigger for development of the macroscopic deformation
jump on the creep curve due to generation of secondary
bands according to the cascade mechanism described in [4].

Let us evaluate the order of magnitude of the main
characteristics of the local impact loading. The lateral
video recording showed that the indenter initial velocity
is vo ~ 1l m/s, which allows estimating its kinetic energy
W=m v(z) /2 =~ 2ml], where m= 4g is the indenter weight,
and also estimating mean force P during indentation as
P = ma = mvy/79 ~ 80N, where 79 ~ 50 us is the indenta-
tion time estimated based on the video record data and AE
signal analysis. To estimate maximal force Pp, in the contact,
assume that in the case of a sharp indenter P(h) = kh? [8,9];
hence,

ho
Pty [ Pbydh = kig/3 = P,
0

where Py = kh%, ho is the contact approach, k is a
constant. Thus, Ppn =3P ~240N. The Vickers es-
timate of dynamic microhardness HVy = 1.854P/d? ~
~ 2.37GPa (where d = 4.95v/2hy ~ 250 um is the typi-
cal diagonal of an impress made by the Vickers inden-
ter impact) is almost 3 times higher than the AIMg6
alloy static microhardness HVs ~ 800 MPa.  The rate
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Figure 2. AE signal synchronized with the video record of the mark appearance on the surface opposite to the indenter and of the
development of deformation bands initiated by the indenter impact. Time interval At = 19 = 50 us is marked from the impact onset
moment (t = 0) to the moment of the mark appearance (indicated with the arrow) matching with the moment when the deformation
band tip reaches the surface. The inset demonstrates the results of processing the video records from t = 0 to the moment of the sample
damage along the deformation band at t = 0.8s.
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Figure 3. Schematic diagram of the embryo bands generation illustrating appearance of the mark on the sample surface opposite to
the indenter. The inset presents typical images of the primary crosswise mark taken at the interval of 50 us. Angle 8 = 60° is the angle
between the plane of maximal tangent stresses and tension axis.
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of local deformation caused by the indenter impact is
& =h~ldh/dt ~ vo/hy ~ 3 -10*s~!, while the local load-
ing rate is 6 ~ HVy/1 ~ 5 - 10 GPa/s. At the initial stages
of dynamic indentation, those quantities may be significantly
higher. For this range of deformation and loading rates,
paper [10] has proposed an incubation time model based on
the concept of ,dislocation starvation under the condition
of high—rate uniaxial deformation (see also [11]) and
erosion damage [12]; this concept may be applied also
in the case under consideration, namely, in the case of
high—rate local deformation with dynamic characteristics
considerably higher that static ones. Notice that the energy
of the indenter impact is comparable with the energy of
an abrasive particle about 0.3 mm in size and ~ 3 g/cm? in
density which flies with the speed of 250 m/s (900 km/h)
typical of, e.g., volcanic ash [13] in the case of its contact
interaction with the aircraft skin.

Thus, dynamic microindentation of the surface of
deformed aluminum—magnesium alloy exhibiting the
Portevin—Le Chatelier effect is accompanied, along with the
plastic impress, by formation of latent damages in the form
of macro—localized deformation bands whose subsequent
evolution can result in development of the main crack.
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