STRENGTH AND FATLURE OF ALUMINUM ALLOY AMgé6 WITH SHOCK-WAVE LOADING
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Aluminum alloy AMgé is one of the most extensively used structural materials in modern
technology. This is due to its high physicomechanical and production properties, and as for
other aluminum alloys, low density and high corrosion resistance. The problem of optimum
design of modern structures necessitates more detailed data for the mechanical properties of
structural materials, in particular alloy AMgé, over a wide range of loading conditions
characterized mainly by test temperature and deformation rate. A comprehensive study of the
mechanical properties of alloy AMgé under static test conditions over wide ranges of deforma-
tion rate of 107®-0.3 sec™ and temperatures of 80-850°K was carried out in [1]. Data for
alloy mechanical properties in the deformation rate range 5-107%-20 sec™ and temperatures of
0-500°C were given in [2]. For uniaxial tensile conditions at normal temperature a series of
results has also been obtained with higher deformation rates up to 4°-10* sec™ [3-6]. Separ-
ately it is necessary to isolate shock-wave test conditions characterized by high intensity
and short-term material loading with unidimensional deformation. Here it is possible to note
a number of works for the effect of typical loading time and test temperature on the spalling
resistance of alloy AMgé [7-11]. Particular aspects of spalling failure for the alloy have
also been considered in [12, 13].

In the present work a task is set for obtaining new experimental data for the effect of
test temperature on the strength and failure of aluminum alloy AMgé with shock-wave loading.
The possibility is considered of determining residual mechanical properties for material
damaged by spalling in microspecimens prepared from macrospecimens subjected to shock-wave
loading. An attempt is made at first to systematize data for the spalling resistance of
aluminum alloy AMgé taking account of the effect of typical loading time, test temperature,
and material technology.

Specimens 10 mm thick and 80 mm in diameter for shock-wave testing were cut from sheet
and annealed at 320°C for 1 h. Arrangement of the tests was the same as in [10]. Shock-wave
loading of specimens was accomplished with impact of a plate of aluminum alloy AMts 4 mm
thick accelerated to the required velocity w by glancing detonation of an explosive charge.
Specimen heating to 500°C was carried out with an electrical heater. Estimation of pressure
in the loading pulses was done as in [10] by the equation p = p(c, + Aw/2w/2, where p = 2.7
g/cem’, ¢y = 5.25 km/sec, A = 1.39. Typical loading time, estimated as the time for circula-
tion of a plastic wave in the aluminum striker, is 1.5 usec. The degree and nature of spal-
ling failure for loaded specimens was determined directly by metallographic analysis of
longitudinal sections. The results obtained for the effect of temperature on spalling failure
for alloy AMg6 are given in Fig. 1. Here (a) also gives some additional results from [10] in
which specimens prepared from bar in the as-supplied condition were tested. The degree of
spalling damage for specimens is nominally divided into a series of grades: 1) retention of
material integrity, i.e., absence of spalling microdamage in a cross section with observation
at a magnification of x1000; 2) weak material microdamage, i.e., presence in the spalling
zone of individual isolated microdamage observed under a microscope; 3) intense material
microfailure, i.e., presence in the spalling zone of a considerable number of isolated and
merging areas of microdamage observed under the microscope; 4) weak macrofailure of a speci-
men, i.e., existence in the spalling zone of small a microcracks observed visually in an
etched section; 5) partial spalling failure, i.e., presence in the cross section of individual
areas of main crack formation; 6) total spalling failure, i.e., existence of a main spalling
crack passing through the whole specimen cross section. Solid and broken lines are critical
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loading conditions corresponding to microscopic and macroscopic spalling failure of bar (a)
and sheet (b) alloy AMg6.

At our suggestion the authors of [11] carried out a test for one of the specimens using
the loading and recording methods described there. Specimen shock-wave lcading was accom-
plished by impact of an aluminum foil 0.4 mm thick accelerated by means of an explosive
loading device to a velocity of 675%15 m/sec. Recording of the dependence of specimen free
surface velocity on time is similar of the dependence given in [11] for the same test arrange-
ment. Metallographic analysis of the preserved central section of a specimen with a diameter
of about 40 mm showed the following. In an etched microsection macroscopic spalling was not
observed visually in the specimen. With study of the microsection under a microscope in the
central zone where the variable-capacitance transducer was located spalling microdamage was
noted, which may be classified as intense. Several merging microcracks, forming as it were a
main microcrack, are located at a distance of 0.75 mm from the free surface. Separated
individual microcracks are visible at distances of 0.4, 0.5, and 1.0 mm from the free surface.

