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Mechanical characteristics of marine-grade aluminum alloys at high
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The results of experimental studies to determine the dynamic characteristics of aluminum alloys 1561 and

1575-1 at strain rates of ~ 10* and ~ 10*s™" are presented. Tests at a strain rate of 10>s~

! were carried out on

an installation implementing the Hopkinson split rod technique. Tests at a strain rate of 10*s™! were carried out
on an installation using the method of flat impactor impact with a target (sample) by recording the velocity of the
free surface of the sample with an interferometer VISAR. The structure of flat samples after testing is considered.
It is established that the relief of the destroyed surface at high impact velocities (> 300 m/s) is formed due to the
chaotic fusion of pores and fractures of stratification of various shapes.
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Introduction

Modern frame structures made of new and innovative
materials often act in conditions of high-speed (explosive,
impact) effect. For this reason, designers and engineers
involved in developing and operating such products usually
face two problems. Either providing operation of the
structure, or arranging a controlled process of fracture. Both
the cases require knowledge of characteristics of materials
at high strain rates that are inherent in explosive and impact
effects. At this, it is desirable to cover the widest possible
range of the strain rates, for example, from 10° to 10° s~
The lower limit (10s~!) is typical for low-velocity impacts
(below 100m/s), while the upper limit (103s™!) is typical
for high-velocity impacts (~ 1000 m/s) and explosive loads.

Presently, there are several methods of determining the
dynamic characteristics, wherein the most common of them
are the Kolsky method using the Hopkinson split rod
technique (HSR) and the method of high-rate loading of flat
targets (tested samples) in conditions of uniaxial strain [1,2].

In the first method one can obtain the mechanical char-
acteristics of a material both in tension and compression.
The second method can provide them only in tension,
wherein only one mechanical characteristic can be defined,
i.e. critical fracture stress: either spallation resistance (when
the sample has very few microcracks), or spallation strength
(when the sample has a trunk crack or a spallation plate) [3].

The second method is related to spallation fracture of
the material in loading and unloading waves, which are

a result of reflection of the compression waves from free
surfaces [2,4].

By now a large number of structural metals and alloys,
including various grades of aluminum and aluminum alloys
is included in a quite big database (that is created by
results of experiments within the framework of the said
method [1-6]) for their dynamic characteristics.

However, there is no investigation of dynamic properties
of some corrosion-resistant welded aluminum alloys that
are applied in structures of high-speed vessels, dynamically-
supported vessels and in some other structures [7]. These
alloys include a medium-strength alloy 1561 of the Al-Mg
system and a high-strength alloy 1575-1 of the Al-Mg—Sc
system. The latter contains 0.12%—0.2% of Sc [7], which,
as known [8], ensures a substantial increase of the main
strength characteristics, yield strength and ultimate strength
as compared to the alloy 1561.

Therefore, based on the above said, the present study is
dedicated to investigating high-rate strain and fracture of the
said alloys and determining their dynamic characteristics.

1. Materials and techniques of tests

The mechanical characteristics of the studied aluminum
alloys 1561 and 1575-1 in tension as per GOST 1497-23 are
given in Table 1. The tests were carried out on proportional
cylindrical samples of the type III with an initial diameter
dp = 5mm and a working length |y = 5dy in the tester
W+b LFM-50.
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Table 1. Standard mechanical characteristics of aluminum alloys in tension

Ultimate Yield strength Relative Relative
Material tensile strength ons. MPa elongation contraction
0b, MPa 02, 85, % ¥, %
1561 345+ 5 180 £5 20+ 1.5 26 £1
1575-1 400 £ 5 270+ 5 17+£1.5 24 +£1

Figure 1. Microstructure of the initial samples of the alloy 1561 (@) and 1575-1 (b).

Figure 2. Tension sample for tests in HSR.

The samples were metallographically studied in the light
microscope ,,Observier.Z.1m"“. They were etched by a Keller
reagent [9]. The microstructure of the initial samples of the
alloys is shown in Fig. 1.

