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The article presents the results of shear testing during tensile loading of a layered material
composed of: AA2519-AA1050-Ti6Al4V, before and after heat treatment. The described
material was produced using a high-energy explosive welding method utilizing the
detonation of ANFO (mixture of NHisNOs and fuel oil). The research was based on
monotonic loading of the material with increasing uniaxial load until separation between
the gripping parts of the specimen was achieved. During the analysis of the research results,
the obtained curves were compared, and a visual analysis of the obtained fractures was
conducted. As a result of the conducted research, a significant impact of heat treatment on
the described mechanical characteristics was demonstrated. The average value of
maximum shear stresses decreased from 77.6 MPa for untreated specimens to an average
of 66.3 MPa for heat-treated specimens. The heat treatment caused a slight but noticeable
decrease in the tensile shear strength of the examined material. Fractures of the specimens
obtained from the experiment confirm that, in studied cases, separation of individual
fragments of specimens exhibited cohesive characteristics within interlayer material,
regardless of whether material was heat treated. Results of this work is elimination of main
doubts related to explosive welding of materials by indicating location of damage in
technical objects. As demonstrated by the conducted research, in the case of the presented
material, potential local post-weld delamination will not have a critical impact on the
composite's strength. The separation-type damage is most likely to exhibit a cohesive
nature within the mechanically weakest material (aluminum alloy 1050).

1. INTRODUCTION

composites are currently employed, among other applications,
in aerospace structures are also envisioned for the construction

The contemporary demand for advanced engineering
materials is substantial. This arises from the desire for
continuous development and, also for commercial reasons. It
is important not to solely associate this with the demand for
materials ~ with  ever-increasing  strength  properties.
Significantly, resistance to external factors such as corrosive
environments, elevated temperatures, as well as exposure to
radiation or ballistic loads, cannot be overlooked. In the
context of modern capabilities, it is challenging to find a
material that successfully combines even two of these
mentioned characteristics in one material. Composite or
layered materials serve as alternative solutions. In the case of
the latter, their application is associated with the necessity of
developing a method for their durable joining. One of the
methods allowing for the joining of materials with
significantly differing mechanical properties is the high-
energy explosive welding method [1].

In the described technology, material joining occurs due to
dynamic interactions between materials impacting each other
at high velocities. Achieving success with this technology
enables the bonding of materials that cannot be joined by more
conventional methods, such as welding with an electrode or
welding wire. Prospect of utilizing such materials is vast. Such

1870

of joints between weldable and non-weldable materials,
notably in the shipbuilding industry [2]. Therefore, the use of
composite engineering materials produced through explosive
welding is justified, provided it is carried out in a deliberate
and safe manner.

In addition to their utilitarian merits, a particularly
intriguing aspect from both a cognitive and structural
standpoint is understanding the mechanical properties of such
materials in various environmental conditions. The results of
mechanical characterization studies are challenging to
interpret, as conventional methods for determining these
parameters are known but were not developed for materials
(structures) composed of at least two significantly different
materials. Furthermore, it should be noted that there exists a
bonding layer within the material, where interaction between
the materials occurs. The joining process itself also remains
significant.

Hence, this article is dedicated to the identification of
selected mechanical properties of the bonding layer.

The discussed issue may be noticeable both during tests
with monotonically increasing loads as well as during fatigue
and cyclic tests. As a result, a common type of damage that
can be identified in layered materials is delamination [3, 4]. It
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can occur within the material without the possibility of being
observed with the naked eye or without use of specialized
equipment. Hence, there is particular interest in studying the
fracture behavior in such structures. Consequently, it was
decided to place special emphasis on investigating the
mechanical strength of the bonding layer itself. An example of
such an experiment allowing for the determination of the
mechanical properties of this area is tensile shear testing,
where the sheared layer is the intermediate area between the
base materials. Described research on damage characteristics
of layered materials was conducted on layered material
AA2519-AA1050-Ti6AI4V (AI-Ti) to determine modes of
failure for this composite under mechanical impacts focused
on bonding layer.