Microspecimens were prepared for determining material residual mechanical properties
from a reference specimen and from several shock-loaded specimens. Microspecimens were cut
from the central zones of macrospecimens coaxially with the shock-wave loading direction.
They had a diameter of 1 mm and a gage length of 5 mm. The tensile diagrams obtained for
microspecimens cut from macrospecimens shock-loaded at normal temperature are given in Fig.
2. Marked with an asterisk is the average tensile diagram for six tests on a reference
specimen, and almost coinciding with it is the average diagram for seven tests on a specimen
shock-loaded at a rate of 80 m/sec, and also diagrams for microspecimens cut from a macro-
specimen shock-loaded at a rate of 105 m/sec.

Average values for the rest of the mechanical properties of macrospecimens in the lon-
gitudinal direction with respect to the loading direction are given in Table 1. The mean
square deviation is indicated here as a scatter characteristic,

The original structure of the test alloy is characterized by a considerable number of
inclusions whose location coincides predominantly with the plane of the sheet. The average
microhardness determined on the basis of fifteen measurements is (615323) MPa. The nature of
the following stages of alloy spalling failure at normal temperature is given in Fig. 3.
Small ductile microcracks and pores form as a rule at inclusions (a). Then there is merging
of damage located in a single plane (b) and in parallel planes with formation of larger
ductile cracks. The nature of spalling failure for a specimen shock-loaded by a foil accord-
ing to the procedure in [11] is similar to the nature of microfailure given in (b). The
nature of subsequent stages of spalling failure for the alloy at 500°C is indicated in Fig.
4. In this case there is a reduction in the overall concentration of spalling microdamage
(a), it is more ductile in nature (b), and interaction and merging is connected with con-
siderable local shear strain for the material.

An initial attempt at determining the temperature dependence of spalling resistance for
the alloy was made in [9]. However, here the degree of spalling failure was only determined
visually from swelling either with separation of the rear surface from the specimen or with
observation of a polished cross section. In view of this the results obtained only charac-
terize the condition for development of macrcscopic spalling failure of the alloy. Subse-
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quently [10], more detailed metallographic analysis was carried out for test specimens, and a
number of additional tests were also completed with the aim of determining conditions cor-
responding to the initial stage of spalling failure for the alloy at normal test temperature.
In this work conditions were also clarified for spalling failure initiation at 500°C in bar
specimens tested previously. However, the main work was preparation of new experimental
results for the effect of temperature on the spalling failure of alloy AMgé specimens prepared
from sheet and subjected to. annealing. For these specimens with two test temperatures, i.e.,
normal and 500°C, the range of shock-wave loading from spalling microdamage initiation to
complete macroscopic spalling failure was determined quite accurately.

Joint consideration of all of the experimental results for the effect of temperature on
spalling failure for alloy AMgé given in Fig. 1 makes it possible to draw the following
suggested conclusions. Alloy specimens tested in the two cases considered in Fig. 1 differ
in two main technological factors. First, a preferred direction of fiber structure. For bar
specimens it is coaxial with the loading direction, and for sheet specimens it is perpen-
dicular. Second, the initial specimen material condition. As test hardness measurements
have shown bar material is initially in the cold-worked condition, and sheet is annealed.
Additional annealing of the prepared specimens served here in a certain sense as an insurance
measure for clear conclusiveness of the data obtained for spalling resistance. Thus, the
considerable excess of bar specimen resistance compared with sheet is due to the effect of
both of these factors. To what extent for each of these. Evidently it is possible to suggest
the following.

