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also contributes to a smaller deformation of the joined elements, 
in contrast to conventional welding. Using this method it is pos-
sible to perform joints using other construction materials such 
as magnesium alloys, mild steel, nickel alloys, titanium and 
combinations of materials such as aluminum-magnesium alloys, 
aluminum-copper-aluminum or even steel. Direct comparison 
of FSW welding technology to a conventional welding, shows 
a better mechanical properties, greater resistance to bending or 
higher fatigue. All these features ensure that the FSW process is 
becoming used more widely in many industries such as. automo-
tive, shipbuilding and aerospace [3,4].

The FSW process takes place in solid phase at temperature 
below the melting point of the material, and as result does not 
experience problems related to resolidification , such as the for-
mation of second phase, porosity, embrittlement and cracking. In 
additional the lower temperature of the process enables joining 
with lower distortion and lower residual stresses [7].

The principle of operation of the process is relatively simple. 
Non consumable rotating tool is placed inside the welding line 
(Fig. 1). The heat generated from shoulder of the tool causes the 
material to become soft and enables it to flow and be stirred. 
Simultaneously, the rotating shoulder is located on the surface 
of the plates which generates frictional heat and avoids the ma-
terial flash leakage out of the seam, providing a smooth surface 
[8]. Modification of microstructure in the center zone of FSW 
joint largely caused by the secondary dynamic recrystallization 
of the material and the formation of even an order of magnitude 
smaller axial equal grain. This phenomenon may cause slightly 
decrease the mechanical properties of the joint. It is important 
to choose the appropriate technological and geometrical weld-
ing parameters. Although, the optimization of the welding pa-
rameters such as tool rotation speed; tool feed (welding speed) 
is critical to obtain high quality welds, the optimization of the 
tool geometry and tool material are also very important [9]. This 
allows for producing defect-free joints characterized by good 
mechanical properties. However, the material flow behavior is 

predominantly influenced by the FSW tool profile, tool dimen-
sion and process parameters [10]. 

Another important aspect under investigation are the forces 
generated by the tool action during realization the FSW process 
and the effect of the process parameters on them. The vertical 
and horizontal forces are fundamental to fully understand the 
welding process, furthermore, their knowledge provides data for 
the process parameters optimization [11]. In practice the value 
of the measured force can be also used in order to develop an 
adaptive control system; to this end, the process parameters 
are adopted in order to keep forces measured during FSW at 
the values providing the optimal combination of joint proper-
ties [11, 12]. It is known that the rotational speed of the FSW 
tool and welding speed of the tool have a strong effect on heat 
generation, heat dissipation and cooling rate, therefore the joint 
formation, microstructure of the weld and forces are affected by 
the rotational speed and tool feed value. Increasing the rotational 
speed of the FSW tool leads to higher temperature and cause 
more intensive mixing of the joining material. On the other hand, 
increasing the tool feed rate produces a decrease in specific ther-
mal contribution conferred to the joint so that less time is given 
to the heat to flow into the joint. For these reasons the welding 
technological parameters must be carefully chosen in order to 
ensure a successful and efficient FSW process [13,14,18]. 

The properly made FSW joints has the following character-
istics zone shown on Fig. 2. As a result of process mechanism and 
heat generation it was found that the FSW joints are composed 
of two main zones. First zone located in center of cross-section 
of the weld usually named Nugget or SZ (Stirred Zone), it is 
fully recrystallized region. Another zone is HAZ (Heat Affected 
Zone) and the next to is TMAZ (Thermo-Mechanically Affected 
Zone). Meanwhile in the HAZ the material experienced thermal 
conditions that modified its microstructure and mechanical 
properties without any plastic deformation, in the TMAZ, the 
material was hardly plastically deformed at high temperatures 
under the action of the FSW tool [16,17]. Each zones has a dif-
ferent thermo-mechanically history [6]. In addition depending 
on the tool rotating rate and traverse speed. The SZ can contain 
a ring pattern or other microstructural variation [6]. The defor-
mation under the shoulder region is likely to influence the final 
texture significantly. This point is fundamental because texture 
influences a variety of properties including strength ductility, 
formability, and corrosion resistance [6]. Properly made FSW 
joint has a very good mechanical properties in relation to the 
parent material, UTS may reach up to over 90% in relation to the 

Fig. 1. Scheme of linear Friction Stir Welding process
Fig. 2. Cross-section of the process zone of material. Overview of 
micrographs from the BM, HAZ, TMAZ and SZ of the sample
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parent material. For instance the strength of the joint fabricated 
thought the conventional fusion welding methods can only reach 
up to 50-70% for the parent material. 