Although the AA2519-AA1050-Ti6Al4V material was
recently developed and, at the time of writing this article, was
solely for experimental purposes, publications on its topic can
be found in the readily available literature on experimental
solid mechanics. Some of these publications focus on selected
mechanical properties of AA2519-AA1050-Ti6Al4V [5].
Among them, there are studies concerning the strength under
monotonically increasing loads [6-8]. Additionally, a study
was encountered in which particular emphasis was placed on
characterizing the fracture toughness of the described material
[9, 10]. None of authored works or articles found in publicly
available literature directly addressed mechanical properties of
bonding layer.

Similarly, in the case of studies regarding the microstructure
and microhardness of this material [11]. In works from this
area, it has been demonstrated that intermetallic compounds
such as AlsTi, occurring among others in the material
discussed in this article, lead to their local hardening. This is
not always advantageous, as although they enhance the
ballistic resistance of such materials, the formation of AI3Ti
particles induces discontinuities in the material structure. As a
result, point-like, local stress concentrations arise as a
consequence of the formation of inclusions [12]. Information
about the unfavorable consequences of the occurrence of these
discontinuities can be found in readily available sources. The
consequence of their presence is the formation of voids within
the material. Stress accumulation within these voids increases
the likelihood of discontinuities in the material in the form of
cracks and delamination [13, 14].

The research was also conducted to determine the fatigue
life of the AA2519-AA1050-Ti6AI4V material. In the readily
available literature, a cycle of publications dedicated to the
described Al-Al-Ti material feature can be found [15-17]. It
should be noted that the material presented in the
aforementioned three articles represents a different variant of
the layered material than that described in this article. The
fundamental difference lies in the thickness of the individual
layers of the base materials. The differences concerned the
buffer layer made of the AA1050 alloy. In the mentioned
works, the thickness of the layer made of the AA1050 alloy
was approximately 500 pm, while in this article, the thickness
of the buffer layer (AA1050) is 1000 pum. It should be
remembered that the transitional zone (joining) is
geometrically complex, and its thickness cannot be
unequivocally determined, and the provided value serves only
as an approximate measure. This reinforces belief that strength
studies of Al-Ti composite, focused solely on bonding layer
strength, are justified.

For materials constructed solely of or including aluminum
alloys from the 2XXX [18] series, thermal processing is
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crucial for achieving high mechanical characteristics and
maintaining their mechanical properties in connections that are
currently in the experimental phase [19]. In the readily
available literature, information regarding the influence of
heat treatment on Al-Al-Ti materials can be found [20, 21]. In
these works, it was noted that heat treatment is conducted to
relieve stresses resulting from the highly rapid process of
explosive welding. Thermal homogenization also induces
changes in the microstructure of the aluminum alloy [22]. An
elevated temperature accelerates chemical reactions, including
oxidation. The phenomenon of oxidation is also observed
during the thermal homogenization of aluminum alloys. In
publicly available sources, studies have been found addressing
this topic in the context of layered materials based on Al-Al-
Ti materials [23-25]. However, these studies primarily focus
on physical changes and the influence of environmental
factors on selected properties. Mechanical strength of these
materials is not extensively discussed in them. All of this leads
to the conviction that heat treatment, necessary to achieve high
mechanical properties for AA2519, must also be
experimentally verified in terms of shear strength of bonding
layer in Al-Ti composite, as it may influence failure mode of
this layer.

The articles found in the literature allow for the recognition
of the utility of materials based on titanium alloys and
aluminum alloys, including AA2519-AA1050-Ti6AI4V. To
successfully utilize such materials, it is necessary to identify
their mechanical properties, with particular emphasis on the
transitional zone between these materials, due to the difficulty
of unequivocally determining its mechanical properties. This
situation is further complicated by the need for heat treatment.
Therefore, it was deemed appropriate to research the
mechanical properties of the intermediate layer in the layered
material AA2519-AA1050-Ti6Al4V.

2. MATERIALS AND METHODS
2.1 Material

The material investigated in this article constitutes an
explosively welded combination of three materials. The first
of the base materials is the AA2519 [26, 27] aluminum alloy,
the second is the Ti6Al4V titanium alloy (grade 5) [26], while
the intermediary material is the AA1050 aluminum alloy.

