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Abstract
The study presents the results of tests of local static and cyclic properties of an explosively welded AA2519-AA1050-Ti6Al4V
layered material. In order to perform the analysis, tests were carried out with the use of microspecimens collected from 10 layers
of AA2519-AA1050-Ti6Al4V material. Additionally, the determined static properties were compared with the results of an
analysis based on microhardness measurement. Based on the test results, slight differences in static properties were found for
particular layers of the material as well as a distinct softening of the AA2519 layer in relation to the base values. It was also found
that the application of microhardness measurement for analysis of static properties can lead to their overestimation. Cyclic
properties were described by the Ramberg-Osgood model. As in the case of static properties, the cyclic properties of particular
layers of AA2519-AA1050-Ti6Al4V material differ insignificantly. The tests of cyclic properties showed that application for
their description the Ramberg-Osgood model, based on parameters determined for whole range of plastic strains, can lead to
significant errors in the modeling of a layered material. The cyclic instability of Ti6Al4V and AA2519 alloys has a significant
influence on the parameters to be determined for material models of the analyzed material.
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Cyclic stress–strain curve

1 Introduction

Due to high diversification of the properties of particular ma-
terials that make up the layered materials, it is possible to
achieve performance characteristics which are different from
the properties of the base materials. The layered materials can
be manufactured using different technologies; however, in the
case of metal materials, the range of possible technologies is
limited and includes mainly diffusion bonding [1, 2], cold
[3–5] and hot roll bonding [6–8], and explosive welding [9].
Explosive welding of base materials involves the application
of very high kinetic energy given to the external layer (flayer)
through controlled explosion of an explosive (high energy
material), which enables the connection of materials with

diametrically different metallurgic properties. The literature
provides numerous studies of material-connection technolo-
gies and the properties of the layered materials built on the
basis of different metals such as Al/Al [10], Al/Cu [11, 12],
Al/Mg [13, 14], Al/Fe [15, 16], Al/steel [17, 18], Al/Ni [19],
Ti/Mg [20], Ti/Ni [21, 22], Ti/Cu [23], and Ti/steel [24, 25].

Explosion welding was applied in the creation of a new
constructional layered material AA2519-AA1050-Ti6Al4V
(Al/Ti), which was developed in cooperation with the compa-
ny Explomet and scientific units of the Military University of
Technology in Warsaw, the Warsaw University of
Technology, the Institute of Non-Ferrous Metals, the Space
Research Centre of the Polish Academy of Sciences, and UTP
University of Science and Technology in Bydgoszcz. Its main
purpose is application in the aviation and aerospace industries,
including in objects exposed to ballistic actions.

Explosion welding causes strong plastic strain in the
welding zone, which can have a large impact on the material
characteristics compared with its initial state. For instance, as a
result of explosion welding, the plastic strain hardening can be
observed in base metals. Tests of the mechanical properties of
layered materials involve accomplishing some basic tasks in
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order to provide an assessment of the newly developed mate-
rials. Tests of the layered materials are partially normalized
(e.g., [26]); however, in such a case, the main focus is put on
the mechanical properties of the layer joint (ram tensile, bend
test, triple lug shear test, chisel test, perpendicular tensile test).

The tests also provide an assessment of the layered mate-
rial’s basic global mechanical parameters in reference to the
same properties of the base materials. This, however, mainly
refers to the static properties. Examples of such tests can be
found in works [4, 27–35], among others, which refer to ex-
plosively welded steels and other alloys such as Cu/Zn, Al/
Mg, Al/Ti, Cu/steel, Nb/Cu, Ta/Cu, and 316 L/CuCrZr.

One of the basic tests of explosively welded joints involves
measurement of the microhardness distribution across the lay-
ered material section. The distribution of microhardness de-
pends on the welded material, welding parameters, and addi-
tional heat and plastic treatments applied after welding. For
instance, in work [36], measurement of microhardness was
used for assessment of the impact of explosive welding and
further plastic treatment (cold rolling) on the properties of the
base materials (Cu and steel). In turn, in work [37], measure-
ment of the microhardness made it possible to perform an
assessment of the impact of the environment (helium and
air) in which steel and titanium explosion welding was
performed.

The results of tests of microhardness of the welding zone
indicate, in most cases, that its values are different from those
of the basematerials (usually higher), although it changes with
the distance from the interface. For example, measurement of

7075 aluminum alloy welded with AZ31B [14] magnesium
shows that it changes from 118 to 135 HV; for the magnesium
alloy, it changes from 80 to 90 HV.

