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Abstract: In the work, the possibility of obtaining strong welded joints of aluminum alloys modified
with particles is demonstrated. For research, strengthened aluminum alloys of the Al-Mg-Mn system
with the introduction of TiB, particles were obtained. TiB; particles in specially prepared Al-TiB
master alloys obtained by self-propagating high-temperature synthesis were introduced ex situ into
the melt according to an original technique using ultrasonic treatment. Plates from the studied cast
alloys were butt-welded by one-sided welded joints of various depths. To obtain welded joints, the
method of electron beam welding was used. Mechanical properties of the studied alloys and their
welded joints under tension were studied. It was shown that the introduction of particles resulted in
a change in the internal structure of the alloys, characterized by the formation of compact dendritic
structures and a decrease in the average grain size from 155 to 95 um. The change in the internal
structure due to the introduction of particles led to an increase in the tensile strength of the obtained
alloys from 163 to 204 MPa. It was found that the obtained joints have sufficient relative strength
values. Relative strength values reach 0.9 of the nominal strength of materials already at the ratio of
the welded joint depth to the thickness of the welded plates, equal to 0.6 for the initial alloy and in
the range of 0.67-0.8 for strengthened alloys.

Keywords: aluminum; magnesium; modification; dispersion hardening; structure; mechanical
properties; welding; weldability; fracture

1. Introduction

Al-Mg alloys are widely used in aviation, marine transport, and pipeline design due
to their high corrosion resistance and good weldability by conventional methods [1,2].
The deformable 1550 alloy refers to alloys of the Al-Mg system and is used in the form of
rolled sheets. The highest values of properties for this alloy are achieved due to dispersion
hardening with the introduction of such elements as zirconium or scandium [3-5]. The
main disadvantage of this method of hardening is its high cost that leads to a significant
increase in the product cost. In addition to dispersion hardening, methods of modifying the
structure can be applied by grain refinement during the melt solidification and hardening
the metal matrix by introducing non-metallic particles and fibers [6-9].

To modify the structure, chemical modifiers are introduced into aluminum alloys.
Due to the close parameters of their crystal structure, modifiers are able to behave as
supercooling centers in the melt during its crystallization [10]. The most widely used
modifier for aluminum alloys is titanium diboride (TiB;). The TiB, modifier is introduced
ex situ using the Al-5Ti-1B master alloy [10-12] (containing Al3Ti and TiB, particles within
an aluminum matrix) or synthesized in situ using the K, TiFs and KBF; salts [13]. Recent
studies have shown that TiB, particles are not sufficiently active crystallization centers
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for grain refinement. This activity increases significantly when a two-dimensional AlzTi
compound is formed on their surface [10]. In Ref. [13], it was shown that the optimal
particle size for their use as modifiers in aluminum alloys varies from 1 to 5 pm. An
additional mechanism is dispersion hardening [14], which requires the use of particles
up to 500 nm in size [15-17]. In this case, non-metallic nanoparticles should be uniformly
distributed within an aluminum matrix and have a good bond with it, capable of being
retained during the movement of dislocations. Due to their high hardness, TiB, particles
can be an effective obstacle to the movement of dislocations [18]. The simultaneous use
of TiB, particles for both modification and dispersion hardening of the aluminum alloy
structure seems promising. For this purpose, master alloys of a given composition should
be used containing TiB, particles in a sufficient quantity within nano- and micro-size range.
For example, in Reference [19], it was shown that the separate introduction of a mixture
of modifying TiB, microparticles and aluminum oxide nanoparticles makes it possible to
modify the structure of and strengthen an aluminum matrix, increasing its hardness and
electrical conductivity.

In terms of applications, most constructions are fabricated from Al-Mg alloys obtained
by welding initial rolled sheets. As already mentioned, Al-Mg alloys have good weldability,
so there is no need to develop special technologies for their welding. Due to their high Mg
content, such alloys have good fracture toughness of welded joints. The most common
welding technologies for Al-Mg alloys are argon-arc welding, plasma welding, and stir
welding. Friction stir welding technology makes it possible to achieve a toughness of the
welded joint up to three times higher in comparison with fusion welding [20]. For thin
sheets, plasma arc welding is an effective method.

