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ABSTRACT

This paper examines the influence of various schemes for implementing friction stir processing (FSP) on
the microstructure and properties of a conductive busbar made of AD31T (AA6063) aluminum alloy. In
particular, the implementation of five different FSP schemes on the formation of structure and volumetric
defects in the volume of the stir zone was studied. It has been shown that performing FSP at a tool rotation
speed of 1120 rpm and a linear tool movement velocity of 200 mm/min ensures the absence of macroscopic
defects in the volume of the stir zone. The implementation of certain FSP schemes made it possible to
achieve the formation of an ultrafine-grained structure both in the near-surface layer and in the bulk of the
material under study. This type of processing can be recommended as a way to increase the strength of
aluminum materials without significant loss of their electrical conductivity.
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Introduction

Aluminium and aluminium alloys occupy a significant share in the modern metallurgical
industry. Along with relative availability, one of the most important properties of
aluminium alloys that determine its widespread use is its low density and good electrical
conductivity, accounting for 62 % of the electrical conductivity of copper. Considering the
scarcity and high cost of copper, the role of aluminium as a conductor material is steadily
increasing. The undoubted advantages of aluminium include its high plasticity, thermal
conductivity and heat capacity, good manufacturability, and corrosion resistance [1]. The
main disadvantage of aluminium is its relatively low strength - 49 MPa. This level of
properties is not sufficient for widespread industrial use, so research aimed at increasing
the strength of aluminium alloys is important. One of the ways to strengthen aluminium
is to create alloys based on it [2]. The general pattern of aluminium alloying is that the
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addition of other elements, leading to an increase in the strength of the aluminium alloy,
leads to a decrease in its electrical conductivity [3-5]. The need to maintain the level of
electrical conductivity of pure aluminium, or to minimize its drop due to alloying, as well
as the desire to reduce the cost of production of aluminium alloys, lead to minimizing the
amount of additions of alloying elements without a significant loss in properties - the
creation of the so-called low-alloyed alloys [6,7].

Another fundamental approach to increasing the strength of aluminium and
aluminium alloys is the use of deformation methods - stamping, drawing, pressing, etc. [2].
Such methods have undoubted advantages - they are well-developed modes and
conditions of deformation, stability and predictability of the results obtained. The
disadvantages of such methods include the volumetric nature of the impact -
deformation, as a rule, extends to the entire volume of the processed material, as well as
an increase in the density of defects, which entails a drop in electrical conductivity [8].
The effect of deformation can be reduced by using local hardening methods, such as cold-
working, shot peening, diamond burnishing and other similar methods [1]. A separate
group of methods aimed at modifying the surface and surface layer of a material includes
methods based on the effect of surface friction. These include, in particular: friction stir
welding, friction stir processing, friction surfacing, friction brazing, friction transformation
hardening, friction extrusion and others [9]. The most popular and commonly used in
industry are friction stir welding (FSW) and friction stir processing (FSP).

Friction stir processing (FSP) is a technology aimed at changing the structure and
properties of the surface and subsurface layer of materials in the solid phase [9-11]. A
distinctive feature of this method is local mixing of the metal in the treated area without
the formation of a liquid phase, which can lead to oxidation and burnout of the metal, as
well as a decrease in its strength properties. Work aimed at studying FSP quickly showed
that this method can modify the surface layer of the processed material, providing a
structure and properties different from the processed material [12]. Since FSP involves
processing the material in the solid phase, the main attention has been paid to soft
materials, such as aluminium alloys [13], magnesium alloys [14] and copper alloys [15].
There is also a limited set of publications on FSP of titanium alloys and steels [11,16].

Research aimed at FSP of aluminium alloys aims to create permanent joints where
welding is not applicable or impractical. Thus, it was shown that FSP with the imposition
of tracks on the aluminium surface makes it possible to reduce the average grain size to
100-200 nm over a relatively large area, reaching an ultrafine-grained (UFG) state [17-19].
The authors propose a similar approach that makes it possible to obtain large-sized
products with a UFG structure of the surface layer. The authors of [13] claim a decrease
in the average grain size per one pass of FSP by more than 20 times, which led to an
increase in the yield strength of the material by 2.4 times. Articles [20-22] explore
methods of friction stir welding with overlap, a two-pass connection in one direction and
in opposite directions, on both sides of the welded sample. These studies claim that such
methods can provide good fluidity and mixing of dissimilar metals, reducing the size of
grains and defects at their boundaries, and a two-pass connection can significantly
increase the strength properties of the welded joint, reduce wear, and obtain minimal
costs for mixing tools.
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Despite a large amount of information regarding the FSP of aluminium alloys, there
is depressingly little data on the effect of this processing method on the electrical
conductivity of aluminium alloys. There is no data on the effect of this processing method
on the level of electrical conductivity in conductive products made from aluminium
alloys. This study is a continuation of works devoted to the FSP of conductive busbars
made of aluminium alloy AD31 [23]. In previous work, a rational FSP mode was
established, which allows, for a given geometry of the processing tool, to obtain a
processed zone without volumetric defects. This paper examines five different schemes
for implementing FSP, their influence on the structure and properties of busbars made of
AD31T aluminium alloy.

