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Abstract 

Friction stir welding is still more being used in shipbuilding, aerospace, and automotive industries to 
develop and produce welded components. This welding technology offers many benefits, including 
reducing emissions and waste, increasing production possibilities by transforming machining devices 
into welding devices, and raise the competitiveness of companies. The quality of welded joints is 
most influenced by main welding parameters. Aluminium alloy AW7075-T651 with a thickness of 
3.6 mm was used in the experiment. The main welding parameters were the frequency of tool rotation 
and welding speed. Macroscopic analysis confirmed the presence of a typical FSW joint areas, weld 
nugget, thermomechanical affected zone and heat affected zone. Microscopic analysis exposed a fine-
grain microstructure in the weld nugget. Mechanical properties of the welded joints were evaluated 
by microhardness measurement, bend test and tensile strength test.  
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1. Introduction

The friction Stir Welding (FSW) was invented at the UK's ‘The Welding Institute’ (TWI) in 1991, 
and is viable process for joining aluminium alloys. During friction stir welding is necessary using a 
specialized non-consumable cylindrical tool to weld a butt or lap joint. This tool has a small probe 
and a larger shoulder. The tool is rotated and plunged into the joint line, generating frictional heat 
that softens the surrounding material, allows the tool to move along the joint line. The depth of 
penetration is determined by the probe length. When the tool shoulder contacts the metal plates, 
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additional frictional heat is generated and plasticizers a cylindrical metal column around the probe. 
The rotating tool continually plasticizing and mixing the material it within a narrow zone [1]. The 
aluminum alloy AW7075-T651 applications are typically where high strength and good corrosion 
resistance are required. Aircraft structural parts and other high-stress parts from any industry are 
usually made from this alloy [2]. In previous studies, it has been found, that the friction stir welding 
process is possible used to joined of 7xxx aluminium alloy. The welded joints from 6 mm thick plates 
of AW7075-T651 was produced by using the FSW process were free of defects. The best process 
parameter selection resulted in fully penetrated welds. Direct observation, it was found that the weld 
joint and the surrounding area can be divided into four zones: stir zone (SZ), thermomechanical 
affected zone (TMAZ), heat affected zone (HAZ), and base material (BM). Microstructural 
examination of these zones showed that SZ had very fine and equiaxed grains. Microhardness 
measurements were carried out on the welded joint and base material. The average hardness of the 
base material was higher than the hardness of the welded joint. The heat-affected zone had the lowest 
hardness. The tensile strength of the base material and welded joint were also evaluated, with values 
of 574 MPa for BM and 278 MPa for welded joint [3, 7, 10]. The yield strength, ultimate tensile 
strength, and elongation of the base materials AW7075-T6 alloy plates with a thickness of 5 mm were 
521 MPa, 578 MPa, and 17%, respectively. Friction stir welding was used to join the plates with a 
tool rotation rate of 800 RPM and a traverse speed of 100 mm/min. The tool was made of H13 steel, 
with a concave shoulder diameter of 16 mm and a probe length of 4.7 mm. The diameter of the tapered 
threaded pin ranged from 3.5 to 5.5 mm. The base material had an average hardness of about 185 HV, 
with the lowest hardness (111 HV) observed in the heat affected zone. The average hardness of the 
nugget zone was 129 HV, which was lower than the base material. The base material had elongated 
grains with an average width of 31 μm. The grains in the heat-affected zone were almost similar in 
size and shape to those in the base material. The thermo-mechanically affected zone showed 
elongated grain structures, but they were much finer than in the base material. The average width of 
the elongated grains in the TMAZ was about 11 μm. Equiaxed grains were observed in the nugget 
zone, with an average size of 4 μm. The yield strength, ultimate tensile strength, and elongation of 
the FSW joint were 291 MPa, 408 MPa, and 7.9% [4, 8]. According to Ma et al. [5], AW7075-T651 
is a heat-treatable (precipitate-hardened) aluminium alloy, and friction stir welding process leads to 
softening of the nugget area. Combination of constant rotational speed of 1200 RPM with various 
translational speeds of 32, 64, 127 and 241 mm/min during the friction stir process is possible affected 
a behaviour a resulted microhardness. The central region of the nugget zone has a higher 
microhardness, but it is still softer than the base material. The regions with lower microhardness 
values, TMAZ or HAZ, surround the central region of welded joint, depending on the local peak 
temperatures. Microhardness values increase with distance from the centreline of the nugget. The 
results show that increasing the tool rotational speed leads to a decrease in hardness, while increasing 
the translational speed results in a hardness increase. These changes are due to the influence of the 
peak temperatures. The increase in translational speed led to a reduction in grain size in the SZ. 
Conversely, higher translational speeds of the tool result in less heat generation and changing a grain 
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size [6, 9]. The aim of the paper is to find out whether the standard milling machines are stiff enough 
to handle friction stir welding and spindle load will not be too high. Another aim was to produce a 
full penetration butt welded joint made of aluminium alloy AW7075-T651 and compare the 
mechanical properties with the properties of base material. 

