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Abstract
Friction stir processing is an efficient method for local structure improvement of aluminum alloys such as grain
refinement, breaking the non-metallic inclusions and the coarse dendritic structure. Experiments were performed
to obtain layers by FSP with a tool, which geometry is a threaded pin with three flutes and a concave shoulder.
The basic parameters tool rotation speed and tool traverse speed are varied. Typical defects and features in the
mixing zone structure and on the interface with the material untreated sections are presented. Selected results of
metallographic, tomographic and hardness studies of layers of aluminum alloy A6061 are presented.
Keywords: Aluminum alloy A6061, friction stir processing, fine-grained structure, tomographic and hardness
studies

1. Introduction
A characteristic feature of friction stir processing (FSP) [1] [2] is that it is carried out in plastic
state, which the material reaches due to the heat generated by friction. A tool is used, which
consists of pin and shoulder and due to its rotating and transitional movement interacts
thermomechanically locally with the treated surface by penetrating to a certain depth causing
mixing of the plasticized material, which leads to structural changes.
As a result of FSP, grain crushing, breaking of non-metallic inclusions and coarse dendritic
structure are achieved, as the dynamic recrystallization is characterized by high-angle grain
boundaries [3].
In many cases, FSP is combined with the addition of reinforcing or modifying powders or other
materials to form composites [4]. FSP makes it possible to improve certain areas of the surfaces
of materials in terms of specific properties such as hardness, corrosion resistance [5], wear
resistance [6] and others.
The main parameters of FSP are tilt angle of the tool, pressure effort to the workpiece, tool
rotation speed, tool traverse speed, tool shoulder diameter, pin and shoulder profile.
Dynamic recrystallization occurs due to the material flow and the heat generation, thereby
improving the surface property and grain refinement [7].

2. Experiments
Experiments were performed to obtain layers by FSP with a tool, which geometry is a threaded
pin with three flutes and a concave shoulder (Fig. 1).
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Fig. 1. FSP tool

Aluminum alloy Al 6061 T651 was used in the form of sheet metal with thickness of 12 mm,
cut into strips with width of 100 mm and length of 200 mm. A HURCO VMX30 machining
center (Fig. 2) was used for processing. The direction of rotation is clockwise (CW). Fig. 3
shows a scheme of FSP, which aims to establish the optimal mode of processing.

Fig. 2. Processing of a sample

Flashes are observed on the retreating side of the processed area (Fig. 4). The advancing side is
clear.
The plate, processed in 16 different modes, is cut into strips, which are marked, ground,
polished and etched for metallographic analysis.
For each treatment mode, two sections are considered in order to assess the imperfections,
which in this case are metal deficiency zones (MDZ) located at the end of the pin. The average
length of the MDZ in the two sections in planes perpendicular to the direction of processing is
accepted as a criterion for quantitative assessment.
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Fig. 3. Scheme of FSP

Fig. 4. A sample with 16 processing modes

3. Results and discussion
3.1. Macrostructural analysis
Pictures of the cross sections of the 16 processing modes are presented in Fig. 5a, b, c and d.

Fig. 5a.

Fig. 5b.
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Fig. 5c.

Fig. 5d.

It is seen on the macroscopic photos of the zones after FSP according to the parameters
corresponding to the testing plan in Fig. 5a to 5d:
1. The boundary on the advancing side of the tool A between the stir zone and unmixed part of
the material is sharper than the boundary at the exit of the instrument R (retreating side), where
a smooth transition is observed.
2. At higher speeds of rotation of the tool and speed of processing the boundary on the A side
passes to a smooth pattern 2.4, 3.3, 3.4, 4.2, 4.3, and 4.4.
3. The higher rotation speed of the tool leads to a larger volume of mixed material (Fig. 5d) due
to increase of the cross-sectional area - the shaded area of sample 4.4 compared to 4.1.
Photos of the processing mode with the largest and smallest length of the metal deficiency zones
are shown in Fig. 6a and 6b.