The paper presents the characteristics of the dynamic na-
ture of the process FSW-based on plasticizing effect of joining 
materials and their mixing in the welding zone with particular 
emphasis on the specifics of joining very thin sheets of metal-
lic materials. Numerous studies on the linear FSW process for 
joining materials of different thickness have been presented, but 
very little work relates to the welding of very thin sheet metal 
alloys used in aviation, hence the need for further research. The 
aim of present research was to prove the feasibility of FSW very 
thin sheets of magnesium alloy AZ31B. The effect of the welding 
technological parameters on the microstructure and mechanical 
properties of AZ31B alloy was also studied.

2. Experimental procedure

The initial material used in this work is a cold-rolled 
commercial AZ31B magnesium alloy (Mg-3%Al-1%Zn) plate 
with the 0.5 mm in thickness. Magnesium has high affinity for 
oxygen, and thus, the surfaces of magnesium alloys are usually 
covered with oxide films. Magnesium oxide is porous and can 
absorb some moisture, leading to the formation of magnesium 
hydroxides [20]. In this investigation, the joining region are care-
fully cleaned prior to welding, but the oxides cannot be removed 
thoroughly. After polished by abrasive paper and cleaning with 
acetone, several weld plates were subjected to FSW along the 
rolling direction. The blank sheet dimentions were 180×100 mm. 
A backing plate witch two holders constituted the fixture to 
firmly hold the workpiece. Fixing device with workpiece was 
installed on the plate of piezoelectric Kistler dynamometer 
shown on Fig. 3a. The FSW experiments were carried out on 
a special adopted CNC milling machine (Fig. 3b) using the 

welding tool shown on Fig. 4. Non consumable cylindrical tool 
made from tungsten carbide with geometrical features reported 
in Table 1.

TABLE 1

Inputs used for the experimental set-up of FSW

Tool material Tungsten carbide
Shoulder diameter D 10

Pin diameter d 3
Pin height 0,45
Pin profi le cylindrical

Shoulder profi le Flat 
D/d ratio of the tool 3

Dwell time 20 s

The tool has been made in the hard micro-milling process. 
The tool design greatly influences to the plastic flow of welding 
material, heat generation and the uniformity of the welded joint. 
Tool dimension was adjusted to the material sheet thickness ac-
cording to algorithm [18] shown in literature. Generally we can 
assume that the ratio of shoulder diameter to pin diameters is 
around 3. Both the pin and the shoulder of the tool have smooth 
cylindrical shape. Tool worked without a tilt angle, perpendicular 
to the surface of the welded material. 

The butt joint configuration was prepared to produce the 
joints. Welding has been done on the 180 mm long section. The 
welding condition were systematically adjusted until defect-free 
process zones were obtained. The welding conditions and tool 
parameters used for welding in this work are listed in Table 2. 
Shoulder plunge depth was chosen as 0.05 mm. FSW welding 
experiments were carried out with constant values of rotational 
speed and welding speed in the range from 2000 to 4000 RPM 
and tool feed from 80 to 120 mm/min. The dwell time was 
the same for all joints and was 20 s. Tool plunging in and out 
stages was realized with tool feed rate equal 5 mm/min. Visual 

a) b)

Fig. 3. a) general view of 3-axis CNC machine adopted for FSW process, b) view of mounting device used in FSW process
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evaluation of FSW joints showed that they are done properly, 
have no visible defects, face and root surface was smooth and 
uniform (Fig. 5). No flash means more plastic material flows 
into the joint [19].

Fig. 4. The tool used in Friction Stir Welding process made from 
tungsten carbide

a)

b)

Fig. 5. Photographic view obtained FSW joint of the AZ31B magnesium 
alloys, a) face of joint, b) ridge of joint

2.1. Tensile testing of FSW joints 

Obtained FSW joints were the basis to make specimens for 
tensile tests and metallographic examinations. The mechanical 
properties of the joints were measured during tensile testing, as 
well as micro hardness testing. Tensile specimens dimension was 
shown on Fig. 6. Dumbell specimen preparation was performed 
using wire EDM machining.

