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Two kinds of aluminum alloy, 1561 and 1565 alloys, were tested in parallel
within impact velocity range of 250–750 m/s in two schemes of shock loading:
(i) under uniaxial strain conditions and (ii) in high velocity penetration. Combination
of load regimes allows a formation of multiscale structure to be retraced. In both
schemes of dynamic loading, the transition into structure-unstable state and change
of scale level of dynamic deformation was found to occur under identical impact
velocities. Formation of mesoscale-1 (1–10 µm) for both alloys is found to be
identical – the mesoscale-1 structures are nucleated due to particle velocity
fluctuations resulting from interaction of shock front with the structural hetero-
geneities. The intensity of the velocity fluctuations is registered in real time in tests
under uniaxial strain condition by using the interferometric technique. For the
mesoscale-2 (50–150 µm), the formation of dynamic structures is studied by using
microstructural data of post-shocked specimens. In 1561 alloy, the structural elements
in the form of cell-structures of 50–150 µm are the result of collectivization of
mesoscale-1 structures whereas in 1565 alloy the mesoscale-2 structures are the
periodical fault-cellson the boundary of penetration cavern. The strength behavior
of both kinds of aluminum alloys in different schemes of loading turns out to be
opposite – where the resistance to penetration increases, the spall strength decreases.

Keywords: aluminum alloys, spallation, penetration, rotations, shear bands,
faults-structures.

Introduction

Development of the multiscale mechanics of deformed solid supposes incorporating
the intermediate scales between macroscale and microscale [1–3]. At least three scale
levels of deformation have been recognized for over several decades: dislocation scale,
mesoscale and macroscale. Shock wave experiments provide an additional information
concerning fundamental processes governing material response at extreme conditions.
Specifically, the dynamic deformation initiated by shock loading can be presented in form
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of two-scale configuration including two sublevels – the mesoscale-1 (1–10 µm) and
mesoscale-2 (50–500 µm) [4, 5]. The additional effects which raise serious concern are the
phenomena followed by transient non-equilibrium processes [6–8]. In the present paper, a
critical step in having an efficient picture of multiscale processes is the parallel tests in
two schemes of shock loading. The first scheme is the test under uniaxial strain conditions
[9, 10] and the second scheme is the high-velocity penetration of elongated rigid rod
[11–14]. Combination of two schemes of dynamic loading allows the following problems
of multiscale straining to be understood: (i) whether the scheme of loading affects the
meso-macro transition; (ii) how the initial structure of material affects the resistance to
spallation, on the one hand side, and resistance to penetration, on the another hand side,
(iii) how above features depend on the intensity of meso-macro momentum exchange
during the multiscale dynamic deformation.

1. Experimental technique

Equipment for tests under high-velocity penetration is identical that used for test under
uniaxial strain conditions [15].To provide perpendicularity relatively plane target, the rod
of 20 mm in length and 5 mm in diameter is mounted into poly-vinyl carbonate sabot
(Fig. 1a). The conditions for «rigid rod and target» are provided by using the high-strength
02Cr18Co9Mo5-VI maraging steel as a material for rod [16]. The tests on penetration
allow the evolution of structure to be retraced owing to post-shocked structural investigation
of the targets loaded under different impact velocities (Fig. 1b). In our approach, the strain
rate data for transition of materials into structure unstable state obtained under uniaxial
strain conditions (plane impact tests in [15]) are compared with those obtained in penetration
tests. In the first case, owing to fine focusing of laser beam up to 50–70 µm, the fringe
signal of interferometer corresponds to response of single mesoscale-2 structural element.
This means that used plane impact tests provide the studying of the incipient stage of dyna-
mic deformation and fracture.

Three dynamic characteristics can be registered in tests under uniaxial strain conditions.
One of the basic characteristic of dynamic deformation which provides the quantitative

                                           a)                                                                  b)

Fig. 1. Poly-vinyl-carbonate sabot and steel rod-impactor (a);
penetration cavern in 1561 aluminum alloy at the impact velociy of 577 m/s (b)
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data on the intensity of energy and momentum exchange between scales is the defect of
particle velocity. It's determined as a difference between velocity of impactor under
symmetrical collision and maximum free surface velocity at the plateau of compressive
pulse U = (Uimp – Ufs max). In [15], in order to determine the instability threshold in plane
impact tests, a set of identical targets for both alloys has been loaded within impact velocity
range of 250–750 m/s.