According to industry requirements, the strength of the welded joint must be at least
0.9 of the strength of the base metal. It depends both on the alloy itself and on the type
of welding. Thus, the introduction of modifying additives that change the structure of
the alloy can significantly affect the mechanical properties of its welded joints. In this
regard, the development of methods for increasing the strength characteristics of alloys by
introducing modifying additives requires taking into account the structure and mechanical
properties of welded joints of sheets obtained from the modified alloy. Then the obtained
properties should be compared with the properties of the initial cast alloy.

The purpose of this work is to assess the possibility of obtaining welded joints with
permissible values of the relative strength of the aluminum alloy strengthened with
TiB, particles.

2. Materials and Methods
2.1. Obtaining Alloys

To achieve this purpose, two series of modified aluminum alloys were obtained,
strengthened by the introduction of master alloys consisting of two types of powder
systems with dispersed TiB; particles.

A 1550 aluminum alloy (93.2 wt. % Al, 5.8 wt. % Mg, 0.6 wt. % Mn) was used as the
initial alloy. Al-TiB, master alloys were obtained by self-propagating high-temperature
synthesis (SHS) from a powder mixture of aluminum, titanium, and boron [21]. The size of
TiB, particles formed during combustion and the phase composition of obtained master
alloys were controlled by monitoring the main synthesis factors, such as a burning rate
and temperature of the initial Al-Ti-B powder system. Information about the SHS process,
chemical composition, and properties of the obtained master alloys were described in detail
in Refs. [19,22].

After two synthesis experiments, the master alloys were obtained with a bimodal
particle size distribution. The volume content of TiB, particles of various sizes in the master
alloys is presented in Table 1.
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Table 1. TiB, particle sizes and volume content in the Al-TiB, master alloys.

Master Alloy TiB, Average Particles Size, pm Volume Content, %
0.1 1.1
1 2 7
0.1 1.9
2 1 8.2

The obtained master alloys were introduced into the aluminum alloy melt with
simultaneous ultrasonic treatment. Ultrasonic treatment was used to degass the melt [22]
and improve the wettability of the surface of TiB, particles [23].

The casting was carried out according to the following procedure. First, 1 kg of the
1550 alloy was placed into a graphite crucible, melted in a muffle furnace (780 °C), and
held for 2 h. An ultrasonic waveguide was embedded into the melt, and the master alloy
was introduced with simultaneous ultrasonic treatment at a melt temperature of 730 °C.
Ultrasonic treatment was performed using a magnetostrictive water-cooled converter (with
a power of 4.1 kV and a frequency of 17.6 kHz). After complete dissolution of the master
alloy, ultrasonic treatment was continued for 2 min. The obtained melt was kept in the
furnace for 30 min and then subjected to ultrasonic treatment for 2 min. The melt was
poured into a steel chill mold at a temperature of 720 °C. The quantity of TiB, particles in
the alloy was approximately 4.5 x 1020 pcs/kg. The initial 1550 alloy was obtained with
similar casting parameters without introducing the master alloy. Thus, three types of alloys
have been investigated: 1—the 1550 alloy without the master alloy and ultrasonic treatment;
2—the 1550 alloy with the master alloy 1 (according to Table 1) and ultrasonic treatment;
3—the 1550 alloy with the master alloy 2 (according to Table 1) and ultrasonic treatment.

2.2. Welding of the Obtained Alloys

Aluminum plates for further welding of the three obtained alloys with a thickness and
surface roughness R, of 2 mm and 25 um, respectively, were cut from prismatic castings
using electrical discharge cutting. Before welding, the surface of the plates was degreased
with acetone. Surface preparation prior to welding did not include chemical milling [24],
which is mandatory for aluminum alloys when using other welding methods.

Electron beam welding of the plates of the studied alloys was performed without
the use of filler material, which provides a melting mode without introducing chemical
additives into the weld area. The main parameters of the electron-beam welding process
are the position of the focal plane relative to the surface of the welded plates, the welding
speed, current and voltage, and the use of shielding inert gases. The exposure time of the
electron beam focused on the surface was varied with the welding speed of up to 25 mm/s,
constant voltage of 28 kV, and electrical current of 35 mA. The exposure time affects the
welding depth. The dependence of the ratio of the strength of the welded joints to the
strength of the initial cast alloys at different welding depths was studied. Argon was used
as an inert gas to protect the metal of the front side of the weld and its root part. Argon
supply to the root of the weld is necessary to protect against the formation of oxides and
increase the surface tension of the metal, which avoids sagging and undercuts in the weld.

