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Abstract

In the aerospace industry, the refill friction stir spot welding (RFSSW) method is increasingly used to join thin sheets, especially
those made of 2xxx and 7xxx series aluminium alloys. This paper presents the results of spot welding lap joints of 7075-T6
aluminium alloy sheets. The load capacity of joints was determined by tensile/shear tests using a universal testing machine. The
effect of tool plunge depth, tool rotational speed and duration of welding on joint load capacity and failure mode was investigated.
The polyoptimisation of the values of welding process parameters was carried out to ensure the highest load capacity of the joint
at a minimum variance of the results obtained. The selection of the optimal parameters of the RFSSW process was carried out
using an adequate mathematical model obtained on the basis of Weierstrass’ theorem. It was found that tool rotational speed had
the greatest impact on the load capacity of the joints. It was possible to increase the load capacity of the joint by increasing the
duration of welding but only to a limited extent. The selection of optimal welding parameters requires a compromise solution, i.e.
the selection of a tool rotational speed that ensured adequate plasticisation of the material with a welding duration that ensured
that an appropriate joint microstructure was obtained and assured the required load capacity of the joint. The methodology of
mathematical modelling of polyoptimisation presented can be useful in optimising similar joining processes.
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1 Introduction

Aluminium alloys are an intensively investigated and
widely used group of materials in the aircraft industry
due to their high strength and low density. The 2xxx and
7xxx series aluminium alloys are commonly used to make
up aircraft skins, cowls and other aircraft structures. The
basic criterion governing the use of aluminium alloys for
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aircraft parts is the possibility of combining individual el-
ements to ensure the greatest possible strength of the joint
[1-3]. The attractiveness of aluminium is that it is a light-
weight metal and it is one of the most easily fabricated of
the high-performance materials. Key features of aircraft
structures are the lowest possible weight and a sufficiently
low manufacturing cost [4].

The aluminium alloys used in the aircraft industry are
mainly joined by bolting, riveting and bonding. Resistance
spot welding (RSW) is a common method for the joining of
thin-walled steel structures because of its advantages such
as low-cost, reliability, high speed and ease of operation
and automation. The RSW process typically involves plac-
ing two or more overlapping metal sheets between two
electrodes and then applying pressure onto the electrodes
in order to clamp the workpieces together [5, 6]. Then,
electrical current is supplied to the sheets to be joined via
the two electrodes for a specific period of time. This results
in heat generation at the material and consequently a mol-
ten nugget is formed [5]. RSW of aluminium alloys is
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difficult due to low bulk resistance and high electrical and
thermal conductivity. It requires pressure welding ma-
chines with high welding currents. The presence of an ox-
ide layer on the surface of aluminium alloys, which is
characterised by high contact resistance, causes rapid deg-
radation of the electrode tip [7]. Another problem of RSW
is the warpage deformation of the asymmetric sheet struc-
tures which results from the changed residual plastic strain
due to thermal deformations [8, 9].

The friction stir spot welding (FSSW) technique has been
widely studied by many authors. Descriptions of the method,
including the relations between the process parameters and
joint strength, were provided by, for example, Cao et al.
[10], Chen [11] and Kubit et al. [12]. Refill friction stir spot
welding (RFSSW) is a modern modification of the FSSW
technique which has been extensively investigated over recent
years. RFSSW is a solid-state joining technology which con-
nects two similar or dissimilar materials together with minimal
heat input or distortion.

