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Abstract: Friction stir processing of additive workpieces in the sample growth direction (the vertical
direction) and the layer deposition direction (the horizontal one) was carried out. The hardening regu-
larities of aluminum-silicon alloy A04130 and aluminum-magnesium alloy AA5056 manufactured by
electron beam additive technology were studied. For each material, 1 to 4 subsequent tool passes were
performed in both cases. It was found that the formation of the stir zone macro-structure does not
significantly change with the processing direction relative to the layer deposition direction in additive
manufacturing. The average grain size in the stir zone after the fourth pass for AA5056 alloy in the
horizontal direction was 2.5 £ 0.8 pum, for the vertical one, 1.6 £ 0.5 um. While for the alloy A04130,
the grain size was 2.6 &= 1.0 pm and 1.8 £ 0.7 for the horizontal and vertical directions, respectively.
The fine-grained metal of the stir zone for each alloy in different directions had higher microhardness
values than the base metal. The tensile strength of the processed metal was significantly higher than
that of the additively manufactured material of the corresponding alloy. The number of tool passes
along the processing line is different for the two selected alloys. The second, third and fourth passes
have the most significant effect on the mechanical properties of the aluminum-magnesium alloy.

Keywords: friction stir processing; electron beam additive manufacturing; aluminum alloys;
microhardness; microstructure; mechanical properties

1. Introduction

Aluminums-silicon alloy A04130 and aluminum-magnesium alloy AA5056 are struc-
tural materials widely used in the aircraft, spacecraft, vehicle and marine industries [1,2].
Since these industries are constantly developing, introducing advanced technologies into
the manufacturing process of such enterprises is always a critical task. One of the most
promising technologies from this point of view is electron beam additive manufacturing
(EBAM) of large-sized products, which is based on the principle of metal wire melting in
a molten pool. This method is very effective in producing high-quality components of
different materials: titanium alloys [3,4], steels [5], copper alloys [6], aluminum alloys [7,8]
and bimetallic products [9]. However, the products fabricated by the additive manufactur-
ing method often require additional treatments to improve the structure and mechanical
properties.

One of the methods of hardening metals is friction stir processing (FSP), which
emerged from friction stir welding [10,11]. This method allows the hardening of met-
als and alloys by forming an ultrafine grain structure. When processing aluminum alloys,
quite positive results were obtained [12], including, after EBAM [13], with an increase in
the tensile strength and yield strength but a decrease in ductility. Most often, to achieve
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satisfactory results, FSP is done in several passes [14], also in different directions [15]. As a
result of FSP, the structure of metals significantly changes relative to the base metal, which
is the main factor affecting the mechanical characteristics [16].

Positive factors of friction stir processing application are the increase of strength charac-
teristics of materials, formation of ultrafine grain structure and the possibility of producing
materials with composite structure [17]. It is essential in producing components with
initially low strength properties, for example, produced by methods of high-performance
additive manufacturing. The problem of producing EBAM samples from two fundamen-
tally different alloys, aluminum-silicon casting alloy A04130 and aluminum-magnesium
alloy AA5056, is forming a large-crystal softened structure. Such a situation leads to the
necessity of additional processing after fabricating products for several applications, espe-
cially if high contact strength is required for the component operation. In this case, friction
stir processing is the most appropriate. The friction stir processing can form composite
materials on the product surface. It requires many tool passes to achieve a homogeneous
strengthening phase distribution in the processed material surface layer [18]. In this regard,
the research aimed at hardening these alloys after EBAM by FSP and identifying the effect
of different numbers of passes on their mechanical characteristics.

2. Materials and Methods

Block-shaped samples sized 40 x 40 x 100 mm? were produced at the self-developed
wire-feed electron beam additive manufacturing equipment at the Institute of Strength
Physics and Materials Science, Siberian Branch of the Russian Academy of Sciences, Tomsk,
Russia. Parameters used for the manufacturing are showed in Table 1.

Table 1. Parameters of wire-feed electron beam additive manufacturing.