An image of a typical front surface of the obtained weld is shown in Figure 1. The
front parts of the welds have a flaky surface due to the alternate transverse movement of
the electron beam from one plate to another.
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Figure 1. The image of the typical front surface of two aluminum plates of the initial 1550 alloy with
the weld.

As a result of using the described welding technique, welds with a width of approxi-
mately 2 mm and different depths were formed between the plates of the cast alloys. The
depth of the weld was varied to obtain the one-sided joint with acceptable relative strength.

2.3. Structure Analysis

Metallographic analysis was performed using an Olympus GX71 (Olympus Scientific
Solutions Americas, Waltham, MA, USA) optical microscope. The structure of the cast
materials was studied after mechanical grinding, polishing, and etching of the surface of
the samples with the Keller solution (0.5 HF—1.8 HCl,—2.7 HNO3;—95 H;0). The average
grain size was determined by the secant method according to the ASTM 112-13 standard
based on the results of at least 300 measurements for each state. The selection of boundaries
in optical images was performed using the Olympus Stream software (Olympus Scientific
Solutions Americas, Waltham, MA, USA).

The fracture surfaces of the samples after tensile tests were examined using a digital
microscope. The cross-sectional area of the weld was measured on the samples fractured
after tensile tests with an accuracy of 1 um.

2.4. Mechanical Testing Methods

The ultimate tensile strength (UTS, MPa) of the welded joints was measured by the
uniaxial tensile test. Samples of plates (the dimensions of which are presented in Figure 2a)
were cut from the welded plates in a direction transverse to the weld direction with a weld
in the middle of the working part of the sample for the tensile test. To compare UTS of
the welded joints with UTS of the initial cast alloys, additional samples were cut out. The
working part of the samples with the dimensions of 2 mm x 2 mm x 9.45 mm covered all
zones of the weld, i.e., the weld core or the mixing zone, the thermomechanical test zone,
and the base material. The scheme of sampling location on the plate with weld is shown in
Figure 2b. A photograph of samples with and without welding is shown in Figure 2c.
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Figure 2. (a) Drawing of the sample for tensile tests; (b) the scheme of sampling location on the plate
with weld; (c) the image of samples without (1, 2) and with welding (3, 4) prepared for tensile tests
(scale division value is 1 mm).

Uniaxial tensile tests were performed using an Instron 5948 single table bench test
system (Instron European Headquarters, High Wycombe, UK) with a maximum tensile
(compressive) force of 2000 N. The tests were performed according to the ASTM E8M:2008
standard [25]. The test results were obtained in the form of stress-strain diagrams, based
on which the values of UTS and elongation at fracture (¢, %) were found. To estimate the
relative strength of the welded joints (¢sy/ 010m), the ratio of UTS obtained for the welded
sample to UTS of the non-welded sample from the same alloy series was used. The number
of samples for each series of tests was chosen based on a statistical sample of results, but
not less than five samples.

3. Results and Discussion
3.1. Alloy Microstructure

The effect of grain refinement of the Al-Mg alloys with TiB; particles is shown in
polarized optical images in Figure 3. Figure 3 also presents histograms of grain size
distribution in the studied alloys without TiB, particles and reinforced with the master
alloys with different average sizes of TiB, particles.
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Figure 3. Optical images of microstructure and histogram of grain size distribution of the alloy: (a) initial 1550 alloy;
(b) 1550 alloy with the master alloy 1 (according to Table 1); (c) 1550 alloy with the master alloy 2 (according to Table 1).

In the histograms, d; is the grain size, n and N are the number of grains of a certain
size and the total number of measurements, respectively. As can be seen from Figure 3a,
the initial alloy without particles has a rough and non-uniform dendritic structure with an
average grain size of ~155 pm. The alloy was dominated by large primary dendrites with
a complex shape. It was found that the addition of TiB, particles to the alloy led to both
a more uniform refinement of primary dendrites and the appearance of small equiaxed
dendrites, depending on the master alloy composition. The obtained data indicate that
TiB, microparticles of various sizes contained in the master alloys refine the structure of
the 1550 aluminum alloy. TiB, particles synthesized by the SHS method behave as new
crystallization centers as the melt is cooling down [10]. In general, the introduction of the
master alloys 1 and 2 into the alloy reduced the average grain size of the alloy to ~95 and
~101 pum, respectively.

3.2. Mechanical Characteristics of the Initial Alloys

Typical deformation curves obtained during uniaxial tensile tests of samples of the
studied aluminum alloys without welding are shown in Figure 4.