The original condition of the alloy affects to a considerable degree the conditions for
initiation of spalling microdamage at normal temperature, i.e., whether it is in the cold-
worked, previously deformed condition, or it was annealed in order to remove internal stresses
and distribute intermetallic inclusions more uniformly. To some degree this is confirmed by
the fact that with heating to 500°C when bar material would undergo rapid annealing, critical
conditions for spalling microdamage initiation become the same for both materials. In this
connection it is also possible to mention results in [14] in which a study was made of alumi-
num alloy 6061 in the thermally hardened condition. It was shown that the direction of the
fibrous structure caused by directional rolling of blanks does not affect the critical stress
corresponding to spalling microdamage initiation. At the same time, prior annealing led to a
marked reduction by more than 30% of the spalling resistance for the alloy determined in this
way. It was also noted in [15] for alloy 6061 that in specimens prepared from bar and sheet,
initiation of spalling damage occurs under the same loading conditions. However, it is not
possible to ignore the existence of a contrasting example from [16] where a study was made of
aluminum alloy 2024. Here with the same loading conditions for specimens cut from bar coax-
ially and perpendicular to the rolling direction, in the first no spalling microdamage is
determined, whereas in the second there is intense microfailure.

Concerning conditions of complete macroscopic spalling failure for the alloy at normal
temperature, then here apart from the original condition the primary direction of the fibrous
structure has an important effect, i.e., ths drawn out nature of grains and chains of in-
clusions in the rolling direction. 1In the initial stage of spalling failure processes of
initiation, development, and merging of spalling damage in the form of ductile microcracks
occurs predominantly in the direction of the fibrous structure. Therefore, the process of
spalling failure for bar specimens is considerably more energy consuming since it includes,
as it were, an initial stage of merging by breaking of bridges for damage zones drawn out in
the longitudinal direction. This also explains the considerably higher critical loading
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TABLE 1

Test conditions Gg,90 MPa o MPa 8, %

Control sample 158106 | 207445 9,841 ,1
T ~0, w=80m/sec | 159+8,4 219+3,7 9,7+0,9
T ~0, w=105m/sec| 112+41 137469 4,7+3.4
T =500°C, w=="77 M/sec| 145+6,3 21242 4 11,94+0,6
T =500°C, w == 103m/sec | {01+55 105458 4,6+2,7

level for bar material corresponding to complete macroscepic spalling failure at normal
temperature. An increase in temperature to 500°C leads to the fact that failure becomes more
ductile and less dependent upon the direction of the fibrous structure. Therefore, critical
spalling macrofailure and microfailure conditions for beth types of material become similar,
and in fact identical.

Separate and no less important is the question of the effect of loading time on the
spalling resistance of alloy AMgé, as for other structural materials. Such data were obtained
in [7, 8] for bar and sheet materials by changing the scale of the striker—specimen system
during loading. Careful consideration of these results, and also the fact known from the
literature cited that bar alloy AMg6 is normally supplied in the cold-worked condition and
sheet in the annealed condition, makes it possible to compare the results of these works with
those obtained by us. For this purpose we briefly mention the methodology for revealing the
degree of spalling damage for specimens in {7, 8]. Recording of spalling damage was carried
out in these works visually at low optical magnification. This method makes it possible with
a sufficiently well polished microsection to reveal as the initial stage of spalling damage
the stage of intense microscopic failure. Two critical loading conditions were considered
leading to development of local damage in the form of pores or isolated cracks and joining of
local damage into a spalling crack. In the light of our data obtained with the use of detail-
ed metallographic analysis of test specimen microsections, the values given in [8] relating to
the critical loading levels mentioned may be treated thus. At the lower limit, corresponding
to the development of local damage, the degree of spalling damage for the material is weak
and net revealed visually with a small increase in microfailure. At the upper limit, cor-
responding to merging of local damage into a spalling crack, the degree of spalling damage
may be treated as partial spalling failure for the specimen material. From the known impact
velocity we make the same estimates adopted by us for pressure in the loading pulses and
typical loading time. Comparison of the results obtained for the effect of typical loading
time on spalling failure of bar (a) and sheet (b) specimens of alloy AMgé is given in Fig. 5
(labeling the same as in Fig. 1), and the conditions for weak microfailiure are indicated by
a broken-dotted line. The good conformity obtained previously [7, 8, 10] and in this work
for results of alloy failure at normal temperature, and the joint consideration of them, has
made it possible to clarify the time dependence for critical loading level corresponding to
initiation of spalling microdamage.

