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1. Introduction
Friction stir welding (FSW) belongs to ther-

mal technology and can be used to connect both 
metal and non-metal materials. Welded edges 
warming is achieved by transforming mechanical 
energy by friction, from the interaction the edges 
of the surface of the tool into heat. Suffice com-
plex form of working tools is caused by necessity 
of specific temperature heating distribution on 
the connecting edges when using the specified 
welding technology. Compared to welding tech-
nologies, based on partial melting of the connect-
ing edges, the use of friction stir welding helps 
reduce degree of overheating the metal heat af-
fected zone. On this basis it should be considered  
perspective directions of use of the welding tech-
nology for metallic materials with thermally un-
stable structures, structures with very small grain 
size, etc.

A special feature of the process of FSW is no 
change in the physical state of the metal mate-
rial. Analysis of the results known experimental 
studies [1, 4, 6, 10] shows the dependence of the 
quality of the weld seam to the specified welding 
technology not only on the growth of the plastic 
properties of metal, but on achieving a certain de-

gree of stiring zone of connecting edges. So, one 
of the explanations for the positive impact of the 
increase in temperature heating edges based on 
growing degree of stiring, that in turn improves 
metal density by reducing the number of cavities 
in the joint zone. Based on this, the formation 
of welded joints in large degree shall be deter-
mined by features of the development diffusion 
mass transfer processes, and increase the degree 
of heating the metal is quite reasonable solution 
[8–10]. The analysis much research the internal 
structure of metallic materials after forming the 
welded seam by FSW technology indicates qua
lity coincidence with the structural condition of 
the metal after hot plastic deformation.

According to the results of structural changes 
[7] and direct measurement of the temperature 
in the welding zone [8], in most cases, to get a 
quality joining offered heating the metal edges to 
prove the level of 0.8–0.9 melting temperature. 
At the same time, quite high sensitivity of metal 
materials to overheat connecting edges of accel-
erate the processes of building recrystallization, 
limiting uncontrolled heating of the weld seam 
area. Definition of balance between the two influ-
ences in character of the opposite direction, at the 
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quality of the weld seam is actual technological 
issue.

2. Methodology
The material for the research was alloy based 

on aluminum (brand AMg5) with chemical compo-
sition: 4,8% Mg, 0,5% Mn, 0,36% Fe, the rest Al.  
The plates 2.5 mm thick were exposed to butt 
welding, FSW in a specially designed facility that 
allows to change the technological parameters 
in a wide range of values (Fig. 1). The form of 
working tool shown in Figure 2.

As material for the working tool was used 
speed steel R9 brand that ensures the stability of 
the geometric dimensions while warming up to 
certain temperatures. For different ratios of fre-
quency of rotation of the tool, the normal pressing 
and moving it along the connecting edges deter-
mine the degree of heating metal and forming of 
weld quality.

The temperature of the warming connection 
edges defined by thermocouples (chromel-alu-
mel) immersed in metal, which were placed at 
different distances from the joint weld. Rotation 
speed of (v) working tool changed in the range 
from 800 to 1600 rpm, while pressing his effort 
to the plates in the welding zone (P) from 580 to 
1370 H and the rate of movement along the seam 
50 mm/min.

Assessment of activation energy of FSW 
process was carried out according to the method 
[11], which was used for thermally activated pro-
cesses.

3. Findings
During welding ZTP, depending on techno-

logical parameters formed surface of weld diffe
rent degree of quality (Fig. 3).