Metals 2021, 11, 1564

7 of 12

Initial 1550 alloy
240 - = = = 1550 alloy with master alloy 1

== 1550 alloy with master alloy 2
. =0 Y N
) P b .
E: " ' I|
< 160 - e -l
fa /"" L 5
= - g .
7 5 'S
g 1 20 1 7" 4 ' I
> P : "
£ 1 '
E 804 7 ;
o /
’ '
! .
40 -
O o] I $ I . 1 5 I & 1 N 1
0 4 8 12 16 20 24

Engineering Strain (%)
Figure 4. Typical stress-strain curves for the obtained alloys.

The obtained values of the UTS and elongation at fracture (g, %) of the studied alloys
are shown in Table 2.

Table 2. Mechanical characteristics of the initial 1550 alloy and reinforced with two types of Al-TiB,
master alloys.

Alloy UTS, MPa g, %
1550 alloy 163 £ 8 16
1550 alloy with the master alloy 1 204 + 10 24
1550 alloy with the master alloy 2 202 £10 22

As can be seen from Table 2, the introduction of TiB, particles improves the mechanical
characteristics compared to the initial 1550 alloy. UTS was 204 MPa and 202 MPa for the
1550 alloys reinforced with two types of Al-TiB, master alloys, while UTS for the initial
1550 alloy was 163 MPa. Elongation at fracture also increased with the addition of TiB,
particles to the initial 1550 alloy from 16 to 22-24%. The obtained results were used as
nominal values for further study of the strength of the welded joints.

3.3. Mechanical Characteristics and Structure of Welded Joints

For each investigated series of alloys, three welding depths were estimated. To
determine the UTS of each welded sample, it is necessary to know the cross-sectional area
of the weld in the sample, which depends primarily on the width of the working part and
the depth of the welded joint. The exact dimensions can be found only after the fracture
of the sample in tension from the image of the end of the working part from the side of
destruction. To obtain images and dimensions of surfaces, methods of optical microscopy
with microscope hardware were used.

The cross-sectional images of the fracture of the studied samples are shown in Figure 5.
This figure illustrates a technique for measuring the welding depth after tensile failure of
specimens. The images clearly show welded and non-welded areas. The images located
from left to right show an increase in the depth of welding and, accordingly, an increase
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1.1

in the ratio of the welded area in the cross-section (Ss, = a5 b, mm?) to the area of the
nominal cross-section (Syom = (an + ay) b, mm?). The nominal cross-section area is the
sum of the cross-section area of the welded and non-welded areas. Due to the fact that
optical microscopes have a focal length at which only the planes in focus can be clearly
seen, because of friability of the fracture surface, it is impossible to measure with sufficient
accuracy the dimensions of the welded part of the sample cross-section shown as matte
surface in Figure 5b. In this case, to estimate the relative weld area, the non-welded
area was measured (the shiny flat surface of the sample in Figure 5b, outlined in black),
because this part of the cross-section is flat and allows one to set the appropriate focus.
The measured non-welded area was then subtracted from the total cross-section area to
determine the welded area of the sample cross-section. This measurement technique
simplifies the determination of the welding depth using an optical microscope without
using other more expensive methods.

Welding area

7 Not welding area

(b)

Figure 5. Cross-sectional images of the fracture of the studied samples: (a) initial 1550 alloy, (b) the image of the typical
cross-section of the fracture of the welded sample after the tensile test and measurement scheme of cross section geometric

parameters; 1.1, 1.2, 1.3—initial alloys with varying welding depth; a, a,, and b—welding depth, height of non-welding
area, and sample width, respectively.

Deformation curves obtained during tensile tests of samples from different alloys
without welding and with different welding depths are shown in Figure 6. The curve with
the minimum strength characteristics refers to the sample with the minimum welding depth.
The curve with the maximum strength characteristics refers to the sample without welding.

The dimensionless value 0,/ 0o is the relative strength of the welded joint, which
is a criterion for assessing the quality of the joint by its strength properties. The relative
strength of the welded joint, ranging from 0.9 to 1, is an industry requirement for the
possibility of using this welding method in practical applications.

Table 3 shows experimental results of evaluating the relative welded area of the cross-
section of the welded joints (Ssy/Snom), UTS, elongation at fracture (g, %), and relative
strength of the welded joints (0, /0 om) for the samples of three types of studied alloys.
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Figure 6. Stress—strain curves for the initial (a) and reinforced (b,c) 1550 alloy; 1, 2, 3—alloys without welding; 1.1, 1.2, 1.3;
2.1,22,2.3;3.1,3.2,3.3—studied alloys with varying welding depth.

