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Introduction. Friction stir welding and processing are almost identical processes of severe plas-
tic deformation at elevated temperatures. These technologies differ mainly in the purpose of its use: the
formation of a hardened surface layer or producing a welded joint. However, it is known that both dur-
ing welding and during processing of heavy gauge workpieces temperature gradients occur. As a result,
the conditions of adhesive interaction, material plastic flow, and the formation of the stir zone change
as compared to thin-sheet workpieces with fundamentally different heat dissipation rates. In this con-
nection, the purpose of the work is to determine the regularities of the structure formation and sta-
bility of the mechanical properties in different directions in the material of 35-mm-thick aluminum-
magnesium alloy samples produced by friction stir welding/processing. Research Methodology. The
technique and modes of friction stir welding and processing of AA5056 alloy workpieces with a thickness of
35 mm are described. Data on the equipment used for mechanical tests and structural research are given.
Results and discussion. The data obtained show the excess mechanical properties of the processing zone
material over the base metal ones in all studied directions. Material structure heterogeneities after friction stir
welding/processing of heavy gauge workpieces have no determining effect on the stir zone properties. At the
same time, there is no clear correlation between the tensile strength values and the load application direction,
nor is there any significant difference in mechanical properties depending on the location of the samples inside
the stir zone. The average ultimate tensile strength values in the vertical, transverse, and longitudinal direc-
tions are 302, 295 and 303 MPa, respectively, with the yield strength values of 155, 153 and 152 MPa, and the
relative elongation of 27.2, 27.5, 28.7 %.
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Introduction

Friction Stir Welding (FSW) and Friction Stir Processing (FSP) are virtually identical processes of
severe plastic deformation at elevated temperatures [1-3]. These technologies differ mainly in the purpose
of their use: formation of a hardened surface layer or production of a welded joint. When a rotating tool
is plunged into the workpiece and further moves, the material is heated and plastically deformed.
During this process, the grain structure is fragmented, and then the transferred material cools down and
simultaneously recrystallizes, resulting in significant changes in the material structure and its mechanical
properties. These techniques are mainly used for welding or processing various aluminum alloys [4—16].
The most applicable are aluminum-magnesium alloys 445056 and 445083 [5, 7, 9, 12], alloys of the
following systems: A/-Mg-Sc, AlI-Mg-Sc-Zr [13, 15], AI-Cu-Li [11], Al-Zn-Mg-Cu [14, 16], Al-Cu-Mg
[16], etc. It is also possible to produce joints and coatings based on dissimilar metals and alloys of A/-Cu
[17], Cu-Fe [18], and other systems. It is also possible to form various reinforced metal matrix composite
materials [18-20]. The technology of friction stir processing for hardening materials produced by additive
technologies has a rather high degree of applicability [12, 18]. Friction stir welding can be performed
both over the entire thickness of the workpiece and to adjust the depth of the processed area due to the
size of the tool. Friction stir welding is possible with both butt and overlap welding and different types
of bevelling before welding.

Depending on the thickness of the workpiece, the structure of the stir zone differs significantly: in large-
thickness workpieces, a monolithic nugget is not formed, which is characteristic for FSW’ed or FSP’ed
samples of 2—10 mm thickness. It is shown in detail on the example of FSW joint made of an alloy of the
Al-Mg-Sc-Zr system with a thickness of 35 mm in [13]. In this case, due to the large workpiece thickness,
temperature gradients, and the conditions of adhesion interaction, the plastic flow of the material and the
formation of the stir zone change compared to the thin-sheet workpieces with fundamentally different heat
dissipation characteristics. In this regard, one of the most relevant tasks for research is to determine the
pattern of material flow along the tool contour and the formation of mechanical properties of the processed
or welded material of large-thickness workpieces in different directions. This work aims to study the stability
of the large-thickness sample formation and the homogeneity of its mechanical properties.