Allo Accelerating Average Beam Linear Printing Beam Sweep Beam Sweep
y Voltage (kV) Current (mA) Speed (mm/min) Shape Frequency (Hz)
A04130 30 45 400 Ring @5 mm 1000
AA5056 30 38.5 400 Ring @5 mm 1000

Next, the samples were cut into 3-mm-thick plates by electrical discharge machining.
First, all the block’s edges were cut off to achieve a parallelepiped, and then it was cut into
equal-sized plates (Figure 1a). Then the plates of the as-built material were subjected to
friction stir processing (FSP) on a laboratory stand for friction stir welding and processing.
The FSP was performed on the samples in the growth direction (the vertical one) and in
the layer deposition direction (the horizontal one), as shown in the scheme (Figure 1b). A
2.5-mm-high screw-pin tool with 12.5-mm-diameter shoulders was used for processing.
The pin diameter is from 6.0 to 4.0 mm. For each material in both cases, processing was
performed in 4 passes.

The process parameters for A04130 and AA5056 are shown in Tables 2 and 3. The
process parameters were selected experimentally until a defect-free structure of the samples
was achieved.

Table 2. Parameters of friction stir processing of A04130 alloy samples produced by electron beam
additive technology. P—tool loading force, V—tool travel speed, w—tool rotation speed.

(s ) Vertical Horizontal
No. of Sample No. of P
P 0. ot Tass P (kg) V (mm/min) w (rpm) P (kg) V (mm/min) w (rpm)
1.1 1 375 90 750 400 920 750
1.2 2 350 90 750 375 90 750
1.3 3 350 90 750 350 920 750
14 4 350 90 750 350 90 750
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Figure 1. Wire-feed EBAM of block-shaped sample with subsequent cutting out of workpieces (a)
and FSP in vertical and horizontal direction after wire-feed electron beam additive manufacturing (b).
1—EBAM’ed sample; 2—friction stir processing area; 3—scheme of specimen cutting out for uniaxial
tensile tests; GD—sample growth direction, DD—layer deposition direction. The red arrow is the
direction of sample growth in electron-beam additive manufacturing.

Table 3. Parameters of friction stir processing of AA5056 alloy samples produced by electron beam
additive technology. P—tool loading force, V—tool travel speed, w—tool rotation speed.

y . Vertical Horizontal
No. of Sample No. of P
P 0- ot Fass P (kg) V (mm/min) @ (rpm) P(kg  V(mm/min) w (rppm)
21 1 900 90 500 900 90 500
22 2 850 90 500 850 90 500
23 3 800 90 500 800 90 500
24 4 750 90 500 800 90 500

The processing zone structure samples were cut using electrical discharge machining
on an EDM-machine DK7745 (Suzhou Simos CNC Technology Co., Ltd. Suzhou, China)
in a section perpendicular to the FSP direction. The samples were ground, polished, and
etched to obtain metallographic images. The macrostructure was examined with an Altami
MET 1T optical microscope (Altami Ltd., Saint Petersburg, Russia), and the microstructure
with a JEOL JEM-2100 transmission electron microscope (TEM) (JEOL Ltd., Akishima,
Japan). Thin foils for TEM studies were prepared in a section perpendicular to the FSP tool
movement direction from the center of the stir zone. After that, they were mechanically
ground, polished, and finalized by ion thinning-out.

Mechanical uniaxial tension tests were carried out on a universal testing machine
“UTS 110M-100" (TestSystems, Ivanovo, Russia). The test specimens were cut along the



Metals 2022, 12, 183

40f12

processing line (Figure 1) with the gauge length of 12 mm and 2.5 mm in width and
thickness.

Microhardness measurements were carried out on a Duramin 5 microhardness tester
(Struers A/S, Ballerup, Denmark) at a load of 490.6 mN (50 g), indenter time of 10 s.
Microhardness profiles were obtained in the horizontal section from the base metal on the
retreating side through the stir zone to the base metal on the advancing side.