Materials and Methods

As a research material, hot-rolled aluminium alloy plates of 10 mm thick and
200 x 200 mm in size were used. The plates were obtained in the "T" state, meaning
quenching and natural aging. The chemical composition of the commercially produced
AD31T alloy (AA6063 analogue) is given in Table 1.

Table 1. Chemical composition of the AD31T alloy
Concentration of the element, wt. %
Al Si Fe Mg Mn Cu Zn
Base material 0.410 0.390 0.390 < 0.035 < 0.035 <0.035

The processing of the material was carried out on a vertical console milling machine
FSS-400, adapted for FSP, in 6 different processing schemes (Table 2). Based on the results
of previous research [23], the FSP parameters were set as follows: tool rotation speed
1120 rpm, tool linear velocity 200 mm/min. During FSP, the shoulder penetration was
0.635 mm at a tool inclination angle of 3°. The tool dwelling time after immersion is 10 sec.

A sketch of the tool is shown in Fig. 1. The tool is made of steel containing 0.2 wt. % C
and 13 wt. % Cr (the closest analogue is AISI 420). Before use, the tool is hardened up to
580 HB. Most authors tend not to disclose the details of the geometry of the stirring tool,
however, the general recommendations for aluminium alloys are that the tool pin should
be a tapered cone or a threaded one. Since the production of the threaded tool is more
expensive and complex, than the production of the tapered cone tool, and tapered cone
tool is proven to provide defect less structure [22,24,25], the latter type of tool was used.

Fig. 1. Schematic drawing of the stirring tool
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Table 2. FSP schemes

Marking of the FSP scheme description FSP scheme depiction
sample
225 Single linear track a4
Two unidirectional tracks, on a single line, ___________ / ____________________
226 one from each surface (upper and lower) of i 4
the plate
4
Two unidirectional tracks, on a single line, on Aﬁ
227 top of each other, on the same surface of the s
plate
i
Two counter directional tracks, on a single //‘
228 line, on top of each other, on the same 4
surface of the plate
Multiple unidirectional overlapping tracks on ////////
229
the same surface, overlap of 10 mm
Multiple unidirectional overlapping tracks on W -------------
233
the same surface, overlap of 5 mm

X-ray control was carried out on the hardware-software complex of digital
radiography "Tsifrakon". Microstructure studies were performed on an Olympus Q150R
optical microscope. For metallographic analysis, macrosections were made by cutting in
the middle of the length of the stir zone (SZ) in the direction perpendicular to the
processing direction. Surface finishing was carried out in a 3 % hydrofluoric acid solution
to reveal the macrostructure. Microhardness (HV) was evaluated by the Vickers method
on a Buehler MicroMet 5101 instrument at a load of 1 N and a holding time under load
of 10 s. The microhardness (HV) value was calculated using the Omnimet Imaging System
software. Microhardness was measured on transverse sections of specimens along lines
parallel to the surface of the original plate. The measurements were taken at the middle
of the sample thickness, and % of the height from the bottom and top surfaces of the
plate. When measuring the microhardness of the stir zone, the line of measurements
passed through all sections of the cross-section of the FSP sample at a measurement step
of 0.5 mm (about 60 measurements per line). The error value for the microhardness
profiles was calculated as a standard deviation for each profile. Generally, the absolute
value of the microhardness error does not exceed 5 HV. Mechanical tensile tests were
carried out on samples manufactured in accordance with GOST 1497-84. Tests were
carried out on flat samples with length 70 mm and cross-sectional dimensions 3 x 9 mm.
The samples were cut in the direction perpendicular to the FSP treatment so that the
treated area aligned with the middle of the sample. Specific electrical conductivity (w) of
the alloy samples was determined with a relative error of 2% using a VE-27NTs/4-5 eddy
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current electrical conductivity meter according to ASTM E1004-09. The electrical
conductivity value of the samples relative to annealed copper (International Annealed
Copper Standard) was calculated using Eq. (1):

IACS = wa/ w o - 100 [%], (1)
where wa is the experimentally determined value of the electrical conductivity of the
aluminium alloy sample, wc, is the electrical conductivity of annealed copper, equal to
58 MS/m, (MS/m stands for 10°S/m, siemens per meter). Since the electrical conductivity
was measured at 10 points on a line located in the middle of the sample thickness.