In turn, the results of microhardness measurement across
the section of the explosively welded copper and steel [36]
show a change in microhardness from initial values of 90 HV
(copper) and 150 HV (steel) to, respectively, 120 and 230 HV
after explosion welding, which indicates growth in hardness
by 25 and 35%. Similar tests [38] of a layered material built
from two cold rolled plates of titanium Ti Gr.2 (the flyer plate)
and aluminum A1050 (the base plate) show hardness differ-
ences at the level of 33 to 40 HV for aluminum and 131 to
244 HV for initial average hardness values of aluminum and
titanium of 34 and 180 HV, respectively. In the state after the
explosive welding process, large variation of hardness was
noticed, especially for titanium. The titanium layer was de-
formed along the whole of the tested distance.

Hardness differences in the weld can indicate that the
strain-stress characteristics of the base materials also change
as an effect of explosion welding. One of the solutions pro-
posed for such an analysis is application of hardness measure-
ment results for the determination of tentative values of yield
stress and ultimate tensile stress. An example of this type of
investigation is discussed in work [39], whose authors deter-
mine the local stress–strain characteristics of the layered ma-
terial built from ASTM A516 Gr55 structural steel clad by
explosion welding with AA5086 aluminum alloy and provid-
ed with an intermediate layer of AA1050 commercial pure
aluminum. In the study, the Ramberg-Osgood model and the

Table 1 Chemical composition of AA2519 [48]

Chemical composition, wt%

Si Fe Cu Mg Zn Ti Sc Zr V Al

0.06 0.08 5.77 0.18 0.01 0.04 0.36 0.12 0.12 Balance

Table 2 Chemical composition of Ti6Al4V [48, 49]

Chemical composition, wt%

O V Al Fe H C N Ti

< 0.2 3.5 5.5 < 0.3 < 0.0015 < 0.08 < 0.05 Balance
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Fig. 1 Histeresis loop (a) and
scheme of determination of K′
and n′ values (b)
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model described in [40] are used to describe the material prop-
erties. The developed models were used for nonlinear finite
element simulation of explosive welded joints for shipbuild-
ing applications.

However, theoretically determined static behaviors of
stress-strain are of strongly tentative character and their appli-
cation in strain and stress modeling for fatigue analyses can
lead to significant mistakes. Moreover, a change in the local
properties of a material in the welding zone can significantly
affect the fatigue life of the layered material. Thus, more pre-
cise modeling of structures constructed from layered materials
subjected to time-variable loads requires knowledge of the
layered materials’ experimentally determined local cyclic
properties. This mostly applies to a local strain analysis in
the notch zone in the strain-life approach to fatigue life
analysis.

One of the models most frequently used to describe non-
linear cyclic stress-strain curves (SSC) [41] is the Ramberg-
Osgood model (1) [42]:

εac ¼ εae þ εap ¼ σa

E
þ σa

K 0
� � 1

n0 ð1Þ

where:

K’ cyclic strength coefficient,
n’ cyclic strain hardening exponent.

The values of K′ and n′ are determined experimentally
through an analysis of hysteresis loop parameters recorded
during cyclically variable loading (Fig. 1a).

The values of K′ and n′ are determined with the use of the
linear regression method for pairs of results: plastic strain
amplitude εap versus stress amplitude σa (Fig. 1b) according
to Eq. (2):

logεap ¼ 1

n0
logσa−logK 0 ð2Þ

Tests of the hysteresis loop can be performed using a few
methods: constant strain amplitude (with the use of several
specimens), multiple steps (increasing and/or decreasing
strain for a single specimen), and incremental steps (with the
use of single specimen) [43, 44].

The study includes test results of the distribution of local
static and cyclic material properties in AA2519-AA1050-
Ti6Al4V layered material described by Ramberg-Osgood re-
lation. The Ramberg-Osgood model (with modifications) is
one of the most frequently used models for the description
of nonlinear cyclic strain–stress curves. Classic methods of
calculating local strains and stresses [45–47] are based on it.
Ramberg-Osgood model is also used to model cyclic material
properties in FEM analyses. The tests were conducted using
microspecimens collected from particular layers of the layered
material with the use of the incremental-step method.

Moreover, the analysis performed made it possible to indi-
cate the impact of explosion welding and heat treatment on the
static and cyclic properties of alloys used in the AA2519-
AA1050-Ti6Al4V laminate l.

2 Experimental procedure

The base materials used for the construction of AA2519-
AA1050-Ti6Al4V are AA2519 aluminum alloy and
Ti6Al4V titanium alloy. AA2519 aluminum alloy is a rela-
tively new structural material with the chemical composition
given in Table 1 [48].