3. Results and Discussion
3.1. Stir Zone Macrostructure

Optical macro-photographs of the structures after the FSP show that the stir zone,
formed by the first tool pass, changes with each subsequent one. It is observed in both the
vertical and horizontal directions of the FSP. Figure 2 shows the macrostructure of samples
made by electron beam additive manufacturing from AA5056 alloy after FSP in the vertical
and horizontal directions. By image contrast in the stir zone (5Z), due to the etching features,
one can see that due to the small height of the tool containing only one spiral groove, the
tool grabs and transfers a small amount of metal as a result of the adhesion interaction
during the first pass. During subsequent passes, the SZ increases significantly as the tool
mixes and transfers already recrystallized fine-grained material. During the first three
passes, the SZ is represented by layers of different thicknesses and directions transferred
by the tool. During the fourth pass, the literature changes into a characteristic structure
called “onion rings” [19]. The macro-images of A04130 alloy samples (Figure 3) show a
similar formation of the SZ from the first to the fourth pass. It is especially noticeable on
the samples processed in the horizontal direction. The etching clearly shows banded layers
of additive metal from the retreating side (RS), which deform visibly during subsequent
passes and, as a result of structure fragmentation, are completely refined.

vertical AS RS horizontal AS

Figure 2. Macrostructure of samples made by electron beam additive technology from AA5056 alloy
after FSP in vertical and horizontal direction by modes 2.1-2.4. RS—retreating side, AS—advancing
side, blue and red dashed lines indicate the stir zone boundaries.
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Figure 3. Macrostructure of EBAM samples made of A04130 alloy after FSP in vertical and horizontal
direction by modes 1.1-1.4. RS—retreating side, AS—advancing side, blue and red dashed lines
indicate the stir zone boundaries.

The base metal of AA5056 alloy after the EBAM process is represented by large
elongated grains, which grow epitaxially. The average grain size varies from 132.5 pm
and 76.1 pm to 52.7 pm and 30.4 um in height and width, respectively (Figure 4a). In the
samples made of the A04130 alloy, the base metal is represented by a dendritic structure
whose direction coincides with the block-shaped sample growth direction. Dendrites
predominantly grow within a single layer (Figure 4b).

Figure 4. Base metal in as-built samples of AA5056 (a) and A04130 (b) after electron beam additive
manufacturing.

As a result of grain refinement in the stir zone, it is impossible to analyze the structure
in this area using an optical microscope Altami MET 1T. Therefore, studies were carried out
using transmission electron microscopy. When analyzing the TEM images of AA5056 alloy
samples, it was found that the microstructure is represented by dynamically recrystallized
grains with chaotically distributed dislocations. After the fourth pass in the horizontal
direction, grains with a shape close to equiaxial prevail, the average size of which is
2.5 + 0.7 um, while in the vertical direction, grains are refined to 1.6 = 0.5 um (Figure 5a,b).
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Figure 5. TEM images of grains and dislocation loops in the stir zone of AA5056 alloy samples after
the fourth pass in the horizontal (a) and vertical (b) directions.

In the samples from alloy A04130, one can observe that initially, the structure is
represented by dendrites, but after FSP forms grains with an average size of 2.6 £ 1.0 um
when processed horizontally (Figure 6) and 1.8 & 0.7 in the vertical direction (Figure 7).
At the same time, the morphology of the grain structure has apparent differences. When
processed horizontally, a predominantly equiaxed structure is formed, whereas, in the
vertical direction, the grains have an elongated shape. Moreover, in the vertical direction,
the size of some grains is close to the nanoscale (Figure 6).

Figure 6. TEM image of the grain structure in the stir zone of the A04130 alloy sample after the fourth
pass in the horizontal direction.
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Figure 7. TEM image of the grain structure in the stir zone of the A04130 alloy sample after the fourth
pass in the vertical direction.

Presumably, this position is caused by the fact that when the tool moves along the
processing line during the initial stages of the FSP process, vertically elongated grains or
dendrites are more amenable to fragmentation and refinement than those located across
the tool movement line. In this case, the tool travel along elongated grains or dendrites can
cause more significant damage to the original structure, as observed in this study.