Methods

Friction stir welding and processing were carried out on a particular unit at CJSC Cheboksary Enterprise
“Sespel”. For this purpose, 200 mm wide and 35 mm thick AA5056 alloy sheets were used. Processing/
welding was carried out according to the scheme shown in Figure 1. Workpiece (1) was processed by tool
(2), by penetration a pin (3) with rotation (4) of the tool, followed by movement along the joint line (5).
This technique was used not to produce a weld joint but to determine the boundary values of the process
parameters of intelligent adaptive friction stir welding for 35 mm thick plates. The rotational speed of
the tool () was 250 rpm, the longitudinal velocity (v) was 250 mm/min, the tool loading force to the
workpiece (P) was 3,600 kg, and the tool inclination angle was 3.0 deg. The process parameters were
selected experimentally. The processed area was 250 mm long. Specimens for mechanical tests were
cut in area (6). Specimens from the processed area (7) were cut in the vertical direction (8), transverse
direction (9), and longitudinal direction (10) in the number of eight samples for each direction. The
size of the investigated area does not comply with the Interstate standards, so the samples were cut in a
reduced shape, preserving the standard proportions. The size of the test specimens was 2.7%2.2x12 mm.
A thin section (11) was cut out to investigate the cross-sectional structure of the processed material.
In this case, the stir zone (12) and the heat and thermomechanically affected zones (13) are clearly
distinguished in the section.

Sections for the study of changes in the structure by thickness were cut from the workpiece in the hori-
zontal plane after friction stir processing on an electric discharge machine in a planar section. Then the
sections were divided into two parts (Figure 2) to study the area where the tool enters the workpiece (speci-
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Fig. 1. Scheme of the friction stir welding process and cutting out
samples for mechanical tests and metallography:

1 — workpiece; 2 — tool; 3 — tool pin; 4 — direction of tool rotation;
5 — direction of friction stir processing/welding; 6 — cutting area of
the specimens for mechanical tests; 7 — processing zone; § — cutting
of the blade-shaped test specimens in the vertical direction; 9 —
cutting of the blade-shaped test specimens in transverse direction;
10— cutting of the blade-shaped test specimens in longitudinal direction;
11 — metallographic sections; /2 — stir zone; /3 — thermomechanically
affected and heat affected zones
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Fig. 2. Scheme of cutting out samples in horizontal section to study the material plastic
flow in the stir zone through the thickness of the processed material:

1 —tool inlet zone; 2 — tool outlet zone
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mens 1.1-1.5) and the zone with a tool outlet hole (specimens 2.1-2.5). Changes in the microstructure of
the metal were studied on polished and etched sections using a metallographic microscope ALTAMI MET

1C. Mechanical tests were carried out on a universal testing machine UTS 110M-100. Microhardness was
measured on a Duramin 5 microhardness tester.

Results and discussion

During friction stir welding or processing, a complex structure is formed in the stir zone along with the
entire thickness of the workpiece to the depth of tool plunge, which is the result of the formation of material
flows along the tool contour (Figure 3). A typical monolithic nugget was not formed in the stir zone of the
AA5056 sample with a thickness of 35 mm. However, several nuggets were formed in swirling layers under
the tool shoulders and at the root of the stir zone (Figure 3). A similar pattern was observed when analyzing
the structure of A/-Mg-Sc-Zr alloy in [13]. But, due to more qualitatively selected process parameters at the
stage of preliminary studies in this work, it was possible to avoid significant discontinuities in the upper part
of the sample. The modes were selected so that defects are not formed in the processed area, which is often
encountered during welding large-thickness workpieces. The dotted lines highlight the distinct structural
zones created in the F'SW joints: stir zone (1), thermomechanically affected zone (2), heat affected one (3),
and base metal (4). The thermomechanically affected zone on the advancing side (A4S) has a sharp boundary
with the stir zone, but on the retreating side (RS), there is a smooth transition from the thermomechanically
affected zone to the weld.