Owing to these properties, it is applied in the construction
of ballistic protection shields for light military vehicles

AA2519
(flayer)

AA1050
Saletrol

5 mm

Ti6Al4V
(baseplate)

SUBSTRATE

AA2519

AA1050

Ti6Al4V
200 μm

2 mm

Fig. 2 Explosively welded layered material AA2519-AA1050-Ti6Al4V

Table 4 Mean values of the mechanical properties of the AA2519
aluminum alloy and Ti6Al4 titanium alloy [49, 51]

Material σy σu A5

MPa MPa %

AA2519 353 475 16.3

Ti6Al4V 859 908 13.6

AA1050 105 195 14

AA2519-AA1050-Ti6Al4V 657 713 7.7

Table 3 Chemical composition of AA1050 [49]

Chemical composition, wt%

Si Fe Cu Mg Mn Ti Zn Al

0.25 0.4 0.06 0.05 0.05 0.05 0.07 Balance

2085Weld World (2020) 64:2083–2099



because of the possibility of reducing their weight and thus
improving their mobility.

Excellent mechanical properties including high impact
strength and ballistic resistance are obtained by precipitation
hardening of the alloy.

AA2519 aluminum alloy was subjected to pretreatment
consisting of hot rolling and annealing at 400 °C for 1 h in
order to increase the plasticity and reduce the internal stress,
which makes the alloy easier to weld. In this way, a coarse-
grained structure with large homogeneously distributed parti-
cles of Al2Cu was obtained.

The second material applied in the analyzed layered
material is a widely used titanium alloy, Ti6Al4V. Its
chemical composition is given in Table 2. Owing to its
high strength at relatively good plasticity, the alloy finds
wide application as a structural material in the aviation
industry, among others, especially for machined load–
carrying components of airframe structures as well as for
drive systems. Ti6Al4V alloy has a structure of α + β type,
which consists of coarse grains of α phase and β phase rich
in vanadium and aluminum precipitations located at the
borders of the grains.

An additional material used for the construction of the lay-
ered material was AA1050 aluminum alloy, whose chemical
composition is given in Table 3. The thin layer of AA1050
alloy was a technological spacer (interlayer) designed to re-
duce the potential brittleness of the intermediate Al-Ti zone
created by the welding.

The explosive welding of the Ti6Al4V titanium alloy
and AA2519 aluminum alloy was realized by the compa-
ny Explomet. The parallel plating configuration was ap-
plied, where the base layer was a 5-mm thick Ti6Al4V
alloy sheet and the overlaid layer (flayer) was a 5-mm
thick AA2519 alloy sheet with an approximately 0.2-mm
thick unilaterally rolled soft layer of AA1050 aluminum
alloy. The distance between the welded layers was 5 mm.
The explosive Saletrol (based on ammonium sulfate and
hydrocarbon fuel) was used in the welding process.
Details of the welding technology are presented in [50].

Testing plates were produced using the explosive material
at a detonation velocity in the range of 1850–2000 m/s and at
variable bonding parameters falling within the range of 420–
620 m/s (plate collision speed) and a collision angle of ap-
proximately 15°.

a) b)

AA2519
AA1050

Ti6Al4V

0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8

1 2 3 4 5 6 7 8 9 10

1
1

AA2519 Ti6Al4V
AA1050

Fig. 3 Microspecimen preparation procedure (a). Point of microhardness measurement (b)

Fig. 4 Microspecimens used in the investigations: a static tests, b low-cycle fatigue, c transverse
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After being welded, the layered material was heat treated to
improve its mechanical properties, particularly those of the
AA2519 layer, which was intentionally weakened before the
welding process. The heat treatment involved soaking at a
temperature of 530–550 °C for 2 h, cooling at room tempera-
ture, and aging at 165 °C for 10 h. The applied treatment does
not affect the structure of the titanium alloy.

As a result of the explosive welding, a complex structure is
created on the Al-Ti border, whose construction is described
in detail in [49]. One can distinguish the zones of base mate-
rials and the transitional zone containing the Al3Ti or Ti3Al
intermetallic phase.

Figure 2 shows the scheme of the welding configuration, a
photograph of the welded plate, and a scanning electron mi-
croscope image of the layer topography.

The analysis of a layered material’s mechanical properties
in reference to the properties of the base materials is discussed
in detail in work [51]. Table 4 shows only the values of the
yield point, ultimate tensile stress, and elongation.

Tests of static and cyclic properties were carried out on
micro-specimens collected from zones located at different dis-
tances from the transition zone (interface). First, 0.5-mm thin
material straps were cut out of the layered material by the
WEDM (wire electrical discharge machining) method
(Fig. 3). Straps (layers) were numbered from 1 to 10
(Fig.3b). Straps 1–5 were machined from AA2519 aluminum
alloy. Strap 6 contains interface zone with AA1050 interme-
diate layer. Straps 7–10 were cut from Ti6Al4V titanium al-
loy. Distance between straps was 0.8 mm. Next,
microspecimens, whose shapes and dimensions are shown in
Fig. 4, were cut out from them. Laser micromachining, which
involved running a laser beam along the specimen outline
multiple times (nearly 5000 times), was used to cut the spec-
imen. Such a method of machining ensures that the specimen
microstructure is only insignificantly affected.