Provided to constant pressure forces on the 
connecting edge and speed of working tool mov-
ing along the joint weld, increasing the frequency 
of rotation is accompanied by an expected de-
crease mechanical damage of the metal surface in 
place of shoulder tool (Fig. 3b) and corresponding 
structural changes in the internal structure of the 
alloy (Fig. 4). This provision is explained by the 
different degrees of warming edges and bound 
with this level of plastic properties of the alloy, 
which leads to the formation of appropriate struc-
tural changes in the work area of the tool (Fig. 4b).  
To achieve the same degree of metal warming on 

Fig. 1. Schematic representation of equipment for re-
search: 1 — base plate; 2 — table; 3 — device for 
measuring the strength of the pressure; 4 — moving 
plate; 5 — thermal isolator; 6 — welding plates; 7 — 
thermocouples; 8 — work tool

Fig. 2. Schematic view of the active part of the working 
tool [2]: 1 — pin; 2 — shoulder

Fig. 3. The exterior surface of the weld seam, depend-
ing on the rotation speed of the tool: a — v=800 rpm; 
b — v=1600 rpm

a b
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tool contact area “edge — shoulder” possible by 
increasing force pressing and decreasing rotation 
speed. On the basis of defined ratios raises the 
question to optimize FSW technology process. 
Fig. 5 shows the research results of influence of 
technology parameters FSW on the temperature 
warming the metal in the area shoulder of the 
working tool. In appearance dependence can be 
separated into two categories, with qualitatively 
different character of temperature changes.

At first, independently of the ratio of rota-
tion speed and instrument pressing strength to 
edges, moment of infraction directly proportion-
al character of the temperature increase from P 
corresponds to the same value, approximately 

80–90°C. Further increase in the heating tempera-
ture of the metal was at the same pressing level 
(relatively low rotation speed) or steady decline P 
at high levels v. The changing character of the re-
lation between technological parameters of FSW 
and heating temperature can be conditioned only 
by development of structural changes in the alloy 
during action tool. Indeed, given the character of 
the relationship between “temperature — pressing 
force” in large degree is similar to the achieve-
ment conditions of development processes of su-
perplastic state during a hot plastic deformation 
of metallic materials [3]. Characteristic feature of 
achieving very high levels of metal plastic proper-
ties is performing a particular correlation between 
the rate of hot deformation and development of 
processes dynamic softening [2].

Considering the existence of substantial con-
vergence signs of plasticizing alloy [3] and the 
nature of the change in temperature (Fig. 5), was 
an attempt to determine compliance between tem-
perature curves fracture and features to internal 
restructuring of the studied alloy.

For metallic materials ratio between the tem-
peratures development of the static recrystallization  
process (Tr) and melting (Ts) has the form [5]:

	 T Tr s≈ 0 4, .	 (1)

Taking Ts as the temperature “solidus” from 
diagram state of the investigated alloy (873K), 
temperature rating by (1) determined that Tr 
should be approximately 349K (76°C). Thus, for  
the investigated alloy temperature of beginning 
of recrystallization development under static con-
ditions will be equal to 76°C. Considering the 

Fig. 4. The structure of the alloy AMg5 in original condition (a) and after the formation of the weld (b) (magnifica-
tion ×50): 1 — boundary welded baths; 2 — bottom weld

a b

Fig. 5. The experimental curves influence of rotation 
speed (1, 4 — 800; 2, 3 — 1250; 5, 6 — 1600 rpm) 
and consistent increase of pressing strength (P) on the 
heating temperature of alloy edges under the shoulder 
of the working tool.
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existence of the incubation period, required to 
start the development process of static or dynamic 
recrystallization [3, 5] in the process of hot defor-
mation (work of FSW tool) moment of achieving 
intensive softening of the alloy must be dislodged 
toward the higher temperatures. Entirely proved 
that the moment of fracture at the dependencies 
(Fig. 5) as compared with static conditions de-
velopment of the recrystallization is dislodged 
toward higher temperatures to 80–90°C.

Thus, Friction Stir Welding can be performed 
at lower heating temperatures compared to those 
offered to use in most studies (0,8–0,9 Ts). This 
will allow to receive more homogeneous, finely 
divided grain structure in the alloy in heat affected 
zone after FSW.