Fig. 6. Uniaxial tensile testing geometry (dimension are in mm)

Static tensile test was performed in accordance with PN-
EN ISO 6892-1:2009. The tensile tests were carried out on an 
Zwick/Roell Z 100 universal testing machine shown on Fig. 7, 
at room temperature. An extensometer with a gauge length of 
50 mm was used for strain data acquisition. The results, given 
by the nominal stress vs. nominal strain curves, were evaluated 
in terms of the ultimate tensile strength (UTS), yield strength 
(YS) and ultimate elongation (UE) in percentage. In the purpose 
of verifying the repeatability of the results each tested samples 
was repeated at least three times. From each joined metallic plate 
was cut three samples from the beginning, middle and end of a 
weld and then the measured values were averaged. Mechanical 
properties of FSW joints were grouped in the Table 2. Overall, 
it was observed that the base material exhibit higher mechani-
cal properties than the FSW samples. The tensile properties of 
the joints are slightly affected by the rotational and welding 
speeds. The maximum force to elongation data for all coupons 
are plotted in figure 8. 

It is seen that the after welding both the strength and elon-
gation reduced. The Ultimate Tensile Strength (UTS) of BM 
(base material) was obtained to be 286 MPa. Joint efficiency 
of the FSW joints varied approximately from 65% to 90%. The 

TABLE 2

Linear FSW technological parameters, joints and parent material mechanical properties 
and experimental results of Mg alloys 0,5 mm in thickness

Material AZ31B
Set:

Rotational speed
[RPM]

Welding speed 
[mm/min]

Weld 
pitch 

UTS
[MPa]

YS R0,2
[MPa]

Total elongation 
[%]

Joint 
effectiveness 

[%]
1. 2000

100

0,050 250 194 1,56 87
2. 3000 0,033 195 148 1,18 68
3. 3500 0,029 238 189 1,8 83
4. 4000 0,025 224 184 1,18 78
5. 2000 80 0,040 260 202 2,49 90
6. 2000 120 0,060 185 135 0,8 65

Parent material 286 207 8,4
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2.2. Micro hardness tests of FSW joints

Material hardness was measured using a Vickers micro hard-
ness tester NEXUS 4303 according to ASTM E382-16. Applied 
load equal 1N. Measurements were carried out on a cross-section 
of the plate in the area of the weld to approx. 20 mm. For each 
cross-section, an average of 40 indentations 0.5 mm apart, were 
made on the weld surface. This provided data from outside the 
stir zone on each edge of the weld, in order to determine how 
the welding parameters affected both the weld zone and HAZ. 
Hardness of the base material is between  70-75 HV. Fig. 10 and 
11 shown 2 group of micro hardness profile of FSW joint. First 
group shown on Fig. 10 (welds 1-4) was made with constant 
welding speed. Increasing the rotational speed of the tool not 
significantly affected for micro hardness profile. Differences in 
hardness are very small. The common part of all charts is a slight 
decrease hardness in weld nugget zone. The base metal of AZ31 
is work hardened so that the dislocation density of the base metal 
may be higher than the stir zone. The difference of the dislocation 
density may cause hardness decrease in the stir zone. Fig. 11. 
shown the micro hardness result for welds 5 and 6 performing 
with constant rotational speed (2000 RPM) and variables welding 
speed. The weld nugget shown a reduced hardness with respect to 
PM. For weld 6 the micro hardness value in stir zone was around 
60 HV. It also had the worst mechanical properties of all welds. 

2.3. Microstructure of FSW joints

For metallographic examination the samples were cross-
sectioned perpendicular to the welding direction. The standard 
metallographic preparation method was used to prepare the 
specimens according to the E3 ASTM standards. Etching was 
performed using an acetic picral solution composed of 4.2 g 
picric acid, 10 ml acetic acid, 70 ml ethanol and 10 ml water. 

For microstructural and textural observation were taken using 
Nikon optical microscope and Hitachi SEM microscope. 

