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A procedure is proposed for determination of parameters of process of plates joining using friction stir welding technol-
ogy by the example aluminum alloy. A nature of metal heating was determined in investigation of working tool rotation
at different relationships of frequencies and normal pressing to joined edges. A minimum value of temperature interval
in realizing of friction stir welding technology was determined from the analysis of nature of increase of heating tem-
perature of edges being joined. Based on the analysis of received experimental data a concept of determination of main
parameters of welding process was proposed. 17 Ref., 9 Figures.
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Friction stir welding (FSW) relates to diffusion tech-
nologies characterized by absence of heating to metal
melting temperatures (Figure 1).

The main source of heat in such a technology is a
friction forces appearing between the metal surfaces
being welded and working part of special tool [2—4].

With such a technology the intensity of necessary
energy is determined by a complex effect of rotation
frequency of the tool around its axis, pressing force
and speed of its movement along the edges being
joined under conditions of optimum geometry dimen-
sions and shape of working tool [5].

At the same time high sensitivity of FSW process
to insignificant changes of technological characteris-
tics considerably complicates maintenance of the op-
timum welding conditions, especially when welding
circuit differs from straight line. Indeed, under condi-
tions of constant pressing force a relationship between
rotation frequency and movement speed of working
tool along the edges being joined allows control of the
process of metal heating in a weld zone without diffi-
culties. In contrast to this, it is more difficult to keep
a stationary mode of welding only in varying pressing
force when recommended temperature corresponds to
narrow interval 0.8 — 0.95 from melting temperature
of metallic material [5, 6].

Taking into account that the working tool deter-
mines the process of generation and distribution of
heat energy in the welding zone, dimensions of its
constituents and shape (Figure 2) significantly effect
the welded joint quality.

© 1.0. VAKULENKO and S.O. PLITCHENKO, 2018

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 4, 2018

Every part of the tool ensures performance of spe-
cific functions in transformation of mechanical ener-
gy into heat one by friction. Thus, shoulder provides
approximately 80-90 % of necessary energy for edge
heating [7], the rest is generated by pin. In such a way,
the shoulder provides the main contribution in FSW
under condition of necessary level of metal heating
from mechanical contact.

The detailed analysis of structural transformations
in the metal after FSW indicates that only specific
shape of working tool guarantees the necessary dis-
tribution of heating temperature along intersection of
contact surfaces [3, 8].

Depending on technological problems a special
relief [9] can be made on the working surface of the
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Figure 1. Process of welding of two plates [1]: 1 — tool; 2 —
plates; 3 — weld; 4 — advancing side; 5 — retreating side; 6 —
shoulder; 7 — pin
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Figure 2. Schematic presentation of FSW working tool: 1 —
shoulder; 2 — pin

tool, for example, for breaking oxide films or increase
the level of metal stirring in edges being joined. Based
on the results of investigations of works [2, 4, 10] per-
formance of grooves enables getting increased level
of complex of properties in welded joint metal.

A pin of the working tool in comparison with the
shoulder has somewhat other designation. Its opera-
tion provides redistribution of heat energy sufficient
for maintaining determined conditions of develop-
ment of diffusion processes of metal mass transfer
along the thickness of edges being joined during tool
active operation.

The shape of working tool pin and its diameter
have qualitative dependence on the series of factors,
namely angle of its inclination in welding , thickness
of the base metal, chemical composition etc. [7].
Making the grooves on pin surface in form of threads
helps to control a flow of plasticized metal guiding it
for compaction of some areas of the weld. Such an
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Figure 3. Scheme of bench for investigations: 1 — base plate of
machine; 2 — bench framework; 3 — dynamometer; 4 — motion
plate; 5 — heat insulator; 6 — sample being welded; 7 — thermo-
couples; 8 — working tool
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effect reduces the possibility of lack of penetration of
weld root [8].