In Fig. 2, the dependencies of maximum free surface velocity, Ufs max, for 1561 and
1565 aluminum alloys are plotted as functions of impact velocity. The dash line corresponds
to the equality of impact velocity under symmetrical collision and maximum free surface
velocity (Uimp = Ufs max). For 1565 aluminum alloy, the critical changes of slope for the
maximum free surface velocity happen twice: at the impact velocity of 435 m/s (the free
surface velocity equals 371.5 m/s) and at the impact velocity of 625.3 m/s (free surface
velocity equals Uins = 588.7 m/s. As for 1561 aluminum alloy, dependence Ufs max =
= f (Uimp) does not contain the breaks. The maximum free surface velocity smoothly
increases with the increasing of impact velocity.

In the penetration tests, the only registered characteristic of loading is the impact
velocity of rod. Resistance to high velocity penetration is characterized, firstly, by the
value of penetration depth, L, and secondly, by the slope of curve L = f (Uimp): (i) the
smaller penetration depth L, the higher resistance to penetration and (ii) the smaller the
slope of curve L = f (Uimp), the higher the resistance to penetration.

2. 1565 Aluminum alloy: maximum free surface velocity,
velocity defect, spallation and penetration

In Fig. 3 the dependencies of Ufs max =  f (Uimp) and penetration depth L = f (Uimp) are
plotted.Within impact velocity range of 241.9–750 m/s, the penetration curve experiences
the breaks at the impact velocities of 440 m/s (position B) and 625.5 m/s (position C).
The relation between rate of change of structural instability threshold and rate of change
of penetration depth can be summering as following:

1) impact velocity region of 241.9–625.5 m/s: ,// maxmax dudUdudU BC
fs

AB
fs   dudL BA /

;/dudL CB 

Fig. 2. Dependencies of maximum free surface velocity
on impact velocity for 1561 (1) and 1565 (2) aluminum alloys
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2) impact velocity region of 440–750 m/s: ,// maxmax dudUdudU BC
fs

CD
fs   dudL DC /

./dudL CB 
The inequality dudLdudL CBBA //    means that resistance to penetration decreases

after impact velocity of 440 m/s. Within impact velocity region from 625.5 to 750 m/s,
after point C, an analogous inequality takes place: ,// dudLdudL CBDC    which means
that resistance to penetration after impact velocity of 625.5 m/s increases as well.

The beaks for both curves happen at the identical impact velocities (indicated with
vertical dotted lines). It may be concluded that the processes responsible for structural
instability of material under plane impact tests and high velocity penetration are mutual
related. In Fig. 4 the penetration depth curve L = f (Uimp) is plotted together with the
dependence for velocity defect U. Comparison of curves shows that correlation between
processes really exists.The critical change of slope for penetration dependence happens
just at the impact velocity where the break for dependence U = f (Uimp) occurs.

Dependence U = f (Uimp) determined in the tests under uniaxial strain conditions
experiences two breaks: at the impact velocities of 440 m/s and 625.5 m/s. The dependence
of penetration depth L = f (Uimp) also experiences two breaks: at the impact velocities of

Fig. 3. Maximum free surface velocity Ufs max, (1) and penetration depth, L,
(2) versus impact velocity for 1565 aluminum alloy
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Fig. 4.  Penetration depth, L (1), and velocity defect, U(2) versus impact velocity
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440 m/s and 608 m/s. Such behavior of curves evidences the common mechanism of
structure behavior in tests under uniaxial strain conditions and high velocity penetration.The
breaks at high region of impact velocities in both loading schemes also happen at close
impact velocities: 625.5 m/s in plane tests and 608 m/s in penetration tests. The relations
between rate of change of velocity defect and rate of change of penetration depth can be
summering as following:

1) impact velocity region of 241.9–625.5 m/s: ,// duUdduUd CBBA   dudLAB /
;/dudLBC

 2) impact velocity region of 440–750 m/s: ,// duUdduUd CBDC   dudLCD /
./dudLBC

Within upper region of impact velocities CD, the resistance to penetration increases.
The beaks for both curves happen at the identical impact velocities (indicated with vertical
dotted lines).

  Now let us consider a correlation between spall strength behavior and resistance
to penetration over the total impact velocity regions. Within impact velocity region of
241.9–625.5 m/s, the slope of  penetration depth curve changes: ,// dudLdudL CBBA  
which means that the resistance to penetration within impact region AB of curve (2) is
higher as compared to  that for piece BC. At the same time, the spall strength W within
the same impact velocity region shows the opposite trend. Within the piece AB the spall
strength decreases from 137.8 m/s to 117.3 m/s. After point B, within piece BC ,0/ dudWBC

which means that spall strength is approximately constant. The critical changes in both
curves happen at impact velocity of 440 m/s. Similar situation is seen after the second cri-
tical impact velocity of ~625.5 m/s – within piece CD the slope of penetration curve (2)
decreases: ,// dudLdudL CBDC    i.e. the resistance to penetration within region CD
increases whereas ,0/ dudWCD  which means that spall strength in this region of strain
rates decreases. Thus, within impact velocity range of ~ (241.9–744.8) m/s the strength
behavior of 1565 aluminum alloy in two schemes of shock loading turn out to be opposite –
when resistance to penetration increases, the spall strength decreases.