The effect of the RFSSW process parameters on the joint
microstructure and the load capacity of the joint has become a
focus of the investigations of Shen et al. [13] who found that
the overlap shear strength increases with increase in weld time
and plunge depth due to increasing nugget diameter. Shen
et al. [14] found that the void in the RFSSW weld played an
important role in joint strength. Furthermore, it was also ob-
served that the main feature affecting the mechanical proper-
ties of the joint is the Alclad between the upper and lower
sheets. Oberembdt et al. [15] concluded that the most effective
variable for controlling the joint strength was plunge depth.
Tier et al. [16] studied the effect of tool rotational speed,
plunge depth and welding time on the microstructure and
shear strength of aluminium joints. It was found that the most
significant variables influencing the mechanical performance
of'welds are tool rotational speed and plunge depth. In contrast
volumetric defects have little influence on the shear strength
of the joints. Verastegui et al. [17] applied the Taguchi statis-
tical method to find out the set of parameters indicated to
produce a joint with higher strength. He found that the
galvanised layers of sheet to be joined do not cause any sub-
stantial effect on joint strength.

The state of knowledge concerning the phenomena occur-
ring during the RFSSW process means that it is not fully
understood in a satisfactory way, which results in difficulties
in the selection of the optimal welding process for joining
specific aluminium alloys [18-20]. The welding of the
Alclad covered aluminium alloy sheets commonly used in

the aircraft industry, which are the test material in this paper,
is difficult to conduct. The Alclad protects metal sheets against
corrosion. It will, however, diminish the mechanical proper-
ties of the joints because it cannot stir together with the base
materials. So, Alclad within the weld nugget causes heteroge-
neity in the structure of the weld. Alclad also makes the pro-
cess of recrystallisation difficult. The welding of Alclad sheets
requires special attention and precise welding procedures.
Many authors used the trial and error method to select optimal
process parameters, which makes it difficult to generalise the
relationship between process parameters and joint quality. In
addition, the Alclad sheets required for optimal joining condi-
tions have different parameters than is the case with plates
without the plating layer. The difference is largely due to the
fact that Alclad, i.e. high-purity aluminium (99.9%), is
characterised by a significantly higher value of thermal con-
ductivity than the 7075-T6 aluminium alloy. Therefore, the
heat generated in the welding process is non-uniformly dis-
tributed in the sheets to be joined due to the rapid dissipation
of heat through the Alclad layer.

Methods commonly used to plan experiments, such as the
Taguchi method, allow one to limit the research plan and
determine the maximum value of the regression function, usu-
ally taking into account only one criterion, the load capacity of
the joint. The results of previous RFSSW welding tests [12,
21] indicate that the parameters ensuring the maximum load
capacity of the joint, however, result in a large scatter of re-
sults. Therefore, the aim of the investigations was to develop
the methodology to determine optimal values of the welding
parameters ensuring the maximum load capacity of the joint
with the smallest possible variation in the results. Multi-
criteria optimisation was used to achieve this goal. The meth-
od presented required experimental determination of the influ-
ence of RFSSW parameters on the load-bearing capacity of
single lap joints of the 7075-T6 Alclad aluminium alloy sheets
commonly used in aircraft applications.

2 Experimental procedure
2.1 Material

The single-lap joints were made in 7075-T6 Alclad aluminium
alloy sheets. The chemical composition of the sheet material is
listed in Table 1. The 7075-T6 aluminium alloy has high me-
chanical strength—comparable to structural steels, and very
high fatigue strength.

Table 1 Chemical composition of 7075-T6 Alclad aluminium alloy (wt.%)
Si Fe Cu Mn Mg Cr Zn Ti Other impurities single total Al
0.40 0.50 1.2~2.0 0.30 2.1~-29 0.18~0.28 5.1~6.1 0.30 0.050.15 Rest
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2.2 Welding procedure