Tests of microspecimens under static and variable loading
were carried out with the use of a Micro Fatigue System [52,
53] where the load can be applied by means of two actuators:
nano- and microdrive. The displacement resolution of the
nanodrive which loads the specimen is 1.7 nm and that of
the microdrive is 1 μm. Due to the very small gauge section
of the specimen, a method of digital image correlation is used
for strain measurement. Their analysis is realized with the

software of Micro Fatigue System (MFS). Additionally, the
original software developed for the FatigueVIEW system [54]
was used to offline strain distribution analysis. In both systems
(MFS and FatigueVIEW), the measurement of strains is per-
formed on the basis of an image of the specimen’s natural
surface without applying additional markers. Figure 5 shows
a stand for testing specimens before its final attachment in
dedicated grips (Fig. 5a) and during the tests (Fig. 5b).

Tests of static properties were carried out under the conditions
of monotonic variable displacement at a speed of 0.005 mm/s.

In the case of time-variable loading, loads of the incremental-
step type are described in Fig. 6 and Table 5. A single loading
block included 18 cycles and five levels of loading. Three levels
of maximal loading amplitude were used in a block equal to 40,
80, and 90 μm, depending on the tested material.

The tests were performed with the use of a nanodrive with
the same loading growth rate in successive sinusoidal load
cycles. Such a method of loading provides specimens with
the same conditions of plastic strains in the successive load
cycles; however, in effect, it caused a variable frequency of
loading, whose value in the block ranged from about 0.02 to
0.04 Hz.

In most cases, the loading blocks shown in Fig. 6 were
repeated until a crack was initiated.

3 Results and discussion

3.1 Microhardness

First of all, the layered material was tested for microhard-
ness. The measurement was performed on a layered

Fig. 5 MFS system, a dedicated
grips for microspecimens, b
during test

Table 5 Incremental step loading

Type Loading amplitude level (μm) Time (s)

A B C D E F G H I

20–40–20 20 25 30 35 40 35 30 25 20 632

40–80–40 40 50 60 70 80 70 60 50 40 632

70–90–70 70 75 80 85 90 85 80 75 70 648
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material specimen according to the scheme shown in Fig.
3b. Hardness was measured for load P = 2.942 N;
interspacing between indents was, respectively, 0.8 mm
and 1 mm. Additionally, the microhardness of specimens
collected from base materials designed for welding was
measured. Specimens were subjected to the same heat
treatment as the layered material. The measurement re-
sults are presented in Table 6 and Fig. 7. The analysis
of hardness distribution provided values that were similar
for the whole cross-sections of all the main layers of the
tested plater. Their differences calculated in reference to
the mean value of the whole cross-section were in the
range minus 2.5 to plus 2.5% in the case of AA2519 alloy
and minus 5.6 to plus 5.17% for the Ti6Al4V alloy.

The measured values were used for an indirect analysis of
yield stress and ultimate tensile stress. Although the literature
provides results of numerous analyses of the relationship of
strength parameters with hardness, in the case of titanium and
aluminum alloys, only the results of a few studies are available.
For example, work [55] presents the dependence of UTS (σu)
on the Vickers hardness HV for the titanium alloy Ti6Al4V as:

σu MPað Þ ¼ HV MPað Þ
6:33

þ 503: ð3Þ

A detailed analysis of the dependence of the strength prop-
erties of Ti6Al4V alloy are presented in work [56]. Based on

experimental test results, the following relations of yield point
and ultimate tensile stress with hardness were formulated:

σy MPað Þ ¼ HV MPað Þ
3:6

−90; ð4Þ

σu MPað Þ ¼ HV MPað Þ
3:34

−56: ð5Þ

Based on the dependencies (4) and (5) and measurement
results, the values of yield point and ultimate tensile stress
were determined for the specimens of Ti6Al4V alloy, and
their results are included in Table 7.

The experimental dependencies of the mechanical proper-
ties of aluminum on hardness are analyzed in works [57, 58],
among others. Depending on the type of aluminum alloy, the
relations to be determined have different correlation coeffi-
cients. For example, dependencies between HV and σy and
σu defined on the basis of experimental data for aluminum
alloys from group 7000 have the following form:

σy MPað Þ ¼ 0:383 HV MPað Þ−182:3; ð6Þ
σu MPað Þ ¼ 0:247HV MPað Þ þ 113:1: ð7Þ

A different proposal is made for AA1050 and AA5086
alloys in works [39, 59]:

σy MPað Þ ¼ 2:9263HV−44:289; ð8Þ

-1
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-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