In Fig 5, together with the spall strength W, the dependencies for velocity defect u
and velocity variance, D on the impact velocity are provided. The breaks at curves happen
at the identical impact velocities.

Fig. 5. Spall strength (1), velocity defect, (2) and velocity variance (3) versus impact velocity
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The spall strength is seen to decrease when velocity defect increases (regions AB
and CD). At the same time both the spall strength and velocity defect are constant.

In [15], the non-monotonous behavior of spall strength has been analyzed from the
position of macro-meso momentum exchange. In equilibrium case, when the rate of change
of the velocity variance equals to rate of change of mean particle velocity dD/dt = dU/dt,
the velocity defect equals to velocity variance U = D. This condition corresponds to si-
tuation when the local strain rate equals to macroscopic strain rate. Just these conditions
are accomplished in the middle region of impact velocities BC in Fig. 5. In shock-wave
experiments, the local strain rate cannot be determined whereas the velocity defect and
velocity variance are determinable. This allows the optimum regimes of dynamic defor-
mation to be easily determined in experiments under uniaxial strain conditions in order to
recommend for optimum regimes of utilizing a concrete material in penetration.

To understand the multiscale mechanisms of strength behavior of alloy in different
regions of impact velocities it thought to be appropriately to compare the microstructural
data for different regions of impact velocity with the dependencies of penetration length
over the same regions. In our experiments, the post-shocked targets were cut along the
impact direction and after polishing and etching in concentrated mixture of sulphuric and
nitrogen asides were investigated with Axio-Observier Z-1m microscope.The initial
structure of 1565 aluminum alloy contains the elongated grains, i.e. texture (Fig. 6a).  The
main feature of post-shocked specimens is a presence numerous microshears of 3–10 µm
oriented along the shock direction. The shock-induced microshears have previously been
studied in [17–19].

In shock-wave experiments, the local strain rate cannot be determined whereas the
velocity defect and velocity variance are determinable. This allows the optimum regimes
of dynamic deformation to be easily determined in experiments under uniaxial strain
conditions in order to recommend for optimum regimes of utilizing a concrete material in
penetration. In our experiments, the post-shocked targets were cut along the impact direction
and after polishing and etching in concentrated mixture of sulphuric and nitrogen asides
were investigated with Axio-Observier Z-1m microscope. The initial structure of 1565
aluminum alloy contains the elongated grains, i.e. texture (Fig. 6a). To understand the
multiscale mechanisms of strength behavior of alloy in different regions of impact velocities
it thought to be appropriately to compare the microstructural data for different regions of
impact velocity with the dependencies of penetration length over the same regions.

Fig. 6. Initial structural states of 1565 aluminum alloy (a),
microshears and fault structures in post shocked specimen (b)

a)                                               b)
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The main feature of post-shocked specimens is a presence numerous microshears of
3–10 µm oriented along the shock direction. Investigations of multiscale mechanisms of
dynamic deformation in [20, 21] show that the behavior of mesostructure under dynamic
loading can be characterized by presence of short-living pulsations of particle velocity of
t  150–200 ns duration. The velocity interferometer registers the particle velocity
distribution in form of velocity variance D. In the case of 1565 aluminum alloy, maximum
value of velocity variance at the mesoscale-1 equals D = 4.5103 cm/s, from where the
mean displacement equals: L = D t = 4.5103210–7 = 910–4 cm. The displacements
belong to mesoscale-1 (1–10 µm). Another structural element proper to high velocity
penetration of 1565 aluminum alloy is the so-called fault-structures at the bank of cavern.
In Fig. 6b, a complex morphology of fault-structure is presented – inside each fault-cell a
family of shear bands is seen.

In Fig. 7, the states of structure for different regions of impact velocity indicated in
Fig. 5 are provided. Within the regions AB and CD, the specific feature of post shocked
specimens is the presence of regular fault structures near the bank of cavern and uniform
deformation picture inside the region BC. Width of the region occupied by fault-structures
depends on impact velocity: within region AB the width of fault structure zone equals 7–
12 µm whereas at the region CD the width of the zone increases up to 47–50 µm.
Comparison with the deformation regions for high velocity penetration curve (see Fig. 4)
shows that resistance to penetration within regions AB and CD increases.  Within region
BC where the regular fault-cells are absent the post-shocked structure is uniform whist the
resistance to penetration decreases.  From the point of view of resistance to penetration,
the 1565 aluminum alloy turns out to be more preferable at upper region of impact velocities
where as the spall strength of 1565 alloy at the upper region of impact velocities decreases
(see Fig. 5).