Table 3. Mechanical characteristics of the studied samples.

Alloy Sample Number SsolSnom Ay, mm UTS, MPa & % Tsol Crom
1 (without welding) 1.0 - 163 + 8 16 1.00
Initial 1550 alloy 1.1 0.37 0.73 70 £ 4 7.0 0.43
1.2 0.45 0.89 109 £5 13 0.67
1.3 0.63 1.25 144 £7 14 0.88
2 (without welding) 1.00 - 204 £10 24 1.00
1550 alloy with the 2.1 0.67 1.32 153 + 8 18 0.75
master alloy 1 22 0.73 1.44 178 £9 20 0.87
2.3 0.83 1.65 187 £9 24 0.92
3 (without welding) 1.00 - 202 £ 10 22 1.00
1550 alloy with the 3.1 0.57 1.12 166 + 8 16 0.82
master alloy 2 3.2 0.64 1.26 176 £9 18 0.87
3.3 0.70 1.38 189 £9 18 0.93
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Based on the results of three measurements of the welding depth for each series of
alloys and the corresponding values of their relative strength, linear interpolations were
performed in an extended range, according to which the relative strength of the joint with
different welding depths can be predicted. Dependences of the relative strength of the
welded joints on their relative areas and the results of linear interpolation of each set of
presented experimental data are shown in Figure 7. To determine the value of the depth
of the welded joint required to achieve 0.9 of the nominal strength of the material, it is
necessary to use the following formula: a,, = Sh, where S is equal to the value (Ssy/ Spom) at
the value on the interpolation line corresponding to 0.9 (0sy /0 om) for the required alloy
located at the intersection with the horizontal dash line, and & = a,, + ay,.

1,0

[ J [ |
WN P

0,4 0,6 0,8 1,0

SSV/SNOM

Figure 7. Dependence of values of relative strength of the welded joints on the relative areas of the
welded cross-sections; 1, 2, 3—initial and two reinforced 1550 alloy.

Relative strength of the welded joint of the initial alloy is higher than relative strength
of the welded joint of the reinforced alloys. Relative nominal strength for each alloy in
Figure 7 is 1.00, and its boundary is marked with a solid horizontal line. The relative
strength characteristics of the welded joints correspond to the industry standard require-
ments, according to which they must be at least 0.9 (horizontal dash line in Figure 7) of the
strength of the base metal [26]. These requirements are achieved even for the relative areas
of the welded joint of 0.6, 0.67, and 0.8 for the initial 1550 alloy and reinforced with two
types of Al-TiB, master alloys, respectively. The analysis of the obtained experimental data
shows that a further increase in the welding depth should lead to the achievement of the
nominal strength of the materials to be welded.

4. Conclusions

Studies have shown that the initial 1550 alloy without TiB, particles has a predomi-
nantly large-crystal dendritic structure with dendritic clusters, the average grains size of
which is ~155 um. The alloys reinforced with TiB, particles have a pronounced granular
structure. The grain size of modified alloys is smaller than the grain size of the initial
1550 alloy. The average grain size of modified alloys is ~95-101 um. Thus, synthesized TiB,
particles effectively reinforce the cast structure of the initial 1550 alloy and make it possible
to obtain alloys with a non-dendritic structure. Reinforcement of the initial 1550 alloy with
TiB, particles increases the ultimate tensile strength (UTS) and elongation at fracture of
the 1550 alloy from 163 to 202-204 MPa and from 16 to 22-24%, respectively. The results
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confirm the good prospects of the used method for introducing particles to increase the
strength of aluminum alloys.

The results of the second part of the studies have shown the possibility of fabricating
one-sided welded joints with acceptable strength of the initial and hardened alloys. The
weldability of the studied alloys has been investigated. The UTS of the welded joints of
the studied alloys at different welding depths varies from 70 to 189 MPa. The UTS of the
welded joint of the initial 1550 alloy is higher than the UTS of the welded joints of the
1550 alloys reinforced with TiB, particles. For all investigated alloys, the relative strength
of welded joints exceeded 0.9 (a minimum industry requirement). A further increase in
the welding depth can lead to the achievement of the nominal strength of the materials to
be welded.
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