Results and Discussion
Samples and stir zone (SZ) assessment

Images of the samples 225-233 are presented on Fig. 2. Sample 225 was produced to
ensure the correctness of the chosen FSP mode [23] in appliance to the studied material,
ensuring the absence of macroscopic defects in the research material. Visual attestation
of the samples 226-233 shows the absence of the macroscopic defects, tunnel effect,
melting and excessive material pushouts from the stir zone during FSP. Figure 2(f) on
example of 233 demonstrates the placement of the tensile test samples.

Fig. 2. Samples 225(a), 226 (b), 227 (c), 228 (d), 229 (e) and 233 (f) after FSP.
Red rectangle on (f) represents the placement of the tensile test sample

The results of X-ray control of samples 225-229 and 233 are presented in Fig. 3.
Each of the studied samples demonstrate the absence of the volumetric defects: tunnel
defects, gas pores and other.

Since sample 225 was used as a reference one for testing the FSP conditions, it was
no longer studied further.
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233

(d)
Fig. 3. Results of the X-Ray control of samples 225 (a), 226 (b), 227 (c),
228 (d), 229 (e) and 233 (f) after the FSP

Macrostructure assessment

Figure 4 shows photographs of the cross-section of samples 226-233 after FSP. As a result
of FSP, a finely dispersed structure was formed in the stir zone (SZ) and the heat affected
zone (HAZ) (Fig. 4). The shape and size of the HAZ is similar for samples 227-229 - it
narrows towards the base of the sample due to more significant heat dissipation in the
sample volume. The HAZ of samples 229 and 233 is wider than in samples 226-228 due
to the overlap of the HAZ of each individual track.

1cm

Fig. 4. Macrostructure assessment of the 226 - 233 samples (top to bottom) cross-sections. Advancing
side and retreating side are marked AS and RS, correspondingly
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According to macroscopy data, a busbar made of the alloy under study in the initial
state is characterized by three zones - central, intermediate, and peripheral (Fig. 5). The
central zone is characterized by relatively small, elongated grains with the size not
exceeding 100 um. In the intermediate zone, grains are characterized by a larger size,
ranging from 50 to 300 um with an average of 146 pm, and a shape close to equiaxial.
The peripheral zone consists of coarse crystals arranged in 1 or 2 rows. These coarse
grains are generally presented in the shape of elongated towards the edge of the busbar
grains, with the average length of 337 uym (ranging from 130 to 740 um) and average
width of 571 pm (ranging from 300 to 900 pm).

central zone

intermediate
zone

peripheral
zone
o B e o s
Fig. 5. Macroscopic images Fig. 6. Metallographic analysis of the samples
of the initial busbar cross section. 226-233 cross sections (top to bottom), OM.
Three zones are distinctly visible - central, Advancing side and retreating side are marked AS
intermediate, and peripheral, OM and RS, correspondingly

Figure 6 presents the panoramic images of the 226-233 samples. According to it,
the grain size within the SZ ranges from 20 to 30 um with an average of 22 # 8 ym. The
value of the average grain size is the same throughout the SZ, so the deformation could
be considered uniform in the SZ. Outside the SZ, however, in the HAZ the average size of
the grain is 295.35 nm, which is higher than in both intermediate and central zones of
the busbar (Fig. 5). The grain growth presumably is caused by the heating inevitably
accompanying the FSP process.