3. 1561 Aluminum alloy: spall strength and high-velocity penetration

In Fig. 8, the dependencies of maximum free surface velocity, Ufs max, and penetration
depth, L, on the impact velocity for 1561 aluminum alloy are plotted together. In this
material the penetration depth gradually increases with the increasing of impact velocity.

Such behavior of the 1561 alloy becomes clear on the basis of microstructural investi-
gations of post-shocked specimens. Initial state of grain structure for 1561 aluminum
alloy is presented in Fig. 9a. The inner structure is seen to consists of equal-axis grains
with the seldom inclusions of intermetallides. In Fig. 9b the morphology of lateral region

                   a)  Region AB                     b) Region BC                              c) Region CD

Fig. 7. Three regions of lateral structure in 1565 aluminum alloy target after penetration
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of cavern in 1561 alloy target loaded at the impact velocity of 328 m/s is shown. The
numerous microshears oriented along the direction of impact are clearly seen. Nucleation
of microshears evidences a transition to new kinematical mechanism of dynamic
deformation – instead of uniform deformation, the deformation in form of shear banding
at the mesoscale-1 is initiated. In vicinity of side wall of cavern, the distance between micro-
shears decreases. The thickness of shear region increases with the increase of impact velo-
city from 40 µm at the impact velocities of 284 m/s to 100 µm at the velocity of 667 m/s.

With the increasing of impact velocity, the micro-shears unite into large-scale
formations in the form of elongated plaits of 50–150 µm and cells in form of ellipsoids. In
Fig. 10, such a type of formations are presented for different magnification. With the in-
creasing of impact velocity, the region occupied by large-scale formations increases from
328.65 µm to 580 µm whilst the resistance to penetration is gradually decreases.

Fig. 9. Initial structural states of 1561 aluminum alloy (a), longitudinal microshears (b)
at the impact velocity of 328 m/s

a)                                                      b)
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Fig. 8. Dependencies of maximum free surface velocity, Ufs max (1),
and penetration depth (2) on the impact velocity for 1561 aluminum alloy
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Conclusions

As a results, it can be concluded.
Shock tests of 1565 and 1561 aluminum alloys in two schemes of loading reveal a

correlation in threshold mechanisms of structural instability.
Formation of fault-structures in 1565 aluminum alloy increases the resistance to high

velocity penetration.
Uniting of shear bands into elongated plaits and ellipsoids decreases the resistance to

penetration.
The strength behavior of alloys in two schemes of loading proves to be opposite – when

resistance to penetration increases, the spall strength decreases.
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Проведены ударные испытания двух типов алюминиевых сплавов 1561 и 1565 в ди-
апазоне скоростей 250–750 м/с по двум схемам нагружения: (1) испытания в условиях
одноосной деформации (плоского соударения) и (2) в условиях высокоскоростного
проникания удлиненных ударников. Сочетание режимов нагружения и типов материала
позволило детально проследить за процессом формирования многомасштабной структуры,
инициированной ударным нагружением. В обеих схемах ударного нагружения переход
материала в структурно-неустойчивое состояние и изменение масштабного уровня дина-
мического деформирования происходило при одинаковой скорости деформации. При этом
формирование мезоуровня-1 для обоих сплавов оказалось идентичным – структуры мезо-
уровня-1 (размером 1–10 мкм) в виде полос локализованного сдвига зарождаются за счет
флюктуаций массовой скорости, инициируемых при взаимодействии ударной волны со
структурными неоднородностями. Процессы формирования динамических структур на
мезоуровне-2 (50–150 мкм) изучались посредством микроструктурных исследований образ-
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цов. В алюминии 1561 элементы мезо-2 структуры представляют собой ячейки, которые
формируются за счет коллективизации элементов мезо-1 структур по всему объему динами-
чески деформируемого материала, в то время как в сплаве 1565 элементы структур мезо-2 –
это периодические сбросовые ячейки по краям каверны, образованной при проникании
удлиненного ударника. Прочностное поведение материалов оказалось зависящим от схемы
нагружения. В одном и том же диапазоне скоростей ударного нагружения в случае одноосной
деформации откольная прочность падает, в то время как сопротивление высокоскоростному
прониканию возрастает. И наоборот, в диапазоне скоростей ударника, где откольная прочность
возрастает, сопротивление высокоскоростному прониканию падает.

Ключевые слова: алюминиевые сплавы, откольное разрушение, высокоскоростное про-
никание, полосы локализованного сдвига, сбросовые структуры.