The chemical compositions of the respective materials are
provided in Table 1 for the AA2519 material, in Table 2 for
the Ti6Al4V material, and Table 3 for the AA1050 alloy [4].
Figure 1 schematically illustrates the manufacturing and heat
treatment process of the Al-Ti layered material, along with a
photograph depicting a section of the tested material, including
the respective thicknesses of the individual layers, as well as
an enlarged view of the intermediate layer.

Table 1. Chemical composition of AA2519 (weight %) [4]

Materials Si Fe Cu Mg Zn Ti VvV Al
Composition 0.06 0.08 5.77 0.18 0.01 0.04 0.12 bal.

Table 2. Chemical composition of AA1050 (weight %) [28,
29]

Materials Mn Fe Si Mg Cu Ti Zn Al
Composition 0.05 0,4 0.25 0.05 0.06 0.05 0.07 bal.




Table 3. Chemical composition of Ti6AI4V (weight %) [30]

Materials Al V Fe Si (@)
Composition 6.42 4.12 0.18 0.024 0.12
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Figure 1. Material specimen piece from which the specimens
for testing were prepared, specifying the thickness of each
layer: (a) schematic of the manufacturing and heat treatment
process of the composite; (b) general view; (c) optical
microscope image; (d) SEM view
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Experimental material plates of the developed AA2519-
AA1050-Ti6Al4V layered material were produced by
Explomet. According to the developed technology, the
bonding was achieved through parallel cladding of the
AA2519 aluminum layer and the Ti6AI4V titanium layer, with
the light alloy being the deposited layer. As a result, the
titanium did not come into direct contact with the explosion.
Before the bonding process, a 1 mm thick layer of AA1050
alloy was rolled onto the aluminum alloy. The welding process
was conducted so that the flame front propagation speed
during detonation ranged from 1850 m/s to 2000 m/s, with an
impact angle of 15< The result of these procedures is
achieving a bonding speed of 420 — 620 mm/s and the
formation of a geometrically complex structure in the bonding
layer.

2.2 Methods

Six specimens were subjected to tensile shear testing. Three
specimens underwent solution heat treatment - two hours at
530°C followed by quenching in water at ambient conditions,
and ten hours of artificial aging at 165°C. The remaining three
specimens remained in the as-received state. The dimensional
cutting of the specimens was outsourced, while the notches
were made using an electrical discharge machining (EDM)
machine. The dimensions and shape of the tested specimens
are depicted in Figure 2, while the EDM machine used for
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specimen preparation is shown in Figure 3.

It is difficult to precisely determine the direction of sheet
bonding. The welding process involves multiple explosion
initiators distributed across the entire surface of the sheet. The
flame front propagates in all directions. This is visible as
circular depressions in the aluminum layer at the points where
the explosion initiators were placed. The charges are detonated
in a sequence to achieve a directional structure. Due to the
significant difficulty in determining this structure, the
specimens were cut so that the direction of the applied force
would be parallel to the rolling direction of the AA2519
aluminum layer. Notches in the specimens, with a width of
0.32 mm, were made to ensure the generation of shear forces
in the joining zone during tension testing. The geometry of the
specimens was developed based on the information contained
in the 1SO 4587:2003 standard [31].
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Figure 2. Shape and main dimensions of specimen
(dimensions in millimeters)
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Figure 3. The equipment used during specimen
preparation: (a) wire EDM machine BP 95d; (b) view of the
panel with presented parameters for processing the Al-Al-Ti

layered material

Figure 4. Measurement setup during the experiments: (a)
mechanical testing machine with specimen clamped in the
grips; (b) start of the shearing test; (c) end of the experiment

Tensile shear test of Al-Al-Ti specimens was conducted
using a dual-column INSTRON 5966 mechanical testing
machine. The experiment involved shearing the bonding zone



of the layered material specimen using axial tensile loading.
The specimens were placed in the grips of the mechanical
testing machine. Subsequently, the shearing test commenced
at a constant displacement rate of 0.02 mm per second. The
test was conducted until the material specimen's integrity was
disrupted. A view of the testing setup and the mounted
specimen in the grips of the mechanical testing machine is
shown in Figure 4.