Fig. 12 shows the microstructure of typical FSWed sample 
made at welding speed of 80 mm/min and rotational rate of 
2000 RPM. On the cross section view is very hard to identify 
all of characterized zone of typical FSW welds. This is probably 
related to the welding of very thin sheets of metallic materials 
vice versa to the thicker sheets of metal. The location of the FSW 
joint characteristic areas can be determined by the dimensions of 
the tool. It is seen that the microstructure of the BM consisted of 
elongated and pancake-shaped grains grains with varying sizes 
(Fig. 12a). The heterogeneity of the grain structure of the BM 
was due to both deformation of the 0.5 mm in thickness sheet 
by rolling and incomplete dynamic recrystallization [21]. Equi-
axed grains were observed in HAZ and TMAZ zone as shown 
in Fig. 12b. The presence of the equiaxed grains in the HAZ 
and TMAZ indicated that full recrystallization had taken placed 
during FSW process. The grains in the SZ were observed to be 
equiaxed as well and slightly larger mainly due to the dynamic 
recrystallization and grain growth as shown in Fig. 12c. Mg 
alloys might experience dynamic recrystallization more easily 
than Al alloys because the recrystallization temperature of Mg 
alloys was about 523 K, which was lower than that of the Al 
alloys in general [23]. During FSW the peak temperature experi-

Fig. 9. A comparison of the UTS of the AZ31B weld joints as function 
of the weld pitch (the ratio of welding speed

Fig. 10. 2D linear graph of the integration hardness measurements points 
along a line parallel to processing direction for welds 1 to 4

Fig. 11. 2D linear graph of the integration hardness measurements points 
along a line parallel to processing direction for welds 5 and 6
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enced in these region (SZ, TMAZ) was higher than the dynamic 
recrystallization temperature for Mg alloys, so that the dynamic 
recrystallization in both SZ and TMAZ would be anticipated, as 
seen in Fig. 12c. On the upper layer of the FSW joint we can see 
the fine grain formed by the large plastic deformation coming 
from the rotating tool. Obtained FSW joint did not contain any 
visible defect in the form of cavities or lack-of-bonding defect.

2.4. Force measurements during FSW process

The vertical (Z axis) and horizontal (X,Y axis) forces occur-
ring during linear FSW process was measured by high sensitive 
piezoelectric dynamometer developed by Kistler. It consist of 
four piezoelectric force sensor calibrated in range from 0 to 
60 kN. Sensors were fitted between two rigid plates (400 mm 
long, 400 mm width and 50 mm in thickness each). The dyna-
mometer is shown on Fig. 13. The all sensors were connected via 

adder to a single charge amplifier. The force data were acquired 
with a maximum sample rate per channel of 200 kS/s and 16-bit 
resolution. The actual sample rate used during the data record-
ing was 1 kHz. The effect of the thermal drift of sensors on the 
values of forces measured during FSW process was preliminary 
investigated. The blank sheets are subjected to a significant heat-
ing during welding that can cause a dilatation of both quartz and 
housing with mounting screw and consequently a preloading 
reduction. Considering the size and thickness of the plate of the 
dynamometer the influence of heat from the FSW process for 
thermal drift is negligible. 

Measurement of forces was conducted for all 6 samples. 
Figure 14 shows a typical vertical and horizontal forces versus 
time curve recorded during FSW of AZ31B Mg alloys of 0.5 mm 
in thickness. Presented graph (Fig. 14) belong to the FSW joint 
characterized by the best mechanical properties. Four different 
stages of FSW process can be recognized: (I) tool plunging, 
(II) tool dwelling, (III) welding, (IV) tool pulling out. During 

Fig. 12.Typical microstructures of a FSW joint made at different rotational speed and welding speed.
a) Microscopic structure of FSW welded AZ31B of 0,5 mm in thickness. View of base material BM
b) Microscopic structure of FSW welded AZ31B of 0,5 mm in thickness. View of HAZ and TMAZ zone from the retreating side
c) Microscopic structure of FSW welded AZ31B of 0,5 mm in thickness. View of stir zone SZ and TMAZ of advancing side

a) b)

Fig. 13. Force measurement device, a) piezoelectric dynamometer, b) charge amplifier
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