According to Fig. 6, in sample 226, the tracks located on different sides of the busbar
did superimpose each other but were located offset. However, the SZs of both tracks
influenced each other, bending the normally symmetrical shape of the SZ. In samples 227
and 228, the tracks overlapped with virtually no displacement relative to each other. If in
sample 227 the directions of tool movement coincided, and the advancing side (AS) and
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retreating side (RS) zones overlapped each other, increasing the heterogeneity of the
thermomechanically affected zone (TMAZ), then in sample 228, during the second pass,
the AS and RS zones overlapped each other, providing a symmetrical TMAZ. Sample 229
was obtained with superimposed unidirectional tracks with a tool offset of 10 mm. As it
turned out, a displacement of this magnitude does not provide only partial overlap of the
SZ, leaving untreated areas. In sample 233, processed according to a scheme similar to
sample 229, the displacement of the tracks was 5 mm, as a result of which complete
overlap of the SZ was achieved.

Microhardness and electrical conductivity assessment

Analysis of the hardness distribution curves (Fig. 7) shows that the cross-section of sample
226 is characterized by two significantly different sections: the base metal (BM), which
hardness is 50-55 HV (depending on the depth of measurements relative to the surface),
and the metal of the SZ, the hardness of which is on average 10-15 % higher. There is
also a noticeable decrease in hardness at the boundary of the SZ, between the BM and
the TMAZ, caused by recovery processes as a result of thermal effects. Microhardness
values increase in the center of the SZ, since due to a greater degree of deformation, the
contribution of grain boundary and dislocation strengthening increases as well.

The microhardness profiles of samples 226-228 are largely similar, however, there are
certain differences. In sample 226, there was no exact overlap of the SZ core, as a result of
which the TMAZ of the second track partially overlapped the SZ core of the first track,
leading to softening - the maximum microhardness in sample 226 does not reach 60 HV,
which is the minimum value for samples 226-228 (Fig. 7(a)). The microhardness values for
the upper, middle, and lower zones of the sample are almost completely identical, which
indicates the absence of hardening in the surface zone. Also, the microhardness values
completely coincide in the center of the sample - between the centers of the SZ cores.

In sample 227, in which unidirectional tracks were superimposed, an increase in
microhardness is observed throughout the entire SZ and TMAZ, and the hardness values for
the upper and middle layers of the sample turned out to be higher than for the lower layer
(Fig. 7(b)). The multidirectionality of the tracks in sample 228 caused the strengthening of
the lower layer, in addition to an increase in microhardness in the upper and middle layers
of the sample (Fig. 7(c)). In general, the increase in microhardness in sample 228 is less
pronounced, most likely due to the overlap of the HAZ from multidirectional tool passes.

The nature of the microhardness profiles for samples 229 and 233 is different from
samples 226-228. In sample 229, the microhardness of the surface layer turned out to be
higher than in the base material, since the overlap of the SZ core is located just near the
surface. The microhardness of the lower layer of the busbar increases slightly, but the
change is insignificant. The microhardness profile of the middle layer has a sawtooth
character, corresponding to alternating SZs (Figs. 4-6). The growth of microhardness in
the upper and middle zones of sample 233 is more pronounced than in sample 229, and,
in general, the hardening in sample 233 is greater than in sample 229. A characteristic
feature of sample 233 is a sharp decrease in microhardness at the boundary of the zone
- where the overlaps of the SZs, and this decrease is most noticeable in the upper and
middle layers of the sample.
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Fig. 7. Microhardness profiles for the samples 226 (a), 227 (b), 228 (c), 229 (d) and 233 (e). For all
samples advancing side (AS) is on the right and retreating side (RS) is on the left

Figure 8 shows the electrical conductivity profiles of the samples. Based on the
results of measuring the electrical conductivity of the SZ and TMAZ, the average value of
the electrical conductivity of the BM was 28.8-29.1 MS/m.

The change in resistivity value for each sample is different from the others. Thus, in
sample 226, there is a noticeable decrease in electrical conductivity in the SZ and TMAZ
(Fig. 8(a)), and an increase beyond them. According to Fig. 8(a), a relatively small increase
in microhardness is observed in the sample SZ, which correlates with a decrease in
electrical conductivity. Near the SZ, an increase in electrical conductivity is observed,
probably as a result of recovery processes. The behavior of electrical conductivity in
samples 227 and 228 correlates with changes in microhardness - for example, the
microhardness in the SZ of sample 227 is higher, and the electrical conductivity is lower
than in the SZ of sample 228. The electrical conductivity values to the left and right of
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the SZ and TMAZ in sample 228 are higher than in sample 227 are and are located
symmetrically due to the overlap of the AS and RS zones from each tool pass.