The alloy 1561 has a fine-grained structure with
insignificant-size inclusions of dispersed phases (Fig. 1, a).

Unlike the alloy 1561 the alloy 1575-1 exhibits a more
inhomogeneous structure with large intermetallic compunds
of the Al3Sc scandium phase (Fig. 1, b).

The dynamic characteristics at the strain rates & ~ 103 s~!
were determined by the Kolsky method using the Hopkin-
son split rod technique [1,10,11] in the installation HSR-20
with the gas gun PG-20, two measuring rods of the diameter
of 20 mm and as a set of measurement-recoridng equipment.

The test samples were shaped as shown in Fig. 2, the
diameter of the working part of the sample was 5 mm, the
length thereof was 10 mm and the full length of the sample
was 40mm. Three samples were tested per each loading
rate, wherein the strain rate was obtained with accuracy
+5% [12].

A dynamic diagram of strain (tension) of the samples
within the Hopkinson technique was plotted in the coordi-
nates ,true stress“ (o) — ,true (logarithmic) strain® (e ).

The true stress was calculated by the formula (1), while
the logarithmic strain was calculated by the formula (2) [13]:

ar = o (t)(1 + (1)), (1)

ew = In(1+ (1), (2)

where o (t) — the average stress in the sample at the time
strength t, e(t) — the average relative strain of the sample
at the same time strength t [10].

The spallation strength of the materials was determined
in the tester PG-57, which is the gas gun that has a
double-diaphragm shutter and is operated by means of
compressed air. The installation is designed to obtain the
impact velocities from 50 to 500m/s. The velocity of the
free surface is recorded using the interferometer VISAR.
A source of radiation for the interferometer is a single-
mode and single-frequency neodymium laser Verdy-2 with
the radiation wavelength of 0.53nm. The setup of the
installation is shown in Fig. 3.

Strikers were discs of the diameter of 52mm and the
thickness of 3 mm, which were made of an aluminum alloy
of the same grade as the tested samples (the discs of the
diameter of 92 mm and the thickness of 6 mm).

Obtaining a spallation impulse is assumed to be appear-
ance of the first minimum of the dependence of a spallation
surface on time. The obtained dependence is used to
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Figure 3. Setup of the installation PG-57 for determining spallation strength.

determine the following characteristics: the maximum W,
and the minimum W, velocity of the free surface, the time
of velocity drop from the maximum to the minimum.

The maximum tensile stresses op and the strain rate & are
calculated by the formulas (3) and (4):

op = 0.5p0Co (W, — W), (3)
. 1 oW,
=— —— 4
€ Cco ot '’ )
where p9 — the density of the sample material (it is

2650 kg/m? for the studied materials), the volume speed
of sound (5240 m/s). As noted above, when there is the
trunk crack inside the sample (spallation), which is found
when cutting the sample, the maximum tensile stresses op
correspond to the spallation strength, but otherwise (very
few cracks) they characterize the spallation resistance [3].
Generally, o}, is a characteristic of the material strength at
the strain rates 10°—103s~1.

2. Results of mechanical tests and their
analysis

2.1. Dynamic tension tests in HSR

Results of tests of the samples made of the aluminum
alloys 1561 and 1575-1 in HSR are shown in Table 2 (it
specifies true values of dynamic ultimate strength and yield
strength). Typical diagrams of dynamic strain of the samples
are shown in Fig. 4.

Results for impact tension (Table 2) have been compares
with results of the standard tests (Table 1) to show that
within the rate range (1.5—3)-10%s~! for the alloy 1561
the yield strength sharply increases (by 25%—80%) and
in a lesser extent the ultimate strength sharply increases
(by 25%—33%) at the strain rates (2.5-3.0)-10%s™1).
There is also increase of the yield strength and the ultimate
strength for the alloy 1575-1 (although in a lesser extent
than for the alloy 1561). At the same time, the plasticity
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Figure 4. Diagrams of strain of the alloy 1561 (a) and the alloy
1575-1 (b) at the strain rate of 1500s~".

characteristic of the alloys (the relative contraction )
remained almost unchanged. It is incorrect to compare
by the relative elongation due to a different length of
the samples lp and the working diameter dy (and, as a
consequence, a different ratio lo/dy [13]) for the static and
dynamic tests.