The macrostructure of the samples in the horizontal section is shown in Figures 4 and 5. In the upper
part of the stir zone, one can distinguish a significant structural heterogeneity (4 in Figure 4, a). This
pattern may be related to the plastic deformation effect on the upper part of the sample structure by the tool
shoulders during processing. In the zone of the movement started, inhomogeneity of the structure is formed
in all areas along with the joint thickness (1 in Figures 4 and 5). It is connected with rather complicated
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Fig. 3. Macrostructure of a sample cut in cross section after friction stir
processing:
1 — stir zone; 2 — thermomechanically affected zone; 3 — heat affected zone; 4 — base
metal; @ — nugget formation in the near-shoulder area; 6 — nugget formation in the weld

root; RS — retreating side; AS — advancing side. Lines along which the microhardness
measurement was carried out are indicated with dashed lines
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Fig. 4. Macrostructure of samples 1.1 — 1.3 (a, ¢, ¢) and 2.1 — 2.3 (b, d, f) cut
in the horizontal section according to the scheme shown in Fig. 1:

1 — inhomogeneities of material structure in the tool inlet zone; 2 — area with a predominantly

etched structure with a layered structure of the stir zone; 3 — area with predominantly etched

grains in the stir zone; 4 — inhomogeneities of the stir zone structure in the near-shoulder area;
5 — change in the width of the processing zone at the beginning of the tool movement

conditions at the beginning of tool movement due to unsteady thermal mode. Further along the weld length,
a thickening of the stir zone (5 in Figure 4) can be distinguished. In such an area, after heating the material,
the tool fully presses the shoulders against the workpiece and forms a stir zone of the width that should be
formed at the steady welding/processing mode stage.

In the lower layers, the metal structure at the steady-state stage is formed with more excellent stability
over the length of the weld (Figure 4, b, c). In the horizontal section samples after etching, two types
of structure are distinguished, containing elements with different etching characters. In the first (2 in Figu-
res 4 and 5), the layers of transferred metal are well defined, and the distance between them correlates with
the value of the feed per tool revolution. In the second region, the structure shows a tendency to etch on the
grain (3 in Figures 4, 5) and does not show a layered structure of the stir zone.

In the lower part of the stir zone (Figure 5a,b), the metal structure is represented by a relatively stable
structure. There are also zones where etching reveals layers (2 in Figure 5) and grains (3 in Figure 5) in
the stir zone. It has to be noted that the distribution of these zones along the thickness of samples is rather
inhomogeneous and changes from one sample to another irregularly. In general, in the lower layers of the
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Fig. 5. Macrostructure of samples 1.4—-1.5 (g, ¢) and 2.4-2.5 (b, d) cut
in the horizontal section according to the scheme shown in Fig. 1:

1 — inhomogeneities of material structure in the tool inlet zone; 2 — area
with a predominantly etched layered structure of the stir zone; 3 — area with
predominantly etched grains in the stir zone

sample, the structure of the stir zone is more homogeneous than in the upper layers. This position may
explain more significant pressure from the welding tool pressing at the bottom of the stir zone than at the
top. In part, the mechanics of the welding/processing procedure can confirm this.

The structure in the tool inlet zone has a similar structure in all areas throughout the thickness of the
sample (Figure 6). As can be seen from Figure 6 a-d, the structure is represented by a mixture of etched
layers and etched grains. The heterogeneities in the structure appear clearly in the form of complex shapes in
the stir zone organization (Figure 6 b,e). The size of the layers is close to the amount of feed per revolution
during tool movement. The reason why etching shows layers in some areas and grains in others is not
completely clear. It can be assumed that the etchability of the grain boundaries is less than the etchability of
the transfer layers at the boundary of the metal flows that form the joint, while the etchability of the grain
boundaries is higher inside the flows. No weld defects characteristic of friction stir welding was detected
in the structure of the samples, which may indicate potentially high mechanical properties of the material
in different directions.

In the tool outlet zone (Figures 7, 8), the structure of the metal, on the contrary, significantly depends
on the distance from the tool shoulders. In the upper part of the sample (near the shoulders), one can see
the structure of inhomogeneities described earlier in the macrostructural analysis (Figure 7 a). Different
structural patterns at various depths can be identified in the shape and size of the transfer layer and the
features of its state in the tool outlet zone (Figure 7 c-e, Figure 8 a-d). The most negligible thickness of
the transfer layer and the stir zone is expected to be in the lower part of the processed area, where the tool
pin diameter is minimal (Figures 8 ¢, d). There are also transfer layers partially detached from the stir
zone at almost every level throughout the height of the sample (Figures 7 c-e, Figure 8 a). The adhesion of
aluminum alloy causes the detachment of the stir zone part at tool output to the steel tool and the fact that
quite a large portion of the material during processing is between the fillets of screw pin.