2. Materials and Methods

Material used within the experiment was AW 7075 T651 aluminium alloy with thickness of 3.7 mm. 
Chemical composition and mechanical properties of the AW 7075 T651 are provided in Table 1 and 
Table 2. Chemical composition was analysed using Bruker Q4 TASMAN advanced benchtop 
spark - Optical Emission Spectrometer. 

Table 1. Measured chemical composition of AW 7075 T651 aluminium alloy [wt. %] 
Al Cr Cu Fe Mg 
88.7 0.178 1.740 0.201 2.511 
Mn Si Ti Zn Other 
0.059 0.082 0.018 6.440 0,071 

Table 2. Typical mechanical properties of AW7075-T651 provided by manufacturer [1] 
Hardness, Brinell 150  AA; Typical; 500 g load; 10 mm ball 
Hardness, Rockwell B 87  Converted from Brinell Hardness Value 
Hardness, Vickers 175  Converted from Brinell Hardness Value 
Ultimate Tensile Strength 538 MPa  AA; Typical 
Tensile Yield Strength 476 MPa  AA; Typical 

Probe used in this experiment was in the shape of a threaded cone cut into a regular four-sided 
pyramid. Probe was 3.45 mm pulled out from the shoulder. Shoulder had a single helix-shaped groove 
with 1 mm depth. Material used for production of the 5.5 mm probe in diameter was tungsten carbide, 
whereas the shoulder with diameter of 14 mm was made of standard tool steel. 

Figure 1. Milling machine DMG DMU 85 Monoblock 
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Welded joints were produced using DMU 85 monoBLOCK- 5-Axis Milling by DMG MORI 
(Figure 1), which is a standard milling machine. Microhardness was measured using NEOPHOT 21 
microscope equipped with Hanneman microhardness extension and Tinius Olsen 300 ST device was 
used to analyse static tensile strength as well as bend tests. ZEISS Metrotom 1500 was used for 
X-Ray analysis of welded joints, whereas VG Studio 3.0 software was used to analyse X-Ray scans.
Structural analysis was realized using standard procedures. After grinding and polishing, Keller’s
reagent (95 ml H2O, 2.5 ml HNO3, 1.5 HCl, 1 ml HF) was used for etching to reveal the
macrostructure and microstructure of the welded joint.

3. Experimen

Previous experiments showed that penetration of the tool is 3.7 mm so the plates with the 5 mm 
thickness were reduces to this thickness. Plates to be welded were fixed by clamps in the table of 
milling machine (Figure 2). After milling the thickness to 3.7 mm, welding took place without moving 
the plates. Welding parameters were used from previous experiment having best results from X-Ray 
analysis and weld surface appearance. Revolution frequency of the tool was 1000 RPM and welding 
speed was 200 mm/min. The weld surface is shown on Figure 3. The surface roughness of the weld 
joint was measured and average surface roughness (Ra) was 4.657 µm. Samples for mechanical 
properties and structural analysis were cut out from reduced thickness only.  

Figure 2. Welding setup and clamping Figure 3. Weld surface appearance with flash 

X-Ray analysis of welded joint (Figure 4) did not show any abnormalities or porosity in welded joint,
however the porosity of the welded joint may be very small (at the limit of detectability) due to the
fine structure and nature of the process. Porosity was later also evaluated during microscopic analysis.

Figure 4. Results of X-Ray analysis of welded joint 
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Macroscopic analysis (Figure 5) showed full penetration without any abnormalities on the surface of 
the weld bead and weld root. Figure 5 shows different zones of the welded joint. Stir zone is the 
middle zone of the welded joint, however the weld nugget was not observed. Transition between stir 
zone and thermomechanically affected zone (TMAZ) was sharp on the advancing side, but difficult 
to locate exactly on the retreating side of the welded joint. The precise line between 
thermomechanically affected zone and heat affected zone (HAZ) is not significant due to fine 
microstructure. Identification of TMAZ was done based on grain direction changes compared to 
original direction of rolled based material. Advancing side showed narrow TMAZ but wide HAZ. 
Wide TMAZ and narrow HAZ were observed on the retreating side. 

Figure 5. Macrostructure of Sample 14 

Microstructure of welded joint was analysed using scanning electron microscopy on cross-sections. 
Microstructure of base material is provided on Figure 10. Longitudinal grains, typical for rolling, 
were observed. Precipitates were observed on grain boundaries inside the grains.  

Figure 6. Microstructure of AW7075-T651 (base material) 

EDX analysis was used to analyse chemical composition and distribution of particular elements 
Figure 7. EDX map of base material showed relatively big precipitates rich to Al-Cu-Fe and Al-Cu. 
Most probably it could be Al7Cu2Fe or Al2Cu phases as it was reported by other researchers [12, 13]. 
Precipitates rich to Si-O were also observed. In this case it could be SiO2 phase. Also, particles rich 
to Cu were observed. TEM or XRD analysis would be required to confirm these phases. Elements 
like Zn and Mg are evenly distributed in matrix. We assume that fine MgZn2 phase can be found in 
matrix as well. Measured chemical composition of particular precipitates is provided in Table 3.  
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Table 3. Chemical composition of precipitates in base material 
Cu Fe Al Si O Zn Mg Cr Mn 