The RFSSW process involves a three-piece non-consumable ro-
tational tool with independently controlled sleeve and pin compo-
nents, which rotate simultaneously at a constant speed with the
sleeve only penetrating into the upper sheet. The process of
welding sheets using the RFSSW method consists of three main
phases [22, 23]. In the first phase, the pin and sleeve are positioned
on the surface of the upper sheet. A clamping ring compresses the
sheets to be joined (Fig. 1a), protecting the materials from uncon-
trolled displacement. Then, the sleeve and pin are accelerated to
their nominal rotational speed. In the second phase, the sleeve and
pin move downward and upward, respectively, and therefore the
plasticised material displaced by the sleeve is squeezed into the
cylindrical cavity created by the upward movement of the pin (Fig.
1b). After reaching a predetermined plunge depth, the direction of
movement of both the sleeves and the pin begins to reverse and the
plasticised material in the cylindrical cavity is squeezed back by
the pin (Fig. 1c). Finally, the pin and sleeve are positioned at the
initial position and the tool is removed. The tests of the sheet
welding process were carried out on a friction welding machine
with RPS 100 VA11 manufactured by Hams & Wende GmbH &
Co KG (Fig. 2). The diameters of the pin and the sleeve were
5.2 mm and 9 mm, respectively.

7075-T6 Alclad aluminium sheets were refill friction stir spot
weldedintheoverlapping configurationshowninFig. 3. Next, spec-
imens of 120 mm % 30 mm were cut from the welded sheetsusinga
precisioncutoffmachineundercooling conditions. Thethicknessof
thelowersheetwas(0.8mm,andthethicknessoftheuppersheet,where
the welding tool operates, was 1.6 mm. This configuration (Fig. 3)
correspondstothejoiningofastringerwiththeskinintheactualaircraft
structure[12,21].

The range of the changes of the welding process parameters
was determined based on previous research by Kubit et al. [12,

(a)

pin
sleeve

|
clamping i
ring i

11

21]. The range specified corresponded to the values of process
parameters which significantly affect the load capacity of the
RFSSW joint. Welding was conducted using the following values
of parameters:

—  Tool rotational speed n (2000, 2400, 2800 rpm),
—  Tool plunge depth g (1.3, 1.5, 1.7, 1.9 mm),
—  Duration of welding 7 (1.5, 2.5, 3.5 s).

The tests carried out (by Kubit et al. [12, 21]) showed
that the highest load capacity of the welds in the joints
being assessed can be obtained using a tool plunge depth
of about 93% of the thickness of the upper sheet
(1.5 mm). During the fabrication of these welds, both
the pin and the sleeve did not penetrate the thinner lower
sheet. Because previous tests were carried out with a
very limited range of variation of the other welding pa-
rameters, it was decided to perform tests for a wider
range of the welding parameters, i.e. at plunge depths
of 1.3 mm and 1.5 mm ensuring no penetration of the
lower sheet and at depths of 1.7 mm and 1.9 mm
allowing penetration of the lower sheet material, in the
research presented in this paper. Welding tests were car-
ried out for all combinations of the above parameters
whose values changed over a wide range. For the pur-
poses of the optimisation analysis, the following welding
parameters were adopted: x;, tool rotational speed; x,,
tool plunge depth; and x3, duration of welding.

2.3 Tensile/shear testing

Investigation of the load capacity of the joint by tensile/
shear tests was carried out using a ZWICK Roell Z-100
universal testing machine with a constant crosshead

©

X

Fig. 1 Stages of the RFSSW process: (a) contact, (b) plunge and (c) refill
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Fig. 2 Work table of RPS 100
VAL refill friction stir spot
friction welding system

speed of 5 mm/min at ambient temperature. Conducting a
tensile/shear test for the samples shown in Fig. 3 is as-
sociated with the occurrence of significant normal stress-
es, which result in the joint being subjected to shearing
and peeling. In real-life conditions, the joining of struc-
tural elements is carried using many joints. The stiffness
of such a structure is much greater than the stiffness of a
single specimen, so that the effect of the normal compo-
nent of force generated during the operation of the joint
is very limited and its load capacity is usually not affect-
ed significantly by normal stresses.