There is quite good agreement of the data in question and results obtained with specimen
loading by the procedure in [11]. Here specimen loading emerging at the free surface with a
pressure pulse of 2.05 GPa and loading determined typically at the half-height of time 0.25
psec led to intense microfailure to a depth of 0.75 mm. The result cbtained for the degree
of spalling damage completely agrees with those given in Fig. 5 for amnealed sheet material.
As far as the results obtained by the method in [11] for recording stress relaxation and the
conclusion based on them about the spalling resistance of alloy AMg6 with short loading times
are concerned, then here it is possible that a specific role is played by individual areas of
microdamage to a depth of 0.4 and 0.5 mm, located by the way in the direction of the main
microcrack, which could distort the picture for recording the actual failure process occurring
with higher tensile loads. The final answer to this question could be given by a similar
test with a pressure pulse less than 1.65 GPa emerging at the free surface, i.e., with loading
parameters not leading to a spalling failure process revealed microscopically. Data in [12,
13] are in agreement with the results obtained.

The question also remains of the quantitative extent of spalling damage for the material.
In the nominal qualitative grading of the degree of spalling failure adopted by us for speci-
mens, only the first and final stages are absolutely determined, i.e., when in the specimen
cross section spalling microdamage is generally not observed, and when a macroscopic spalling
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crack passes through the whole of its cross section. A quantitative method for determining
material spalling microdamage is for example the method of detailed computation of the amount
and size of spalling damage formed and determination finally of its total specific volume,
and also a method for determining the residual static strength of specimens cut from shock-
loaded spalling-damaged targets. The first of the methods was used in [17] in revealing the
degree of spalling damage for aluminum, and the second in [18] for determining the residual
strength of spalling-damaged specimens of aluminum alloy type V95. 1In the latter work quite
large specimens were tested, which made it possible to obtain adequately averaged residual
strength values. 1In this work determination of residual properties of some shock-loaded
specimen targets was carried out in microspecimens.

With regard to the specific results obtained in this work, it is possible to note the
following. After loading at normal temperature residual mechanical properties for the first
of the specimens in which no spalling microdamage was detected remained at the level of the
properties of the reference specimen with a very weak tendency towards strengthening and a
more clearly defined tendency towards levelling caused by a reduction in the scatter of all
of the mechanical properties. For the second of the specimens for which the degree of spall-
ing damage was estimated qualitatively as work microfailure, the values of average strength
and elongation realized were 63 and 48% of the original values. After loading at 500°C the
residual properties of the first of the specimens for which spalling microdamage was not
detected a small reduction in strength and increase in ductility is typical, which is mainly
due to the effect of annealing. To an even greater degree a tendency is observed towards the
levelling of mechanical properties. By assuming that the properties of this specimen are the
originals, we estimate the reduction in mechanical properties of the second of the specimens
whose degree of spalling damage was estimated qualitatively as intense microfailure. Values
of average and relative elongation realized in this case were 49 and 38% of the original
values. Thus, a quite good correlation exists between qualitative and quantitative estimates
of the degree of spalling damage.

With regard to the possibility of comparing values of alloy ultimate strength with
uniaxial dynamic tension and spalling resistance characterizing the conditions for spalling
damage initiation, it is possible to note the following. The mechanical properties of alloy
AMg6, in particular ultimate strength, according to data in [1-5] depend quite weakly on
deformation rate up to a value of 10% sec’!. By neutralizing certain contradictions of other
works it is even possible to assume conditionally that it is not sensitive to deformation
rate in the range in question. Starting from a deformation rate of 10* sec™ or more, the
tendency towards an increase in its strength is overlooked [6], and therefore in the inter-
mediate range of typical loading times 1073-10"® sec data for dynamic strength under uniaxial
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tensile conditions and for spalling resistance may be joined conditionally by a smooth inter-
polation dependence of strength on loading time.

Thus, combined analysis of existing experimental data for spalling damage of aluminum
alloy AMgé with shock-wave loading has shown that they agree quite satisfactorily with each
other if in considering temperature and time dependences for spalling resistance notice is
taken of questions of preparation technology and prior material treatment. To an equal
extent this undoubtedly also relates to all other structural materials.
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