3.2. Mechanical Properties

In tensile tests of electron beam additive manufacturing samples of alloy A04130,
the ultimate strength was 180 MPa and 176 MPa in the horizontal and vertical directions,
respectively, with the ductility of about 6-8%. The obtained results are at the cast alloy
A04130 level, which is acceptable but significantly lower than for similar material pro-
duced by selective laser melting (SLM) [20]. The ultimate strength of additively produced
samples of AA5056 alloy was 215 MPa and 176 MPa in a horizontal and vertical direction,
respectively, which is 30-40% lower than values of AA5056 alloy in the rolled state and
corresponds to properties of similar cast alloys. Moreover, the ductility of additive alloy
in this case is about 8-11%. The fact that the A04130 alloy is mainly used in the cast state
testifies to the acceptability of its mechanical properties, but the AA5056 alloy is mainly
used following sheet rolling and other methods of shaping by plastic deformation, but in
this state, its properties are relatively low.

The use of FSP allowed a significant increase in the characteristics of the materials. The
tensile strength of specimens cut from the stir zone increases for both alloys in horizontal
and vertical directions. For the A04130 alloy in the vertical direction, the ultimate tensile
strength increases with each subsequent pass until it slightly decreases on the fourth pass
(Figure 8a). Its maximum value obtained with three passes is 217 MPa, and the relative
elongation decreases from 17.5% (1 pass) to 15.1% (3 passes). In the horizontal direction, the
maximum strength was observed at three passes and the minimum at two passes and was
207 MPa and 196 MPa, respectively (Figure 8b). For both cases of additively manufactured
A04130 samples, the processing increased the metal strength by 12-15%, while the ductility
remained at the same level. If to compare this result with friction welding of similar
material made by SLM, the initial structure of EBAM’ed material provides initially lower
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strength. Whereas, at SLM, the ultimate tensile strength of as-built material is higher
almost by two times [21]. The application of friction welding to SLM material increases the
size of structural elements and decreases material strength. In contrast, the application of
FSP to EBAM’ed material provides a decrease in the size of structural elements and the
formation of a fine-grained structure. It concludes that for EBAM’ed Al-Si alloys, friction
stir processing is more preferable to the same treatment for SLM’ed materials.
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Figure 8. Tensile test diagrams of A04130 alloy specimens after FSP in vertical (a) and horizontal
(b) directions.

For AA5056 alloy processed in the vertical direction, the maximum value of the
ultimate tensile strength of the stir zone was observed at 2 and 3 passes (329 MPa), and
the minimum at four pass (267 MPa), with the relative elongation increasing with each
subsequent pass (Figure 9a). The strength decrease at multipass FSP is also noted in some
works and is associated with the stir zone structural changes [22]. The highest strength
was observed in the horizontal direction at third and fourth passes (311-312 MPa), and the
ductility at three passes is 17% (Figure 9b). When processed in both directions, the strength
properties of AA5056 alloy increase to values exceeding the strength properties of rolled
sheets of the corresponding alloy. In this case, if in the ultimate strength such excess is
slight, then in the ductility, such excess can reach more than 1.6 times.
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Figure 9. Tensile test diagrams of specimens after FSP of AA5056 alloy in vertical (a) and horizontal
(b) directions.
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Microhardness profiles for A04130 alloy produced for the first and fourth passes of
the samples in vertical and horizontal directions show more uniform microhardness values
in the stir zone than the base metal (Figure 10). The highest values are presented in the
vertical FSP direction, both for the first and fourth passes. As a whole, it is possible to
allocate only minor microhardness changes in the stir zone after 14 passes by the tool
along a processing line.

1.1 C 1.1

HV (MPa) 750 HV (MPa)
700
550
500
450 X (mm)
400
o 1 2 3 4 5 6 7 -7-6-5-4-3-2-101 2 3 4 5 6 7
1.4 d 14
HV(MPa) 750  HV(MPa)
700
S L
600
550
500
- X (mm)
400
o 12 3 45 6 7 -7-6-5-4-3-2-10 12 3 4 5 6 7

Figure 10. Distribution of microhardness values in A04130 alloy samples after FSP in vertical (a,b)
and horizontal (c,d) directions. HV—Vickers hardness.