@ Springer

3 Results and discussion

3.1 Effect of plunge depth

The first stage of the research is focused on the analysis of the
effect of tool plunge depth x, on the load capacity of the joint.
For this purpose, the welds were fabricated at a tool plunge
depth equal to 1.3, 1.5, 1.7, and 1.9 mm, with three different
tool rotational speeds 2000, 2400, and 2800 rpm. The load
capacity of the joints obtained ranged from 5510 N to 8000 N
(Fig. 4a).
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Fig. 3 Geometry and dimensions of the specimens for tensile/shear testing

The curves assigned to the appropriate tool rotational
speeds have the same trends. Regardless of the assumed
tool rotational speed, the highest load capacity of the
joint is observed for a tool plunge depth of x, =
1.5 mm. After exceeding this value, all characteristics
show a trend to a lowering of the strength of the joint
as the tool plunge depth increases. In the case of a curve
corresponding to a rotational speed of 2800 rpm, an ini-
tial significant increase in weld strength was achieved,
reaching a maximum value of 8010 N for a tool plunge
depth of 1.5 mm, after which the trend reverses as the
tool plunge depth increases and the joint strength de-
creases. The largest decrease in load capacity from
8010 to 6265 N (—21.78%) is observed with the highest
tool rotational speed. The decrease in the load capacity
of the joint with increasing tool plunge depth is due to
the weakening of the lower part of the weld by the sleeve
worked in the second stage of welding (Fig. 1b).

In aircraft construction, the standard deviation of the
results obtained is also an important parameter in addi-
tion to the load capacity of the joint itself. A smaller
value of the deviation is related to a greater repeatability
of the process, which is reflected in the reliability of the
construction. The evaluation of the repeatability
(stability) of the process was carried out using the

Spot weld

Hartley test. In order to verify the hypothesis about the
repeatability of the variance, the Fp,,, test statistic was
determined:

Frax = S2 (y)l ma

S2 (y)z max
where 5°(1); max and 5°(); min are the maximum and minimum
values from the set of all variances, respectively.

The critical values of the Hartley test fyax. k. v) for
the number of degrees of freedom k=m =36, v=r—1=
5—1=4 and the significance level a=0.05 were derived
from statistical tables and compared with the calculated
value of Fp.. The analysis of the test showed that the
results obtained at different values of the welding pro-
cess parameters do not have the same variance (Fiax >

(1)

fmax(a, k, V))'

Analysis of the test results also indicated some depen-
dence regarding the values of variance and standard devi-
ation. The standard deviation of the test results was deter-
mined on the basis of 5-element samples. Apart from the
assumed tool rotational speed, the highest standard devi-
ation value was observed for a tool plunge depth of
1.5 mm, i.e. at the plunge depth ensuring the highest load
capacity of the joint (Fig. 4b).

@ Springer



3448

Int J Adv Manuf Technol (2019) 103:3443-3457

Fig. 4 The effect of tool plunge (a) (b)
depth on the load capacity of the 8500 = 400
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the test results (b) with a duration > 8000 N #2400 rpm [ 3 /,/‘\\ #2400 rpm
i = R SN -+2000 rpm o 2 h -+2800 rpm ||
of weldingx;=1.5s < 7500 4 \\ P! 2 300 % T 1
> 250 |~ L
5 7000 WA SN - 5 N
2 P s TN S 200 <
g 6500 - NN g s
g . = 150 -
© /// \\\
g 6000 100 . o N
- " 3 - N S
5500 . € 50 = —==%
8
5000 ? 0 : | |
1.2 1.4 1.6 1.8 2 1.2 1.4 1.6 1.8 2