0 0.2 0.4 0.6 0.8 1
 tne

mecalpsid dezila
mron

P i/P
m

ax

normalized �me ti/tmax

Fig. 6 Single loading block used
in incremental step tests

Table 6 Microhardness distribution

Microhardness specimen/layer

AA2519 AA1050 Ti6Al4V

Base A1 A2 A3 A4 A5 A6 T7 T8 T9 T10 Base

HV03 (mean) 183 158.25 159 151.25 151.25 155.5 38.25 339.25 326.25 353.5 363.5 342

HV03 – 155.02 – 345.63 –

Δ HV03, % – 2.06 2.55 − 2.45 − 2.45 0.29 – − 1.84 −5.61 2.28 5.17 –

ΔHV03 ¼ HV03−HV03
� �

=HV03
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σu MPað Þ ¼ 2:4079 HV þ 46:39: ð9Þ

Different values of correlation coefficients for AA1050 al-
loy are given in work [60]:

σy MPað Þ ¼ 2:74HV ; ð10Þ
σu MPað Þ ¼ 3:38 HV : ð11Þ

In work [61], it is indicated that the dependencies between
hardness and strength for alloys of the 2000 and 7000 series
are of similar character. Thereby, the dependencies (6) and (7)
were used for calculations of the yield point and ultimate
tensile stress for AA2519 alloy (6) and (7), whereas the de-
pendencies (8) and (9) were used for AA1050 alloy. The de-
termined values are presented in Table 7.

3.2 Static properties

Figure 8 shows tensile diagrams for specimens collected from
10 layers of AA2519-AA1050-Ti6Al4V material. Layers 1 to
5 contain AA2519 aluminum alloy, layer 6 contains AA1050
alloy (60%) and transition zones Al and Ti, and layers 7 to 10
are made of titanium alloy (Fig.3b).

Additionally, Fig. 8 includes tensile diagrams for base ma-
terials subjected to the same heat treatment as the layered
material after being welded. Moreover, to determine the prop-
erties of AA1050 alloy, tests using transverse specimens were
performed (Fig. 4c).

Based on the determined tensile diagrams, the values of the
basic mechanical properties σy and σu were defined and are
shown in Table 8 and Fig. 9.

The presented comparison indicates significant differences
in yield point and ultimate tensile strength for aluminum and
titanium alloys. However, the differences between particular
layers of both alloys were insignificant and were in the range
of minus 5.3 to plus 4.2% of the mean value for aluminum
alloy and minus 0.7 to plus 1.0% for titanium alloy (Table 8).
The differences can be considered small, bearing in mind that
the scatter of test results was approximately ± 0.7 to 1.5%.

Due to the fact that layer 6, besides AA1050 alloy, also
included AA2519 and Ti6Al4V, the measurement results
should not be treated as the properties of AA1050 alloy.
Therefore, in Table 8, they are marked as AA1050*. An anal-
ysis of the tensile diagram for AT6 showed that the first plas-
ticization occurred earlier than it results from the data given in
Table 8 (see the magnified part of the initial part of stress-
strain curve shown in Fig. 8). However, considering that the
analyzed alloys did not exhibit a distinct yield point, the ten-
sile diagram fracture had only a slight impact on the deter-
mined value of the yield point (Rp0.2).

Approximated properties of AA1050 alloy were deter-
mined with the use of transverse specimens. The yield point
and ultimate tensile strength determined in this way are given
in column “AT” of Table 8. However, it must be noted that the
length of the measurement part in a transverse specimen is
very small (< 0.2 mm) and does not meet the requirements
with which specimens need to comply in static tests; thus
these results cannot be treated as normative properties of this
alloy.

A comparison of microspecimen tensile diagrams with ba-
se material tensile diagrams (including tests with the use of
microspecimens) showed some differences for both aluminum
alloy and titanium alloy.

In the case of Ti6Al4V alloy, explosion welding caused a
slight softening which manifested itself in an approximately
5% drop in the yield point value while maintaining a similar
value of ultimate tensile strength σu.

Slightly higher differences occur for AA2519 aluminum
alloy. An analysis of the test results shows a decrease in the
values of both yield point and ultimate tensile stress.
Considering that the specimens were taken from tested objects

Table 7 Yield stress and ultimate stress determined on the base of microhardness measurements

Microhardness Specimen/layer

AA2519 AA1050 Ti6Al4V

Base A1 A2 A3 A4 A5 A6 T7 T8 T9 T10 Base

σu, MPa 556 496 498 479 479 490 138 940 902 982 1011 948

σy, MPa 505 412 415 386 386 402 68 834 799 873 900 842
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Fig. 7 Microhardness distribution
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after similar heat treatment, it can be said that welding caused
an approximately 8% drop in yield point and an approximate-
ly 10% drop in ultimate tensile stress. The biggest softening
was found for the middle part of the aluminum layer (layers
A3 and A4) and was about 13% for both the ultimate tensile
stress and the yield point.