In comparison with the technologies of partial or
complete melting an application of FSW allows con-
siderably reducing the level of metal overheating in
a weld heat-affected zone. The perspective directions
of application of such technology are joining of the
elements of dissimilar materials which form hetero-
geneous melts or chemically unstable multiphase
mixtures in solidification. The joints received on
traditional technologies, for example, in electric arc
welding, can have unpredictable negative effect on
welded joint quality.

The aim of work is improvement of the procedure
for determination of radius of working tool shoulder
in FSW.

Material and experiment procedure. FSW was
carried out on specially designed equipment that to-
gether with selected parameters of working tool [10-
12] provided welded joint formation.

The FSW process (Figure 1) was performed on the
following scheme, i.e. working tool 1, with specific
frequency of rotation around own axis, was located
under 1-3° angle relatively to a plane of edges being
joined. Constant normal force of the tool was neces-
sary for deepening the shoulder at up to 10 % depth
of edge thickness. Appearance of friction force on the
contact surfaces of shoulder 5, pin 6 and elements
being joined 3 and 4 provide necessary level of base
metal heating. Action of the pin results in uniform
distribution of heat along edges thickness. The met-
al starts stirring after reaching the necessary level of
heating.

A working tool material was high-speed steel R9,
which provides maintenance of shape and size of the
tool at increased heating temperatures when realizing
FSW technology of the most aluminum-based alloys
[5]. Shape and size of the working tool (Figure 2) was
determined based on analysis of known experimental
data [1, 3-5].

The investigations of FSW technology was carried
out on the plates of 1.85 mm thickness from alumi-
num alloy AMg3 with content of chemical elements
within the limits of grade composition.

Change of temperature in a welding zone and lev-
el of tool pressing was performed with the help of
specially developed research bench (Figure 3) which
was located on a base plate 1 of milling machine. The
bench consisted of framework elements 2, motion
metallic plates 4 and heat insulator 5 made of mica.
The pressing force of working tool to the base metal
during welding was measured with the help of dyna-
mometer of DS0.1 type with detecting head.
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The temperature of heating of edges being joined
T was determined by deepening of thermocouples of
chromel-alumel type in the metal at different distance
from weld axis. The speed of rotation of the working
tool ® was varied from 800 to 1600 min™ at force of
plates pressing to the surface not more than 1.45 kN.
The speed of tool movement along the weld v was
constant and made 50 mm/min.

Received results and discussion. The level of
metal heating was regulated in the process of investi-
gation at different relationships of frequency of work-
ing tool rotation and its normal pressing to the edges
being joined.

Figure 4 shows the results of effect of FSW process
technological parameters on metal heating tempera-
ture in zone of action of the working tool shoulder.

The optimum temperature of heating of edge met-
al under conditions of rapid increase of ductile prop-
erties was determined from the analysis of P = f(T)
relationship nature. Independent on the tool rota-
tion speed and force of its pressing the values of the
minimum temperature lied in relatively low interval
70-85 °C. An average value of temperature 76 °C
that corresponded to alloy plasticization moment was
taken considering possible uncontrolled deviations at
maintenance of stable conditions of welding process
and in order to facilitate heat balance analysis.

A comparative analysis with the absolute values of
temperature of start of resolidification development T
for different alloys on T = 0.45T  dependence, where
T is the metal melting temperature indicating suffi-
ciently qualitative match between them.

The detailed analysis of curve shape P = f(T) (Fig-
ure 4) taking into account staging of processes of struc-
tural transformations under conditions of hot reduction
[13] indicates that the processes of internal rebuilding
of alloy from the moment of formation of horizontal
area to rapid decrease of pressing force are caused by
development of dynamic processes of cell formation
and resolidification at determined relationship.

Thus, the moment of formation of horizontal area
can be accepted as the minimum value of temperature
interval of FSW process and rapid decrease of T is the
maximum allowable value.

Shape of curves and the points of qualitative
substitutions of P = f(T) relationship indicate the
dependence of conditions of achievement of metal
superplastic state on FSW parameters. Really, if tem-
perature of plasticization start remains virtually inde-
pendent on @ and P relationship than achievement of
superplastic state (area of pressing force fall) to the
larger extent is determined by  value.