Tool plunge depth, mm

3.2 Effect of tool rotational speed

In the next part of the research, the focus was put on deter-
mining the influence of tool rotational speed and the duration
of welding on the load capacity of joints. The test results
obtained for tool plunge depth x, =1.5 mm are shown in
Fig. 5a. For the durations of welding x3=1.5 s and 2.5 s, an
increase of tool rotational speed causes an increase in the load
capacity of the joint. For the duration x3 = 1.5 s, an increase in
the tool rotational speed from 2000 to 2800 rpm results in an
increase in load capacity by 17.9% (from 6870 to 8100 N),
while for the welding time x3 =2.5 s, it does this by 11.5%.
An increase in tool rotational speed causes an increase in
weld temperature leading to better plasticisation of the mate-
rial and an increasing strength of the joint. At the same time,
an increase in the susceptibility of the tool surface to sticking
to aluminium alloy sheet material was noted. During the tests
with the highest speeds, the plasticised material stuck to the
working elements of the tool, resulting in a necessity for fre-
quent cleaning, thus increasing the labour requirements of the
welding process. The adhering material also made it difficult
for the tool to obtain the assumed plunge depth, as a result of

Tool plunge depth, mm

which a much larger dispersion of the test results was ob-
served than in the case of joints fabricated at a lower tool
rotational speed (Fig. 5b).

In the case of welds performed for a welding duration x3 =
3.5 s, it can be noted that an increase in tool rotational speed
from 2000 to 2400 rpm enabled the load capacity of the joint
to increase by 8.3% (from 7000 to 7587 N). Further increases
in tool rotational speed caused a reduction in load capacity of
the joint by 7.25%, which was a result of an excessive tem-
perature rise during joint formation. As a result, tearing of the
weakened fragment of the lower sheet is observed, which will
be discussed in the next section of this paper.

3.3 Failure modes

During the tensile/shear tests of joints, three types of fail-
ure mode were observed: nugget debonding or alternative-
ly shear type fracture, plug shear type fracture on the lower
sheet, and tear plug fracture with a tear on the lower sheet.
Figure 6 shows the main types of defects corresponding to
specific failure modes. In the case of the use of a rotational
speed of 2800 rpm with a welding duration in the interval

Fig. 5 Effect of tool rotational (a) (b)
speed on the load capacity of the 8200 - 450
joint (a) and standard deviation of +15s 4 % 400 | |*+15s |
the test results (b) for a tool Z 8000 =255 7 E =255 /n
plunge depth x, = 1.5 mm £ +35s / © 350 +—|+35s A
'5,7800 - N N
o ) ] < 300 77
< / % = /// /
& 7600 O 5 250 by
> RN % S 4
'§ 7400 > v & 200 P
o i VAN b L sl 7 4
87200 A Al ——
3 v N 2100 $o=
Q v = A i
S 7000 — 2 5
* -~
6800 , : : ; @ 9 . : : :
1800 2050 2300 2550 2800 3050 1800 2050 2300 2550 2800 3050
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Fig. 6 Cross-sectional view of a RFSSW specimen (top view) and the corresponding failure modes (bottom view): (a) nugget debonding, (b) plug type

fracture on the lower sheet, (c) tear plug fracture with tear on the lower sheet

<1.5, 2.5>, a type of specimen failure was observed
characterised by separation (tearing) of the lower sheet
(Fig. 6¢). The weld formed by the stirring of the base ma-
terial (BM) is composed of several parts (Fig. 7): the weld
core, a structural notch resulting from sleeve operation and
three metallurgical zones: the stir zone (SZ), the thermo-
mechanically affected zone (TMAZ) and the heat-affected
zone (HAZ). The weld nugget has a fine-grained structure
with better mechanical properties than the base material,
clearly demonstrating the occurrence of a recrystallisation
process caused by high temperature and high pressure. In
consequence, a plug tear fracture mode can be seen.

The plug type fracture mode (Fig. 6b), characterised by the
pulling out of the weld nugget on the lower sheet, was ob-
served in the case of low tool rotational speed (2000 rpm),
short welding times (1.5 s), and larger tool plunge depths
(1.7 mm, 1.9 mm). The joints made with the given parameters
were characterised by the lowest load capacity due to the
structural notch on the perimeter of the weld. The presence
of a clear structural notch indicates that the sleeve has plunged
too quickly into the base material, which instead of
plasticising the material causes its partial cutting. At the same
time, the rise of temperature in the later stage of the RFSSW
process leads to recrystallisation and a partial reconstruction
of the material. The plug fracture mode is associated with a
lack of mixing between the boundary between the TMAZ and
SZ and the preferred bond between the upper and lower
sheets, respectively. This was also noted by Shen et al. [14].