2.2. Tests for determining spallation
characteristics

The results of tests of the samples made of the aluminum
alloys in the installation PG-57 are shown in Fig. 3, while
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Table 2. Dynamic properties of the aluminum alloys in tension

Alloy Strain Dyril;rénc EK?;I;I: Relative Relative
rate Y elongation contraction
grade oo strength strength 1% Vo, %
’ 0sd, MPa Obd, MPa d> 70 d> 70
1500 £+ 10 225+ 15 345+£5 16 +1 24+1
1561 2500 + 10 300 £+ 10 430+ 15 19+1 26 £1.5
3000 £+ 10 325+ 10 460 £ 15 20+1 26+2
1500 + 10 310 £+ 30 450 +£5 14+1 23+1
1575-1 2000 £+ 10 340 £ 10 475£5 13£0.5 21+1
3000 £+ 10 385+ 15 540 + 10 10£0.5 19+1
Table 3. Results of dynamic strength tests of the alloys
Material of Impact Strain Spallation strength,
the sample velocity, m/s rate,s ! MPa

150 +20 8.3-10° 470 £+ 10

Alloy 1561 250 =+ 20 10.6 - 10° 470 £+ 10

350 & 20 15.7-10° 480 £ 15

420 16.2-10° 540+ 5

150 & 25 8.3-10° 400 =+ 20

Alloy 1575-1 250 £ 10 10.2 - 10° 410 £ 15

350 £ 15 11.6 - 10° 570 £ 15

the typical curves of the velocity of the free surface of the
samples are shown in Fig. 5.

The results obtained for the dynamic characteristics
shown in Tables 2 and 3 have been analyzed to show that
values of the true ultimate strengths, which were obtained
in the HSR tests at the strain rates (1.5-3)-10°s~! for
the both the alloys, are almost identical to values of the
spallation strength at the strain rates (8.3—16.2)-10°s~ 1.
This result well complies with results of the study [14],
which has shown by examples of steels of various grades,
copper and a titanium alloy that at the strain rate 5- 103 s~!
values of true rupture resistance are almost identical to the
values of spallation strength.

It follows from the presented results that starting with a
certain strain rate there is a growth of the characteristics of
dynamic strength (spallation strength).

2.3. Results of metallographic analysis

Only the flat samples were metallographically analyzed
and results of microstructure studies of the fractured
samples after being tested in HSR will be given in a separate
article.

Since the microstructure studies of the samples made of
aluminum and the aluminum alloys after spallation fracture
have been performed in many papers [6,15-18] et al], in
our case the samples were metallographically analyzed, first
of all, in order to identify certain specific features of the
process of spallation fracture only, which had not been

observed previously in these alloys. For this purpose, the
tested samples were cut along an impact direction by the
diameter and the microstructure was studied on a produced
surface. We note the following fact. Table 3 shows
results of determination of the spallation strength except
for the results for both the alloys at the impact velocities
(150 £25)m/s. No trunk crack was observed in these
samples, i.e. respective lines contain characteristics of the
spallation resistance.