Just like microhardness, the electrical conductivity profiles in samples 229 and 233
are different from the electrical conductivity profiles for samples 226-228. In general, the
electrical conductivity of the TMAZ of the sample 229 corresponds to the electrical
conductivity of the BM, except for areas at the edge of the SZ. The electrical conductivity
of sample 233 is higher almost throughout its entire length than in the base material,
and decreases only at the edge of the SZ (Fig. 8(f)).
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Fig. 8. Electrical conductivity profiles for samples 226 (a), 227 (b), 228 (c), 229 (d) and 233 (e). Orange
dashed lines mark the edges of the SZ. For the sample 233 (e) green dashed lines mark the start and
the end of the SZ edge. For all samples advancing side (AS) is on the right and retreating side (RS) is on
the left
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Figure 9 shows the engineering stress-strain curves of samples made from
workpieces of states 226-233. All states are characterized by ductile fracture and have
comparable values of the yield strength (UTS) (70-80 MPa), ultimate tensile strength
(140-160 MPa) and ductility (16-18 %). The sawtooth sections of the tensile curves
indicate alternating localization of deformation and its relaxation.

160

140 -

120 -

100 -

80 1
60 1|

— 226

227
40 1 228
— 229

20 4 — 233

Ultimate tensile stress, MPa

0

0 2 4 6 8 10 12 14 16 18 20
Strain, %

Fig. 9. Engineering strain-stress curves Fig. 10. Fractures tensile tests samples
for the 226-233 samples of the 226-233 (top to bottom) samples

Figure 10 presents the fractured tensile tests samples of the 226-233 states. Judging
by these images, all samples failed outside the FSP region. Firstly, this indicates the
strengthening effect of FSP, and secondly, the absence of defects introduced by FSP. On
samples 226, 227 and 228 it is clearly visible that the localization of deformation occurred
on both sides of the SZ. The wavy relief of localized deformation zones confirms the
assumption of alternating localization and relaxation of deformation during tensile tests.

In this study, the implementation of various FSP schemes was carried out for two
purposes: the first group of samples (226-228) was obtained for the purpose of testing
the linear FSP regime, the second (229, 233) was obtained for the purpose of modifying
the structure and properties in a certain volume of the sample. It is known that during
FSP a number of processes might occur: plastic deformation, recovery, static and dynamic
recrystallization, formation and decomposition of a solid solution, phase transformations
[25-28]. All or some of these processes can occur simultaneously, forming different
structures in the section of the SZ and TMAZ. However, judging by the results of the study,
processes aimed at increasing the mechanical strength in the SZ predominate in the
modes used. Despite the fact that in aluminium alloys an increase in electrical
conductivity and electrical conductivity are considered competing properties [29], in this
case it was possible to achieve an increase in microhardness (Fig. 7) and ultimate tensile
strength (Fig. 9) in the SZ without a decrease, and in some cases - with increasing the
electrical conductivity (Fig. 8). The results allow us to assert that for alloys of the Al-Mg-
Si system (possibly for other thermally hardenable aluminium alloys as well), the given
FSP processing modes allow obtaining a defect-free linear processing zone characterized
by increased hardness, strength and electrical conductivity relative to the base material
(226-228), as well as modifying a volume of material of a certain depth, which is also
characterized by increased hardness, strength and electrical conductivity relative to the
base material (229, 233).
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Conclusions

In this work, five FSP schemes were implemented, three of them along a line, two along
a surface, in the same process conditions: linear tool velocity of 200 mm/min and tool
rotation speed of 1120 rpm. The authors have drawn the following conclusions:

1. Proposed FSP schemes implemented on a 10 mm thick conductive busbar made of commercial
aluminium alloy AD31T (Al-Mg-Si system, analogue of AA6063) provided a defect-free structure.
2. Due to the implementation of each scheme in the volume of the treated area, due to
plastic deformation, a decrease in the average grain size occurred, accompanied by
hardening and a decrease in electrical conductivity. In thermally affected areas, located
on the periphery of the stir zone, reverse processes occurred.

3. During mechanical tests, the destruction of samples of all proposed FSP schemes occurred
outside the FSP zone, accompanied by alternating localization and relaxation of deformation.
4. Based on the research carried out, to create permanent connections of conductive
aluminium busbars, it is recommended to use scheme 227 (parallel unidirectional passes
with complete overlap of the second pass on the first), for strengthening treatment of the
surface and near-surface layer — scheme 233 (parallel unidirectional passes of the tool,
with overlapping tracks by 5 mm - at a given tool configuration).
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