A reduction in tool plunge depth (1.3 mm, 1.5 mm) leads to
nugget debonding characterised by crack propagation along
the original lap interface (Fig. 6a) after being initiated from the
hook tip. With sufficient stirring of the Alclad layers of the
upper and lower sheets with the BM, then a shear type fracture
mode is observed instead. In this case, the fracture propagates
through the nugget along the original lap interface. This shear
fracture mode is the dominant fracture mode under cross-
tension loadings [14].

The RFSSW weld face is characterised by great roughness
resulting from the operation of the tool whose surface is

Fig. 7 Cross-sectional view of a weld fabricated at a speed of x; =
2000 rpm, tool plunge depth of x,=1.5 mm and duration of welding
x3=12s
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Fig. 8 Cross section of the edge of a weld fabricated with the parameters
x1=2800 rpm, x, = 1.50 mm, x3=15s

heterogeneous due to adhesion of the plasticised material.
Incomplete refill is visible on the surface of the upper sheet
(Fig. 8). There is a heat-affected zone from the structural notch
in the direction of the sheet metal material (Figs. 7 and 8). The
width of this zone depends on the duration of welding. An
increase in the duration of welding clearly leads to an increase
in the temperature within the weld and the diffusion of heat in
each direction. This is evidenced by an enlarged HAZ on the
edges of the weld and a more complete rebuilding of the
material in the area of sleeve penetration. Heat diffusion also
takes place in the area of the bottom of the weld leading to
adhesive joining of the sheets to be joined.

4 Mathematical modelling

The selection of the optimal parameters of the welding process
requires the determination of an adequate mathematical model
in the form of the regression function W(x). Regression anal-
ysis was carried out using the least squares method with the
following criterion assessing the quality of the approximation:

R = min ,-go [f () -W (x,)]* (2)

where the value of the function R is a certain measure of the
deviation of the approximation function W(x) from the ap-
proximated function f(x), i=1, ... and N, number of
experiments.

During the approximation, the most frequently selected
basic functions are monomials according to Weierstrass’ the-
orem. This theorem defines that for every function f{x) spec-
ified and continuous on a closed and limited interval [a, b]
there exists a polynomial W= b, + bx; + b,x", that approxi-
mates monotonously the function f{x) on the interval [a, b].

@ Springer

During the analysis, however, it was not possible to obtain
such a polynomial with a rational m level which could be
considered adequate. Therefore, the m-degree algebraic poly-
nomial was adopted for the definition of the interactions be-
tween the RFSSW process parameters:

S .m S (1)
W(x) =bo + ¥ b;'x; ) bij XiX;
i=1 ;o

L] =
i<j
J (1)
+ > bij' 1 XiXj e XX
i,j,...L,n=1
i<j,..,l<n
s s
+ Y b+ Db (3)
iaj =1 =
i#j

In Eq. (3), there exists L-number of unknown coefficients
bO, bl(l),b(l) b(l) b(2) b(’")

iy oYy Vi o Yiie..m

ables of a polynomial (3).
The assessment of the significance of the coefficients in the
regression equation was performed by comparing their values

with the critical value determined on the basis of the formula:

while , j, ..., n=1, ..., S vari-

S*(y)
Nr

(4)

b = t(a,p)

Table 2 Values of coefficients in the regression equations Wx(x) and
Wo(x)

Coefficient Wi(x) Wo(x) (%)
bo 10,878.1 - 858536
b ~18.751 ~1.0813
b 9753.29 18,367.7
bV ~4329.75 ~63.958
bl 28.626 0.1364
bl 8.878 0.0164
b ~3808.33 -