Al-Cu-Fe 34.0 13.3 44.2 0.3 2.7 3.2 0.8 0.9 0.6 
Al-Cu 36.1 0.3 54.2 0.0 2.0 5.6 1.7 0.0 0.0 
Al-Si 1.5 0.0 24.2 35.1 35.6 2.6 1.0 0.0 0.0 
Cu 88.9 0.0 5.1 0.0 3.4 2.0 0.7 0.0 0.0 

Figure 7. EDX mapping of base material 

Transition zones between stir zone (SZ) and thermomechanicaly affected zone (TMA Z) are shown 
in Figure 8a and Figure 8b. TMAZ showed deformed grains and precipitates were observed again in 
grains and on their boundaries, similar to base material (Figure 9a). Precipitates rich to AL-Cu-Fe, 
Al-Cu, Al-Si a Cu were also observed in this transition zone. Beside these precipitates, Al-Cu-Mg 
based precipitates were observed (60.0%Al, 17.3%Cu, 10.1%Mg). Stir zone was formed by equiaxed 
grains (Figure 9b). This fine grained structure was achieved by recrystalisation cause by strong 
deformation. Preciptates rich to Al-Cu-Fe, Al-Cu a Si-O were observed in stir zone. 
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Figure 8. Microstructure of transition zone SZ-TMAZ: a) retreating side, b) advancing side 

Figure 9. Precipitates in particular areas: (a) TMAZ, (b) SZ 

Microhardness was measured across the welded joint (Figure 15) in the middle section. Significant 
drop of the microhardness was observed in the heat affected zone. Heat affected zone showed 
microhardness of 134 HV 0.1 what represents 23 % drop compared to value of 175 HV 0.1 measured 
in the base material. Stir zone showed the highest microhardness in welded joint compared to base 
material. Microhardness measured in the weld axis of the welded joint from the top to the root section 
was very uniformed. Average value measured in stir zone was 155.8 HV 0.1 what represents 89 % of 
value measured in base material. 

Figure 10. Microhardness measurement across the weld joint 
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Bend test was realized according to ISO 5173:2009 standard (Destructive tests on welds in metallic 
materials - Bend tests) Eight samples (Figure 16) were cut out from a welded joint (Figure 4) with 20 
mm width. Half of the samples were assigned for a bend test from the root side and the other half 
from surface side of the welded joint. 

Figure 11. Welded joints before bend test 

After the cutting, the flash was removed from the surface completely and both surface and root side 
of the welded joint by grinding with 600 grit grinding paper in direction perpendicular to the welded 
joint axis (welding direction). Since the shoulder was pushed into the material, the transition smooth 
and crack initiation could start at the sharp edges. Finally, the edges were deburred to avoid crack 
initiation from the sharp edge. Samples after the bend test did not show any crack while bending from 
both sides (Figure 17, Figure 18). 

Figure 12. Welded joints after bend test from 
root part 

Figure 13. Welded joints after bend test from 
surface part 

Three samples for the tensile test were prepared according to the ISO 4136 standard (Destructive tests 
on welds in metallic materials - Transverse tensile test). Similar to bend test samples, flash and edges 
were brushed to prevent early crack initiation. Samples were cut off from the welded joint using 
electro erosion machining. Samples after the tensile strength test were broken in HAZ. 
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Figure 14. Results of tensile strength test 

Average tensile strength of welded joints was 452 MPa, whereas the proved strength was 348 MPa 
(Figure 19). There is a noticeable difference in sample No.3 which was probably caused by slipping 
of grippers in the testing device at the very beginning of the test. Therefore, the stress-strain diagram 
is shifted to the right side at the beginning of the test, however the shape is very similar to the first 
two measurements. Cracks appeared in heat affected zone in all samples. 

6. Conclusions

Based on provided results, following conclusions from this research can be pointed out:

1. High rotational frequency of the welding tool causes irregular formation of welded joint surfaces
due to tearing off the material. Moreover, it causes the porosity underneath the weld surface.

2. With low rotational frequency and higher welding speed, porosity in the root section of the
welded joint appeared, which may lead to tunnel defect in the root section.

3. Best parameters for welding AW 7075 based on analysis were 1000 RPM rotational frequency
and 200 mm/min welding speed. These parameters showed a stable welding process and no
internal defects confirmed by X-Ray analysis.

4. Spindle load was only 23% of its maximum, so the milling machine proved to be capable of
welding AW7075 aluminium alloy with the thickness of 3.7 mm.

5. Macrostructure of welded joint did not reveal any defects and confirm the presence of standard
zone (stir zone, thermomechanically affected zone and heat affected zone).

6. Microstructure showed very fine structure in stir zone and deformed grains in TMAZ. Moreover,
it revealed the presence of small precipitates. Chemical analysis of particles was realised
however, TEM or XRD analysis would be required to confirm the presence of particular phases
observed by other authors.

7. Tensile strength showed 16 % drop compared to values provided by manufacturer.
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Microhardness exhibited 89 % of base material value. Bend tests showed no cracks on any 
sample after the test. 

Further research will be focused on material of the tool and its lifetime, as well as confirmation of the 
phases by advanced material analysis.  
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