2.4. Results of metallographic analysis of the
samples made of the alloy 1561

The structure of the samples made of the alloy 1561 sub-
sequently exhibits: at the impact velocities ~ 150 m/s — de-
lamination cracks in bedding locations of dispersed phases
and small dynamically recrystallized grains (Fig. 6, a), while
with increase of the impact velocity (~ 170 m/s) the delam-
ination cracks enlarge, including by formation of micropores
and their merging (Fig. 6,b). The delamination cracks
are directed along propagation of a shock wave and their
formation seems to be related to velocity inhomogeneity
of a medium [6,19]. With the impact velocities > 210 m/s
the pores enlarge and merge to form break-off cracks and
the trunk crack is formed, while very few locations exhibit
localization of strain by the adiabatic section (Fig. 6,¢). The
break-off cracks are directed perpendicular to a direction of
propagation of the shock wave. Finally, with the impact
velocities of ~ 300m/s and higher a spallation ,plate” is
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Figure 5. Typical oscillograms of the velocity of the free surface for the aluminum alloys 1561 (g, b) and 1575-1 (¢, d) at the impact

velocities 420, 270, 340, 250 m/s, respectively.

formed, while a relief of the remaining part of the sample
is a surface that is formed by chaotic merging of pores
and the delamination cracks that have a various form
(Fig. 6,d). Chaotization of pore merging is probably caused
by instability of plastic strain due to a difference of its rates
in adjacent areas of plastic flow. In turn, a difference of the
strain rates in the adjacent areas is due to dispersion of the
material particle velocities [6,19).

2.5. Results of metallographic analysis of the
samples made of the alloy 1575-1

In the structure of the samples made of the alloy 1575-1
after the tests at the impact velocities ~ 140 m/s a dynamic
effect is manifested in increase of a number of brittle

22 Technical Physics, 2025, Vol. 70, No. 8

cracks in the intermetallic compounds and their enlargement
(Fig. 7,a), while the delamination cracks are practically
absent. It can be assumed that the intermetallic inclusions
serve as effective foci of dissipation of the shock wave. The
delamination cracks begin to appear, so do the micropores,
at the impact velocities of ~ 175 m/s. Then, at the velocities
> 220m/s, as in the case of the alloy 1561, the micropores
enlarge and merge to form the break-off cracks and the
trunk crack is formed (Fig. 7, c). With the impact velocities
of ~ 300 m/s and higher, as in the case of the alloy 1561, a
spallation ,plate” is formed while a relief of the remaining
part of the sample is a surface that is formed by merging of
the pores and the delamination cracks that have a various
form (Fig. 7,d e). At the same time, a relief structure is
more ordered than in the alloy 1561, which may indicate
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Figure 6. Microstructure of the samples made of the alloy 1561 after impact. The fragments a—d show the impact velocity of 150, 170,
270 and 320 m/s, respectively. The arrow indicates an adiabatic section.

lesser dispersion of the medium particle velocities under
dynamic loading.

It should be noted that in our case contours of the trunk
crack and a fracture surface differ from similar forms in the
samples made of the alloy 1565 [20] that belongs to the
same group of the aluminum alloys [7] as those investigated
in the present study. In the alloy 1565 the contour of the
trunk crack and, respectively, the contour of the fracture
surface have a pronounced step-wise form.

Conclusion

The performed experimental studies suggest the following
conclusions:

1) the aluminum alloys 1561 and 1575-1 have the high
specific dynamic strength, so they can be recommended as
structural materials for products that must have a relatively
small weight and operate in conditions of extreme external
loads;

2) with lesser values of the static strength, the alloy 1561
is more susceptible than the alloy 1575-1 to the strain rate

~10°s7! (its values of the dynamic yield strength and
ultimate strength substantially increase in relation to the
static values, wherein a plasticity index g is still the same);

3) in comparison with the alloy 1561, with increase of
the strain rate to ~ 103s~! the alloy 1575-1 is prone to
embrittlement (with increase of the strain rate the plasticity
index g is reduced);

4) the values of the true ultimate strengths, which
were obtained in the HSR tests at the strain rates
(1.5-3) - 10* s~ for the alloys 1561 and 1575-1, are almost
identical to values of the spallation strength at the strain
rates (8.3—16.2) - 103 s~
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Figure 7. Microstructure of the samples made of the alloy 1575-1 after impact. The fragments a—d, e show the impact velocity of 137,
176, 250, 340 m/s, respectively.
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