Before conducting the shear strength evaluates,
measurements of the tested specimens were performed. The
geometric dimensions of the bonding zones of the layered
material were measured. This measurement allowed for the
precise determination of the shear strength of individual
specimens. The dimension "Xx" (see Figure 2) of the discussed
area of the bonding zone was measured optically using
DLTCamViewer software, while the dimension "y" (see
Figure 2) was measured using a standard mechanical
micrometer. Each measurement was performed three times.
The measurement results were placed in Table 4 as the average
of three measurements for each specimen. The average value
of each measurement was calculated according to the
following formula:

n .
g = Zi=Xi (1)
n

To evaluate the dispersion of results, standard deviation was
calculated as a measure of spread of obtained values relative
to the mean value, in accordance with the formula:

2

Table 4. Designation and average geometric dimensions
(mm) of the measurement part of the specimens

Specimen Signature  Width “x”  Thickness “y”

5.12A_TST_01_NOC 472 9,92
5.12A_TST_02_NOC 4,67 9,87
5.12A_TST 03 NOC 475 9,89
5.12A_TST 01 OC 471 9,87
5.12A_TST 02_OC 4,76 9,83
5.12A TST 03 OC 473 9,92

Table 5. Compilation of selected measurement results and
research findings

. . Cross-
Specimen Maximal Sectional . c
(without Load Area s (MF,>a) Standard
5.12A_TST) F (N) 5 Deviation
(mm?)
01_NOC 3627 46.82 77.5
02_NOC 3609 46.09 78.3 %’V&C
03_NOC 3621 46.98 77.1 :
r'}i?”N"g'(‘:‘e 3619 46.63 Tvoc =776
01_0C 3106 46.49 66.8
02_0C 3113 46.79 66.5 g‘écl
03_0C 3079 46.92 65.6 '
migrr‘ é’)ac'”e 3099 46.73 Tpe = 66.3
A% 14.59%

In the presented equation, the subscript i represents a variant
of heat treatment (OC or NOC), while N is the size of the
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population. The percentage difference in strength of examined
specimens before and after heat treatment (see Table 5) was
calculated using a formula:

Tnoc — Toc

- |

-100% 3)

Tnoc

3. RESULTS AND DISCUSSION

Using the research methodology described in Chapter 2, the
shear strength of the explosively welded bonding zone of the
AA2519-AA1050-Ti6A14V material was determined in two
states: before and after heat treatment. Six specimens were
subjected to mechanical loading. Three of them were labeled
with the code 5.12A_ TST XX NOC, where "XX" indicates
the specimen number (01, 02, or 03), and "NOC" indicates
"not heat-treated." The remaining three specimens were coded
as 5.12A TST XX OC, where "XX" again denotes the
specimen number (01, 02, or 03), and "OC" indicates "heat-
treated."

During the tensile shear testing, the testing machine records
the experiment results in from measurement channels. Based
on the obtained data, stress-strain curves were prepared,
showing the calculated course of the conducted strength tests.
To prepare these curves, it was necessary to calculate the
registered force into shear stress. To do this, the following
relationship was used:

P=xy @

After calculating areas of cut surfaces of specimens and
reading maximum shear force value, shear stresses for each
tested specimen were determined according to formula:

=5 (%)
After converting the registered force values into shear
stresses, graphs were plotted to depict the stress versus the
displacement of the testing machine's crosshead. These curves
were illustrated in Figure 5 for the virgin specimens and in
Figure 6 for the heat-treated specimens. A comparison of all
obtained curves is presented in Figure 7. The measurements
obtained and selected research results, considered particularly
significant for the interpretation of the research findings, have
been compiled in Table 5. The results of the maximum shear
stress values for all tested specimens are presented graphically
in Figure 8.
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Figure 5. Shear stress-displacement curves plotted for the
specimens untreated thermally
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Figure 6. Shear stress-displacement curves determined for
thermally treated specimens
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Figure 8. Results of the maximum shear stress values for all
tested specimens

After conducting the experiment, fracture surfaces of
specimens were obtained. The fracture structure of thermally
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treated specimens differs from that of non-thermally treated
ones. Non-thermally treated specimens exhibit fractures
divided into two zones. In the first zone, the direction of
loading is visible, while the second zone does not show this
directionality. Conversely, for thermally treated specimens,
the division of these zones disappears on one side of the
fractures. A comparison of the fractures for "NOC" and "OC"
specimens is presented in Figure 9.