The experimentally determined values of yield point
and ultimate tensile stress were compared with the values
determined for them on the basis of a microhardness anal-
ysis. Their values are presented in Table 9 and Fig. 10. In
the case of titanium alloy, the strength properties calculat-
ed on the basis of microhardness did not differ by more
than 10% of their value determined during the tensile test.
The differences for aluminum alloys were significantly
higher. They reached 30% of the experimental values
(and even 50% for the base material); however, the process

of change of the strength property was consistent with the
hardness changes. It applied primarily to the yield point.
The calculated values were overstated in relation to the
values determined during the tensile test. Thus, it can be
concluded that the use of microhardness measurement for
an analysis of local properties of a layered material can
suffer from a significant risk of overestimation.

3.3 Results of cyclic tests

Tests of cyclic properties according to the incremental-step
method involved cyclic symmetric loading of specimens by
gradually increasing and then decreasing the displacement
amplitude with the cycle asymmetry coefficient (loading ratio)
R = − 1. The process of force and strain changes was recorded
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Fig. 8 Static stress–strain curves

Table 8 Local yield stress and ultimate tensile stress (UTS) of tested layers

UTS, yield stress Specimen/layer

AA2519 AA1050* Ti6Al4V

Base material A1 A2 A3 A4 A5 A6 AT T7 T8 T9 T10 Base material

Macro Micro Micro Macro

σu, MPa 475 444 431 448 410 426 451 200 115 931 941 938 939 951 933

σy, MPa 350 340 318 328 303 304 322 130 113 843 848 857 845 874 896

σu, MPa – 433 – 937 –

σy, MPa – 314 – 848 –

Δσu, % – − 0.6 3.4 − 5.3 − 1.7 4.2 – − 0.7 0.4 0.1 0.1 –

Δσy, % – 1.1 3.4 − 3.6 − 3.3 2.4 – − 0.6 0.0 1.0 − 0.4 –

Δσu ¼ σu−σuð Þ =σu; Δσy ¼ σy−σy
� �

=σy
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for each applied loading amplitude. As mentioned before, the
strains were measured by the method of digital image corre-
lation. Figure 11 shows an exemplary result of displacement
measurement in a microspecimen collected from a layer of
Ti6Al4V titanium to be used for strain calculation.

Using the recorded processes of stress and strain changes, it
was possible to carry out an analysis of the hysteresis loop for
particular loading levels of the successive layers of AA2519-
AA1050-Ti6Al4Vmaterial. Figure 12 shows single hysteresis
loops for different load levels in microspecimens made of
AA2519 aluminum alloy (Fig. 12a) and Ti6Al4V titanium
alloy (Fig. 12b).

Cyclic loading in the range of plastic strains can cause a
change in the properties of many materials, referred to as
cyclic instability. To illustrate the impact of the material’s
cyclic instability, Fig. 13a shows the hysteresis loop changes
in Ti6Al4V titanium alloy, depending on the history of load-
ing. A comparison of growing hysteresis loop branches re-
corded for the same loading level (Fig. 13b) shows the gradual
decrease in yield point and thus a cyclic softening of the alloy.

The process of cyclic property changes did not run in the
same way, and they depended on the load level. Figure 14
shows the dependence of plastic strain and stress amplitude
for an increasing (Fig. 14a) and decreasing (Fig. 14b) value of
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Table 9 Differences between
yield stress and ultimate stress
determined on the base of
microhardness measurement and
tensile test

Specimen/layer

AA2519 AA1050 Ti6Al4V

Base A1 A2 A3 A4 A5 A6 T7 T8 T9 T10 Base

Δσu, % 25.2 15.3 11.3 16.8 12.6 8.5 20.4 1.0 −4.2 4.7 7.7 −0.3
Δσy, % 48.5 29.6 27.7 27.3 26.9 24.8 −40.1 −1.1 −5.8 1.9 6.5 −3.7
Δσu = (σu microhardness − σu tensile test)/σu tensile test; Δσy = (σy microhardness − σy tensile test)/σy tensile test
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a type 40–80–40 loading block. A similar configuration for a
type 70–90–70 loading block is shown in Fig. 15. In both the
first and the second case, the character of the material changes
depending on the level of loading. The softening of the mate-
rial was accompanied by an increase in plastic deformation at
a comparable stress level. Thereby, the process of softening of
Ti6Al4V alloy can be observed well by using two parameters
for its description:

– The secant modulus of the hysteresis loop:

Es ¼ Δσ
Δε

; ð12Þ

and

– The plastic strain energy density expressed by the area of
the hysteresis loop calculated as:

ΔWpl ¼ ∫σ εð Þdε≈∑ΔσiΔεi: ð13Þ

The history of value changes of the secant modulus Es is
shown in Fig. 16a, while the plastic strain density ΔWpl is
shown in Fig. 16b. Analyses were performed for loads of up
to εamax < 2%. A decreasing value of secant modulus and an
increasing value of plastic strain energy in successively repeat-
ed block loadingmake it possible to identify a distinct softening
of Ti6Al4V alloy, regardless of the loading level. It can also be
noticed that its properties tend to stabilize, whereas the stabili-
zation is more distinct for lower levels of load. This is con-
firmed by a comparison of the ratios of plastic strain energy
density calculated for particular levels of loading:

Ri ¼ ΔWpl 1

ΔWpl i
; ð13Þ

Fig. 11 Example of displacement measurement with the use of digital
image correlation method
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where:

i number of the loading block.

Their values are presented in Fig. 17. The comparisons
show that the value of R is higher for higher loading levels
regardless of the number of loading blocks applied. The situ-
ation changes for higher strain values (3–4%), where the strain
values are much less dependent on the number of applied
loading blocks.

Such a variability of plastic strain makes it difficult to pro-
vide an unambiguous description of the material’s cyclic prop-
erties. Since one of the objectives of the tests was to analyze
the distribution of the layered material’s local cyclic proper-
ties, the comparative analysis carried out was limited to the
properties determined after the application of the same num-
ber of loading blocks to each specimen.

An analysis of the hysteresis loop parameters of the same
loading block for each tested specimen made it possible to
determine the K′ (cyclic strength coefficient) and n′ (cyclic
strain hardening exponent) parameters for the Ramberg-
Osgood model (1), disregarding the impact of cyclic instabil-
ity of the tested materials. The values of K′ and n′ were deter-
mined on the basis of the process of stress amplitude changes
σa in function of the plastic strain amplitude εa, according to
dependence (2). The σa–εa relation for the aluminum alloy
AA2519 (specimens A1–A5) are shown in Fig. 18a.
Additionally, in Fig. 18a, there are diagrams of σa–εa deter-
mined for AA1050 aluminum with the use of transverse spec-
imens. The results of Ti6Al4V (T7–T10) titanium alloy tests
are presented in Fig. 18b. Like in static tests, specimens col-
lected from the base materials and subjected to the same heat
treatment as the layered material after the process of heating
were also analyzed.
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The values of the parameters K′ and n′ determined for par-
ticular layers of AA2519-AA1050-Ti6Al4Vmaterial and base
materials are presented in Fig. 19 and Table 10.

An analysis of the σa–εa dependence determined for each
layer of AA2519 aluminum alloy revealed relatively small
differences in the parameters n′ and K′. Maximal differences

calculated in relation to their mean value did not exceed 6%
for n′ and 9% for K′. Much bigger differences resulted from a
comparison of their mean values with the parameters n′ and K′
determined for the base material subjected to the same heat
treatment. In this case, the values of the parameters n′ and K′
are 36% and 16% lower, respectively (Table 10).

Such big differences can have a significant impact on esti-
mation of the level of stress and strain in the layered material,
for example, in numerical modeling. It applies particularly to
the analysis of stress and strain distributions in fatigue analysis
of a structure. Many methods of calculation of fatigue life are
based on phenomenological descriptions of the process of
fatigue damage summation in which the damage level caused
by a single loading cycle is determined based on the analysis
of local stresses and strains. Thus, even calculation errors of
small value will result in significant underestimation or over-
estimation of fatigue life.

In the case of Ti6Al4V titanium alloy, the differences in the
values of n′ and K′ for its particular layers are slightly higher
than in the case of aluminum alloy; however, they do not
exceed 17% for n′ and 6% for K′. The differences between
the base material properties and the mean values of n′ and K′
calculated for a layer of Ti6Al4V are insignificant, being 15%
for n′ and almost 5.5% for K′. Hence, it can be assumed that in
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Table 10 Local cyclic strain hardening exponent (n′) and cyclic strength coefficient (K′) of tested layers

n′, K′ Specimen/layer

AA2519 AA1050 Ti6Al4V

Base A1 A2 A3 A4 A5 T7 T8 T9 T10 Base

n′ 0.0897 0.1372 0.1475 0.1333 0.1317 0.1487 0.0541 0.0794 0.0899 0.0685 0.0696 0.0884

K′, MPa 666.6 832.1 799.5 742.7 709.7 835.5 171.0 1615.9 1657.8 1478.9 1492.8 1646.3

n0 – 0.1397 – 0.0769 –

K 0 , MPa – 783.9 – 1561.3 –

Δn′, % − 35.8 − 1.8 5.6 − 4.6 − 5.7 6.5 – 3.3 16.9 − 10.9 − 9.4 15.1

ΔK′, % − 14.97 6.2 1.99 − 5.3 − 9.5 6.6 – 3.5 6.2 − 5.3 − 4.4 5.4

Δn0 ¼ n0−n0
� �

=n0; ΔK
0 ¼ K 0−K 0

� �
=K 0
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this case, modeling of the layered material with the use of the
base material properties does not have a significant influence
on the determination of the value of local stress and strain.