Evaluation of heat energy Q necessary for FSW
realizing was carried out in order to determine the pa-
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Figure 4. Experimental curves of effect of rotation speed «» and
pressing force P of working tool (v = const) on heating tempera-
ture of alloy edges under shoulder: 1 — ®» = 800; 2 — 1250;
3 — 1600 rpm

rameter which has the largest effect on alloy ductility
for different relationships of rotation speed and press-
ing force of the working tool. Taking into account that
achievement of metal stirring conditions is heat acti-
vated process a well-known equation was used [14]
for evaluation of Q:

&= Aexp(—&j p™,

RT @)

where € is the deformation rate; A is the coefficient
of proportionality; R is the absolute gas constant; T is
the temperature (K); P is the force characteristic; m is
the level index.

Under experiment conditions, relationship (1) was
transformed to the form:

Q=RT(MInP -Inw), (2)
where o is the rotation frequency; P is the working
tool pressing frequency.

The basic of Q calculation made the experimental
data (Figure 4) of different welding modes.

For edge thickness 1.85 mm, inserting the ex-
perimental values for steady mode in relationship
(2): ®=13.3 s' (800 min'), P=1kN; ® =20.8 !
(1250 min™"), P=10.59 kN and ® =26.7 s™' (1600 min™"),
P = 0.275 kN for temperatures in zone of welding
0.7T , the corresponding Q values were received. Fig-
ure 5 shows the nature of Q dependence on o.

Provided results indicate that increased rotation
frequency under conditions of constant welding speed
ensures heating to necessary temperature in the weld-
ing zone at lower level of energy.

Thus, reduction of necessary energy can be reached
by decrease of normal pressing force of the working
tool to billets at rise of ® in process of welding that is
proved by curve 3 on Figure 4.
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Figure 5. Dependence of value of energy Q for steady welding
process (at 0.7T ) on working tool rotation frequency Inw and
pressing force at v = const
Together with this under conditions of minimum
force P (0.275 kN) another nature of change was de-
termined, i.e. calculated using (2) amount of energy
on frequency of working tool rotation (Figure 6).
Joined analysis of calculated values Q (Figures 5,
6) indicates the need to determine the optimum ener-
gy for friction stir welding and possible dependence
on geometry of the working tool. There was an at-
tempt to evaluate the optimum diameter of the work-
ing tool shoulder for different thicknesses of edges
being joined taking into account a contribution of the
shoulder into energy balance in FSW. For this purpose
arelationship of dependence of FSW process heat bal-
ance on main technological parameters [15] was used:
N = %ﬂ:ume3 3)

tool’

where N is the energy characteristic; p is the fric-
tion coefficient; p is the specific normal pressure of
the tool;  is the angle rotation speed; R, is the tool
shoulder radius.

From relationship (3), R.__ equals

tool
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Figure 6. Dependence of amount of energy Q for steady welding
process on working tool rotation frequency (Inw) at P = 0.275 kN,
v = const by relationship (2)
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Figure 7. Diagram of selection of working tool shoulder radius
R, for steady welding mode at P = 0.275 kN, v_ = const and & =

tool

1.85 mm: 1 — o = 800; 2 — 1250; 3 — 1600 rpm; ¢ — Q value
from analysis Figure 5
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The results of R calculation by (4) using hypo-
thetical values of Q for investigated intervals of P and
 change are given in Figure 7.

Evaluated values Q from experiment [16] were
used instead of N in order to check fulfillment of de-
pendence (4). Received results on R, for the experi-
ment conditions in FSW for 6 = 1.85 mm indicate suf-
ficiently qualitative match with that calculated by (4).

The analysis of the results of experimental inves-
tigations and carried calculations prove existing de-
pendence of value of heat energy in the welding zone,
first of all, on radius of working tool shoulder, namely
reduction of R results in Q decrease.