Enough high sensitivity of metal materials 
to heating temperature at the connecting edges 
FSW in fact conditioned by the influence of two 
mutually dependent factors: the quality of mixing 
metal and level of plastic properties. For a low 
level of plastic properties mixing quality of metal 
in the welding zone will be insufficient, that will 
lead to the formation of a welded seam with a 
high concentration of defects of various shapes 
and sizes. On the other side, when overheated 
metal to a temperature above the optimum value, 
excessive plasticizing will also have negative con-
sequences. Indeed, besides the excessive grain 
growth of the matrix alloy under these conditions 
will be the decrease frictional forces between the 
surface of working tool and workpiece. In conse-
quence, the alloy to a lesser degree will capture 
by the surfaces of working tool that lead to lower 
extent of its mixing and connection quality edges 
after FSW.

To determine the characteristic that has com-
pulsory influence on the quality of the weld seam 
formation, for different ratios of rotation speed 
and pressure of working tool, performed assess-
ment of activation energy (Q) transition alloy in 
superplastic state. Given that achieving conditions 
of stirring metal is thermally activated process, to 
assess Q use the equation type [11]:

	 e = −






A

Q

T
Pmexp

R
,	 (2)

where e·  — the rate of deformation; A — coef-
ficient; R — universal gas constant; T — tem-
perature (°K); P — power characteristic; m — 
exponent.

To assess the value Q of the experimental 
curves (Fig. 5) were selected three curves (Fig. 6).  
Taking as a characteristic of deformation rate 
value v, and for P — pressure tool at the edges, 
after taking the logarithm of equation (2) obtain 
the value that allow to determine the characteris-
tics for the evaluation of activation energy:

	 ln ln lnv A
Q

T
m P= − +

R
,	 (3)

Given that is A the value of the rate of de-
formation in conditions where m→0, to assess 
Q its influence can be disregarded [11]. In these 
circumstances, equation (3) takes the form:

	 ln lnv
Q

T
m P= − +

R
,	 (4)

Given the achieving constant temperature of 
85–90°C (Fig. 6), constructed the ratio between 
paired values ln v and ln P, the result is shown in 
Figure 7. The value of the exponent m defined as 
the tangent of angle slope for individual sections 
of dependencies (Fig. 7):

	 m
v

P
=

D
D

ln

ln
,	 (5)

After substituting in (4) experimental char-
acteristics (v, P and calculated m) were identified 
value Q. The analysis of values Q shows that when 
the rotation speed of the tool is equal 800 rpm,  
and the value of pressure is equal 1370 H, to 
achieve the same degree of alloy heating is neces
sary to spend about twice as much energy as the 
conditions v=1600 rpm and P=580–590 H. One 
of the confirmation of specified conclusion is 

Fig. 6. Curves to calculate Q the alloy: 1 — v=800 rpm; 
2 — v=1250 rpm; 3 — v=1600 rpm
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temperature existence area of constant pressure 
level. Indeed, in conditions when the rotational 
speed is equal 800 rpm, area of constant pressure 
level exists up to temperature of 350°C and only 
then begins permanent alloy softening (see Fig. 6,  
curve 1).

Temperature range (DT) is about 250°C. Pro-
portional increase v value DT reduced of 125°C 
for 1250 rpm to 50°C for 1600 rpm. Thus, in 
determining optimal process conditions friction 
stir welding should give priority to technological 
parameters directed at increasing the speed rota-
tion of the working tool and lowering its pressure 
to the connecting edges.

4. �Scientific novelty  
and practical significance

At a constant rotation speed of the working 
tool, a proportional increase in temperature of 
the alloy by increasing its level of pressure to 
the connecting edges, disrupted achievement the 
conditions of dynamic processes softening.

Evaluation of the activation energy develop-
ment of the process friction stir welding allowed 
to define directions of choice technological pa-
rameters preferring increase the speed rotation 
of the working tool and reduce its pressure to the 
connecting edges.

5. Conclusions
1. On the basis of different ratios rotation 

speed of working tool and pressure to the connect-
ing edges specified the conditions of achieving 
the effect of constant softening during friction 
stir welding.

2. To achieve the high quality weld seam dur-
ing FSW need to realize the process at high revs 
of working tool and low pressure to the connect-
ing edges.
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