Fig. 6a. Mode 2.4

Fig. 6b. Mode 3.3

3.2. Measurement of microhardness HV
The microhardness HV was measured with a Micro Duromat microhardness tester (ReichertJung) at a set load of 20gf, time to reach the load of 10s and a detention time of 10s. The results
of the microhardness measurements for all samples are given in Table 1, the measurements
being performed in positions 1, 2 and 3 of Fig. 7, and the average value of the microhardness
of the parent metal being 73kgf/mm2, obtained as an average of 5 measurements.
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Fig. 7. Points for hardness measuring

Table 1. Microhardness HV

Microhardness HV0.02/10/10, kgf/mm2

Mode

Below the surface
1-1
1-2
1-3
1-4
2-1
2-2
2-3
2-4
3-1
3-2
3-3
3-4
4-1
4-2
4-3
4-4

54.6
53.1
49.3
53.8
37.7
48.3
54.6
48.3
33.4
48.2
41.1
62.5
33.0
51.8
54.6
48.1
Average 48.275

In the middle

At the bottom

Average

46
48.9
49.4
49.8
46.2
48.9
53.1
49.8
45.5
45.9
46.5
44.8
47.9
46.4
50.1
55.5
Average 48.419

53.4
51.8
51.4
52.8
53.8
54.7
52
48.1
53.6
56.9
54.0
55.3
57.2
55.0
56.5
53.4
Average 53,74

51.33
51.27
50.03
52.13
45.9
50.63
53.23
48.73
44.17
50.33
47.2
54.2
46.03
51.07
53.73
52.33
Average 50.14

3.3. Microtomographic examination
Non-destructive studies of 3 pcs. samples by X-ray microtomography (µCT) SkyScan 1272,
Bruker are carried out. The samples are made of Al-alloy Al6061, with irregular parallelepiped
shape with dimensions approximately 18.4 mm x 13 mm x 10.5 / 11.0 mm for samples 2.4 and
3.3, and 18.2 mm x 10.5 mm x 12 mm for sample of the base material (BM).
After initial settings of µCT, the following radiation parameters were selected: resolution
1632x1093 pxl, size of pxl: 16.200 µm, filter Al 0.5 + Cu 0.038, distance of the sample to the
X-ray source: 200 mm, Source Voltage 90 kV, Source Current 111 µA, radiation step: 0.400˚,
360˚ radiation (full rotation of the sample). In Fig. 8 shows X-ray projections of the samples
(so-called preview) before irradiation.
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Sample BM

Sample 2.4

Sample 3.3

Fig. 8. X-ray projections of samples BM, 2.4 and 3.3

After radiation a 3D reconstruction was performed by processing the obtained graphic images
with NRecon v software. 1.7.4.2. CTVox v.3.3.0r1403 software was used to visualize the
obtained model. Fig. 9 shows a BM pattern in the three sections; Fig. 10 shows sample 2.4, and
Fig. 11 shows sample 3.3.

Fig. 9.a. Sample ВМ – cross section

Fig. 9.b. Sample ВМ – cross section

Fig. 10.a - 3D model of sample 2.4 in longitudinal sections (CTVox software v.3.3.)
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Fig. 10.b - 3D model of sample 2.4 in longitudinal sections (CTVox software v.3.3.)

Fig. 10.c - 3D model of sample 2.4 in cross sections (CTVox software v.3.3.)

Fig. 11.a - 3D model of sample 3.3 in longitudinal sections (CTVox software v.3.3.)

Fig. 11.b - 3D model of sample 3.3 in longitudinal sections (CTVox software v.3.3.)
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Fig. 11.c - 3D model of sample 3.3 in cross sections (CTVox software v.3.3.)

Using CTAn v.1.18.8.0 software, additional processing of the 3D model of the samples was
performed aimed to determining the distance to the surface of the processed samples where the
traces of the processing tool are located, as well as the height of these traces.
In sample 2.4 the trace begins 4.3 mm under the treated surface and its height is approximately
0.8 mm, and in sample 3.3 the trace begins 3.6 mm under the treated surface and its height is
approximately 0.4 mm.

4. Conclusions
1. The layers on the surface of aluminum 6061 T 651 plate obtained through FSP using 16
treating modes have smoot surface. The interface between the processed layers and the base
material is sharp on the advancing side and smooth on the retreating side and border become
smoother at higher rotation speed.
2. The higher rotation speed of the tool leads to a larger volume of mixed material due to the
increase of cross-sectional area of the stir zone).
3. In regard to metal deficiency zones the best result has sample 3.3 (tool rotation speed -1300
turns/min and tool traverse speed - 45 mm/min).
4. The average hardness of the treated layers is around 68,7 % of the hardness of the base
material.
5. X-ray microtomography allows for accurate characterization of structural defects such as
metal deficiency zones.
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