The lateral view of the specimens shows a triangular-shaped
fracture, indicating the occurrence of bending during
conducted tensile-shear tests. It is worth noting that the buffer
layer in the investigated material exhibits lower mechanical
strength compared to other layers. Even a slight bending
moment compared to tensile force would contribute to such a
fracture. No difference was observed in the lateral view of
fractures between non-thermally treated and thermally treated
specimens. All specimens have a similar lateral shape. A
comparison of lateral views of fractures for selected "NOC"
and "OC" specimens is presented in Figure 10. Photographs of
all specimens after testing, showing a side view of specimen
and the fracture surface, are presented in Figure 11.

(@) (b)
Figure 9. Comparison of fracture surfaces of selected
specimens: (a) 5.12A_TST_01 _NOC; (b)
5.12A_TST 01_OC

(b)

Figure 10. Comparison of side views of fracture surfaces of
specimens: (a) 5.12A_TST_02_NOC; (b)
5.12A_TST_03_OC

Specimen 02 exhibited the highest shear strength among
non-heat-treated specimens. Average shear strength for
"NOC" specimens is 77.6 MPa. Specimen 01 showed the
highest shear strength among heat-treated specimens. Average
shear strength for "OC" specimens is 66.3 MPa. Heat-treated
specimens generally demonstrated lower shear strength under
tension compared to non-heat-treated specimens. This
difference amounts to 14.6% in favour of non-heat-treated
material. Particular attention should be given to repeatability
of results, understood as a small standard deviation from the



arithmetic mean within a single state of heat treatment. In both
examined cases, the described variability of results fluctuated
around 0.5 MPa, representing less than 1% of the mean value.
In relation to studies within mechanical engineering, the
obtained results provide strong evidence to consider the
experiment properly conducted. A small standard deviation in
the case of specimens without heat treatment may also indicate
a stable internal state of the intermediate layer made of
AA1050 material. However, this could be questionable, as
notches on samples perpendicular to the axis might induce
release of residual stresses in the composite. Definitive
validation of this hypothesis, however, requires additional
research.

-

Figure 11. Comparison of side views of fracture surfaces of
specimens: (a) 5.12A_TST_02_NOC; (b)
5.12A_TST_03_OC (dimensions are consistent with Figure
2)
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Visual analysis of specimens revealed that the fracture
mechanism was consistent across all specimens. Fracture
occurred exclusively in cohesive manner within AA1050
intermediate material. Influence of bending moment during
testing using flat specimens was evident in all specimens. As
observed in Illustration 7, initial stiffness of both heat-treated
and non-heat-treated specimens was similar. Heat treatment
resulted in decrease in joint strength and sharper transition
from linear to plastic portion of stress-strain curve. All tested
specimens experienced separation at very similar
displacements regardless of thermal normalization.

To determine in which area of the composite the fracture
occurs and what the impact of heat treatment is on the strength
and nature of the fracture for the described Al-Al-Ti layered
material, an analysis was conducted on both the specimens
themselves and their fracture surfaces using optical
microscopes and a scanning electron microscope (SEM).
Photographs of the side of a selected specimen with a visible
mechanical notch and the immediate vicinity of the initial
shear area are presented in Figure 12. SEM photograph
showing a macro view of the fracture of a selected non-heat-
treated specimen is presented in Figure 13, and a detailed view
is shown in Figure 14. Similarly prepared photographs for the
heat-treated material are presented in Figures 15 and 16,
respectively.