Determination of the weld and near-weld material microhardness shows that in the main structural zones
of the 35 mm thick 445056 sample, there is no material hardening as compared to the base metal value
for the corresponding alloy (Fig. 9). The data obtained during Vickers microhardness measurements of the
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Fig. 6. Structure of samples 1.1-1.5 (a—e) in the tool inlet zone, cut
in the horizontal section according to the scheme shown in Fig. 1

Fig. 7. Structure of samples 2.1 (a, b), 2.2 (e, f) and 2.3 (9, e) in
the tool outlet zone, cut in the horizontal section according to the
scheme shown in Fig. 1
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Fig. 8. Structure of samples 2.4 (a, b) and 2.5 (¢, d) in the tool outlet zone, cut in the
horizontal section according to the scheme shown in Fig. 1
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Fig. 9. Change of microhardness measured according to the scheme shown
in Fig. 2 in the stir zone and near-weld zone

main structural zones also show the absence of significant hardening of the material and slight differences
in the hardness values in the different thickness sections of the joint. Thus, scatter of microhardness values
on the whole sample is essential (from 745 to 1045 MPa, i.e., 40 % from the minimum value), which is
much higher than an increase of microhardness in the central part of the stir zone (from 745 to 975 MPa or
31 % from the minimum value) concerning microhardness of base metal.
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Mechanical tests of the specimens cut in different directions from the stir zone (scheme in Figure 1) show
typical deformation behavior for aluminum-magnesium alloys with an inherent discontinuous ductility
effect (Figure 10). Tests of the base metal of workpieces show average ultimate tensile strength values
of 301 MPa. Mechanical tests showed that the samples are characterized by sufficiently high mechanical
properties in the vertical (Figure 10a), transverse (Figure 10b), and longitudinal (Figure 10c) directions
compared with the characteristics of the base metal. The average values of the ultimate tensile strength
in the vertical, transverse, and longitudinal directions are 302 MPa, 295 MPa, and 303 MPa, the yield
strength is 155 MPa, 153 MPa, and 152 MPa, and the relative elongation is 27.2 %, 27.5 %, and 28.7 %,
respectively. In addition to sufficiently close values of tensile strength, yield strength, and ductility, high
stability of deformation behavior under tension can also be noted for the samples, as evidenced by the
overlap of the graphs with each other.

Evaluation of the tensile strength stability for different loading directions (Figure 11) allows specifying
that in general, in the transverse direction, the strength properties are somewhat lower in all measurement
areas, but, in all testing directions, the strength of the weld material is higher than the strength of the
original sheet metal. In the joint central part, there is also some tendency for the mechanical strength to
decrease compared to the values at the top and bottom areas.
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Fig. 10. Test diagrams for specimens cut in vertical (@), transverse (b) and longitudinal (c) directions according to
the scheme shown in Fig. 1
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Fig. 11. Comparison of the ultimate tensile strength of test samples cut from
different areas of the stir zone with the base metal one

Conclusion

The conducted studies show that despite inhomogeneities in the structure of the samples produced
by friction stir processing of 35 mm thick workpieces, the mechanical properties of the stir zone
material exceed the base metal values in all directions relative to the processing line. Material structure
heterogeneities after friction stir welding/processing have no determining influence on the material
properties of the stir zone. There is no clear correlation between the strength values and the direction
of load application, nor is there any significant difference in mechanical properties depending on the
location of the specimens within the stir zone. The average ultimate tensile strength values in the vertical,
transverse, and longitudinal directions are 302 MPa, 295 MPa, and 303 MPa, yield strength — 155 MPa,
153 MPa, and 152 MPa, and ductility — 27.2 %, 27.5 %, and 28.7 % respectively. The deformation
behavior of the specimens during the tests is similar, and only small differences in the process of plastic
deformation and fracture can be distinguished for each group of ones. Microhardness values are also quite
close and show no tendency to increase or decrease in the stir zone by more than 31 %, while the scatter
of microhardness values for the sample as a whole is about 40 %. The obtained data allow concluding the
high degree of applicability of friction stir welding and friction stir processing technologies to produce
permanent joints and hardened surface structures of workpieces made of aluminum-magnesium alloy
AA5056, including heavy gauge ones.
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