In process of welding position of the tool at 1-3°
angle relatively to normal line of the billet provides
the necessary conditions for metal compaction. Ex-
pected nonuniformity of temperature distribution
along the area of contact spot (shoulder) takes place
only at initial stages before coming to the optimum
welding conditions. After that steady conditions of the
process of heat energy emission are reached.

Designing of the working tool requires taking into
account that diameter of the shoulder determines level
of mechanical loads on the equipment in whole, as well
as, width of heating zone. Under conditions of higher
speeds of working tool rotation the excessive increase
of R, can result in overheating of welded joint that
will have negative effect on its mechanical properties.
Received qualitative dependencies are proved by the
experiment, i.e. the optimum welding conditions are
rather achieved at rise of ® and decrease of P.

At the same time it is necessary to expect specific
effect on technological characteristic when reaching
the optimum welding mode from the side of chemical
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Figure 8. Dependence of necessary amount of energy Q by (5) for
steady welding process on metal thickness &
and phase composition of alloy. The total contribution
can be evaluated through correlative relationships of
heat physical properties.

Following similarity criterion it is possible to
determine the necessary energy for welding depend-
ing on plate thickness & [17]:

V= %. ®)

where N is the characteristic similar to Q from (3);
A is the heat conductivity; & is the thickness of metal
edges; T is the temperature in welding zone, K.

Based of relationship (5) for specific alloy under
conditions of constant A and T (the optimum tempera-
ture of edge heating in FSW) y value varies in a very
small range of values that is proved by the data [17]
and experimentally in the work. Taking into account
that thickness of metal being welded can be changed
in a wide range, calculations of R are limited by
thicknesses from 1 to 10 mm that is the most wide-
spread in industry.

After inserting in (5) the constant characteristics A,
T and y (was taken as constant value) the relationship
between 6 and Q was received for steady FSW mode
(Figure 8). Taking into account that Q of the same lev-
el can be reached by different combination of » and
P, the calculation of welding energy by (5) in reali-
ty provides an average value for a range of changes
of o and P that has determined prove. Thus, for & =
= 1.85 mm thickness an obtained value of energy by
relationship (5) and average Q value following three
modes (40 kJ) have sufficiently qualitative match.

Thus, provided dependence (Figure 8) allows de-
termining the optimum FSW conditions for different
thickness plates. For example, the necessary value of
heat energy for & = 3 mm thickness should make the
value around 70 kJ. Then, using energy value for spe-
cific equipment with determined power the optimum
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Figure 9. Diagram for determination of recommended radius of
working tool shoulder R, for reaching steady welding process at
P=0.275kN,v_=const: 1 — o = 800; 2 — 1250; 3— 1600 rev/
min

frequency of working tool rotation and corresponding
radius of shoulder are evaluated.

Taking into account that plotted relationship R, =
= f(Q) (Figure 7) is only referred to edge thickness
1.85, Figure 9 provides more generalized example,
when 1 <6 <10 mm.

At the same time, plotted diagram (Figure 9) in
fact refers to the conditions of constant pressing force
(0.275 kN), however, the optimum level of Q for
welding (FSW) is determined by combination of ®
and P.

Verification of dependence fulfillment (Figure 9)
was carried out experimentally. Thus, under condi-
tions of constant pressing force (0.275 kN) for weld-
ing of 3 mm thickness edges at ® = 1250 rpm the tool
radius shall be in 9-10 mm range and for 1600 rpm
frequency it is approximately 89 mm. Under con-
ditions when proved necessity of searching the opti-
mum welding mode is based on change of working
tool pressing force, R, calculation is carried out us-
ing other diagram for specific P value.

Thus, provided evaluations make it possible to im-
prove the process of searching the optimum welding
parameters by friction stir welding.

Conclusions

1. The main conditions for reaching the effect of con-
stant softening of metallic materials in FSW were de-
termined by the example of aluminum-based alloy.

2. The minimum value of temperature interval of
metal softening in FSW was determined.

3. A procedure of shoulder radius selection de-
pending on the relationship of rotation speed and
working tool pressing force in FSW was developed
for different thicknesses of edges being joined.
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