To illustrate the differences between the determined cyclic
properties, Fig. 20 shows the cyclic stress–strain curves de-
scribed by Eq. (1), determined for particular layers of
AA2519-AA1050-Ti6Al4V material.

It should be noted that a description of the σa–εa relation
with the use of the linear approximation, and thus a constant
value of the cyclic strain hardening exponent n′ (2) does not
represent the real properties of the analyzed titanium alloy
(Fig. 21). Thus, the Ramberg-Osgoodmodel (1) is not suitable
to describe the material cyclic values within the whole range
of plastic strains. In the case of both AA2519 and Ti6Al4V
layers, their cyclic properties differ significantly from their

static properties. Their comparison is shown in Fig. 22. For
better clarity, the figure includes only static tension diagrams
for specimens at macroscale and cyclic stress–strain curves for
single layer. In the case of AA1050 alloy, the cyclic stress–
strain curve is compared with the diagrams of static tension
determined for a transverse specimen and a specimen of layer
A6. Considering the cyclic instability of properties of alloys
AA2519 and Ti6Al4V, Fig. 22 also shows the range of vari-
ability of cyclic properties. In the case of AA2519 alloy, cyclic
loading causes material hardening reflected by an increase in
the yield point along with an increase in its strength. The
material hardening increases along with an increase in the
number of applied loading blocks.

In the case of Ti6Al4V alloy, the situation is more compli-
cated. The comparison of static and cyclic properties shows
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that cyclic loading causes a gradual decrease in its yield point.
In an earlier part of the study, the process of Ti6Al4V alloy
softening along with an increase in the number of applied
loading blocks is analyzed. However, independently of the
decrease in the yield point, cyclic loading caused growth of
its strength. The ultimate tensile strength determined in static
tests was 950 MPa, and the level of stress amplitude deter-
mined in the loops exceeded 1100 MPa. The influence of the
number of applied loading blocks is best seen in the range of
total strain amplitudes from 0.5 to 2%.

A comparison of the cyclic stress–strain curve with the
static tensile diagram for AA1050 alloy revealed a significant
resemblance of the determined characteristics. Thus, it can be
said that cyclic loading does not have a significant impact on
its mechanical properties.

4 Conclusions

The study presents the results of tests of local mechanical
properties of an explosively welded layered material
AA2519-AA1050-Ti6Al4V. The tests were performed with
the use of microspecimens collected from 10 parallel layers
located parallel to the welding zone.

The tests were carried out under static and cyclic loads with
the use of an MFS system for testing of microspecimens.

An analysis of the test results allows the following conclu-
sions to be formulated:

1. The distribution of static properties in the cross-section of
the layered material does not indicate their significant di-
versification in particular layers.

2. Explosion welding and heat treatment caused slight
changes in the static properties of particular layers of the
laminate in relation to the base materials. They mainly
involved a slight softening, reflected by a decrease in
the yield point for Ti6Al4V alloy and the yield point
and ultimate tensile stress for AA2519.

3. The distribution of microhardness along the transverse
cross-section of the laminate is consistent with the distri-
bution of static properties; however, analysis based on
microhardness measurement can lead to their
overestimation.

4. The distribution of local cyclic properties, like the distri-
bution of static properties, does not indicate their signifi-
cant diversification in particular layers. However, in con-
trast to static loads, even small differences can be signif-
icant for a description of cyclic properties when they are
used in fatigue analysis of a structure, for example in
calculations of fatigue life on the basis of local distribu-
tions of stresses and strains.
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5. There was a distinct difference between the cyclic prop-
erties of particular layers of AA2519 alloy and the cyclic
properties of the base material.

6. The dependence of stress and plastic strain amplitude of
Ti6Al4V alloy is of strongly nonlinear character, particu-
larly in the range of higher values of plastic strains, and
the effect is that the constant value of the cyclic strength
coefficient n′ and cyclic strength coefficient K′ does not
reflect the material’s real properties. Thus, the Ramberg-
Osgood model based on it fails to describe exactly the
results of tests of cyclic properties for Ti6Al4V alloy
and should not be used for their description, especially if
it was to be used for the entire range of plastic strains.

7. Both the aluminum alloy AA2519 and the titanium alloy
Ti6Al4V were characterized by cyclic instability. In the
case of aluminum alloy, cyclic loading caused its cyclic
hardening, whereas softening was found for titanium al-
loy with a simultaneous increase in its strength as com-
pared with static loading.
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