Measurements of microhardness values for alloy AA5056 after FSP received for the
first and fourth passes of samples in vertical (Figure 11a,b) and horizontal (Figure 11c,d)
directions show an increase of values in the stir zone in comparison with the base metal.
There is a significant increase in microhardness after four passes in both cases. A more
uniform change in values is observed in the SZ for the first pass measurements in both
directions. However, the micro-hardness values at the fourth pass are significantly higher
than those after the first one. The higher microhardness values in the stir zone can be
explained by the change in the grain size relative to the base metal and by the refinement
of the inclusions of secondary particles of the strengthening phases.
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Figure 11. Distribution of microhardness values in AA5056 alloy samples after FSP in vertical (a,b)
and horizontal (c,d) directions. HV—Vickers hardness.

4. Discussion

Therefore, it is evident from the data obtained that friction stir processing positively
affects the properties of additively fabricated aluminum alloys. However, to achieve the
maximum hardening effect from the FSP application, it is necessary to focus on the process-
ing direction. The A04130 alloy shows better properties when processed horizontally, i.e., in
the additive layer deposition direction, whereas the same is true for the AA5056 alloy in the
additive growth direction (vertical). The reason for this material behavior is the structure of
the original metal. Because the structure of AA5056 aluminum alloy is represented by large
columnar grains whose epitaxial growth is directed in the vertical axis, the material resis-
tance to tool movement is higher when processing in the horizontal direction than in the
vertical one (a similar effect was obtained in [23]). In turn, the A04130 alloy in the as-built
state is represented by a dendritic structure (i.e., no grain boundaries), making it easier
to pass the tool in the horizontal direction and resulting in increased material properties.
However, despite this effect of additive workpiece structure, material hardening relative to
the base metal occurs regardless of the processing direction. Such mechanical properties
improvements caused by the material undergo dynamic recrystallization during process-
ing. As aresult, a fine-grained structure is formed in the stir zone, regardless of whether
the material is dendritic or coarse-grained. With subsequent passes, both the material’s
ultimate strength and microhardness are increased up to the third pass. Nevertheless, the
authors of work [22] note that an increase in passes number is accompanied by an increase
in the stir zone grain size, which leads to the strength decrease in most cases. In this work,
a similar effect is observed starting from the fourth pass. However, the obtained tensile
strength values are still higher than the base material ones. Moreover, to consider multipass
processing as a way to form composite materials by the FSP method, grain growth in the
stir zone with multiple passes will be limited by adding strengthening particles to the
processing area and creating additional crystallization centers [24]. One makes it possible
to apply friction stir processing to various types of aluminum alloys produced by additive
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manufacturing methods, particularly wire-feed electron beam additive manufacturing,
both for local material hardening and for creating metal-matrix composites.

5. Conclusions

As a result of these studies, it was found that the effect of friction stir processing and
the number of passes on products made of aluminum-silicon alloy A04130 and aluminum-
magnesium alloy AA5056, manufactured by electron beam additive technology, is different.
Metal hardening exceeds tabulated values for sheet AA5056 and cast A04130 alloy without
significantly reducing ductility. The most significant effect on mechanical properties was
achieved in the processing of alloy AA5056, for which the tensile strength increase, although
significant, was inferior to the increase in the ductility up to 1.6 times. The initial structure
of additive alloys influences the choice of processing direction. In the case of columnar
grain formation, when processing in the horizontal direction, the strength of the stir zone
material decreases due to the increased resistance of the material to the tool movement.

Based on the results obtained, it can be concluded that for the aluminum-magnesium
alloy, the FSP is suitable and has a positive effect on the product quality. At the same time,
despite the high performance, the FSP is not necessary for the A04130 alloy, as additively
manufactured products are already superior to cast products. Nevertheless, this processing
can still be applicable for forming composites based on aluminum-silicon alloys.
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