Figure 12. Side view of the specimen showing tip of an
adhesive microcrack

‘ notch e
g:i slip bands [{&&

1

1 plastic deformatio

Figure 13. Fracture of the selected not heat-treated specimen
intended for TST testing

Figure 12 shows that the tested specimen exhibited
significant plastic deformation around mechanical notch and
localized cohesive secondary fractures within AA1050 alloy.
There is also a small and shallow adhesive crack between
AA2519 and AA1050 alloys. However, adhesion strength was
sufficiently high that, along the remaining length of the
composite, separation occurred exclusively within the



interlayer material, i.e., AA1050 alloy. This provides a strong
basis for concluding that bond strength is greater than cohesive
strength of weakest material used in construction of composite,
namely AA1050 alloy.

(d)

Figure 14. Selected fracture sections of the non-heat-treated
specimen: a) section 14 A; b) section 14 B; c) section 14 C;
d) section 14 D, as shown in Figure 13

| plastic fracture
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Figure 15. Fracture of the selected heat-treated specimen
intended for TST testing

Fractures of both specimens seem to have common features.
In both the heat-treated and non-heat-treated specimens, at
least 3 very distinct areas can be identified on the fracture. First
one is the area of plastic deformation, the second is the area
with very distinct slip marks, and third is the area of plastic
fracture. On both fractures, the direction of loading can be
observed. The main difference between fractures is that zone
of plastic deformation (visible on side in Figure 12) is
significantly larger in fracture of heat-treated specimen. This
most likely indicates that operations at elevated temperatures
have increased plasticity of AA1050 alloy.

During a detailed analysis of fractures (at a slightly higher
magnification), another difference between fractures was
observed. In fracture of non-heat-treated specimen, structures
parallel to loading direction with transverse secondary
micropores were uniformly present across entire surface. This
phenomenon had a global nature but was randomly distributed
throughout fracture surface. This may indicate that heat
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treatment, in addition to changing mechanical properties of
buffer layer, also homogenizes structure inside material.
Described structure is presented in Figure 17.

_(b)

© (d)

Figure 16. Selected fracture sections of the heat-treated
specimen: a) section 16 A; b) section 16 B; c) section 16 C;
d) section 16 D, as shown in Figure 15

Figure 17. The structure observed on the fracture of the non-
heat-treated specimen: a) secondary electron image view; b)
reflective electron image view

As demonstrated during fractographic analysis, despite
differences in morphology of fractures, there was no change in
overall nature of fracture in which cracking occurs exclusively
within buffer material made of AA1050 alloy and not
adhesively between layers. It is also important to note that heat
treatment itself aims to improve mechanical properties of
AA2519 aluminum alloy, which is irrelevant in presented
study but affects strength of joint itself without altering way it
fractures.

4. CONCLUSIONS

Heat treatment affects the maximum value of shear stress at
the interface in AA2519-AA1050-Ti6Al4V layered materials.
Considering all tested specimens, it can be inferred that the
joint strength is greater than the cohesive strength in the
AA1050 material, regardless of whether the material is in the
as-delivered state or in the T62 state.

Heat treatment of this material resulted in a reduction of
nearly 15% in shear strength under tensile loading for the
AA2519-AA1050-Ti6Al4V layered material from an average
value of 77.6 MPa for samples not subjected to heat treatment
to a value of 66.3 MPa for specimens after heat treatment.

The application of the methodology described in the article in



the studied cases resulted in result repeatability understood as a
small standard deviation value fluctuating around 0.5% of the
average value in both analysed cases. It may serve as a basis for
using this method in determining a selected strength
characteristic of explosively welded layered materials.

Local triangular shape observed in the side view of specimen
suggests that measuring angle between shorter side of triangle
and its base provides the possibility of determining the
Kirchhoff modulus. However, it should be noted that after
separation, elastic stresses are released, and the value of
mentioned modulus, when determined directly, is subject to
error.
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NOMENCLATURE

X average value of the measurement

Xi value of a single measurement

n number of measurements

P represents area of the sheared surface

X denotes length of sheared surface

y indicates width of sheared surface

F area of cut surface

T shear stresses

c standard deviation
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