% ~0.00426 -

b -2.877 -

% ~0.000194 -

b 11875 -

by ~0.0054 0.0000838
b —14,944.4 -10,739.6
b ~1153.15 9.791

) 2.3485-10°° 6.304-10°°
b%) 1921.3 209491
b 164.087 -

(*) means that the coefficient is statistically insignificant
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Fig. 9 The influence of tool rotational speed and tool plunge depth on the load capacity of a joint

where: 1, ;=1 is the test value of the coefficient ¢ deter-
mined based on the basis of the #-Student distribution table, »
is the number of repetitions.

The Fisher-Senecor test was used to assess the adequacy of
the regression equation with the test results. At the first stage
of the analysis, the adequacy of the variance was determined,
according to the following formula:

N2
N E—
i (yl_y1>

2= N /7 5

ad N—k—1 ( )
where y;, average value of measurement results in the i-th
experiment; ;, value calculated from the regression equation
for the levels of input and output factors in i-th experiment; £,
a number of terms in the regression equation (without a free
term) after rejection of the insignificant terms; N, the total
number of experiments.

Then the value determined for the test coefficient F:

_ Sa®)
S2(y)

was compared with the critical value determined from the
Fisher-Snedecor distribution table. This allowed an adequate
regression equation to be obtained describing the influence of
the RFSSW process parameters on the load capacity of joints,
with the following form:

(6)

W (x) = bo + b \x; 4+ b8x, + bV xs + b\ Vx1x,
+ b§13)x1x3 + b%)xzx3 + b%)x%xz + bgzl)xgxl
+ b3 + B35 + b} + b
+ B33 + Bt + 553 + b (7

The values of coefficients for the regression function de-
scribing the load capacity of the joint Wi(x) and standard
deviation of the process W, (x) are given in Table 2.

Figure 9 shows a graph of the regression function for a
constant value of duration of welding equal to x3=1.5 s.
The maximum error value of the regression function did
not exceed 6.11%, while the mean square error between
the experimental and mathematical modelling results was
equal to 2.55%. The graph shows a clear increase in the
load capacity of the joint with an increase in tool rotation-
al speed and a local maximum of the regression function
at a tool plunge depth of 1.5 mm. The shape of the func-
tion obtained can explain the large standard deviation
values obtained with regard to the load capacity of joints
for a tool plunge depth of x, = 1.5 mm and tool rotational
speed x; = 2800 rpm. A regression function, after reaching
the maximum, rapidly falls both towards the larger and
smaller values of tool plunge depth. It is very difficult to
set the tool at the appropriate plunge depth due to the high
plasticity of the material (the sticking of the sheet material
to the tool surface). Even a small error in the tool plunge
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Fig. 10 The effect of tool rotational speed and tool plunge depth on the load capacity of the joint

depth can significantly affect the load capacity of the
joint, which is manifested by a large variance of results.

At a tool plunge depth of x,=1.5 mm (Fig. 10), an
increase in tool rotational speed results in an increase in
the load capacity of the joint. This is observed for dura-
tions of welding ranging from 1.5 to 2.5 s. A further
increase in the duration of welding results in a sudden
decrease in the load capacity of the joint.

The regression function describing the variation of pro-
cess W,(x) that meets the Fisher-Snedecor adequacy cri-
terion has a much simpler form (Table 2). The maximum
error of the regression function in this case did not exceed
14.51%, while the mean square error was 14.59%.
Figure 11 shows the influence of tool rotational speed
and tool plunge depth on the process stability (standard
deviation). Analysis of the chart indicates that the increase
in tool rotational speed causes an increase in the value of
the standard deviation. Therefore, the use of a tool rota-
tional speed of 2800 rpm in order to assure maximum
load capacity of the joint may not be justified. In a real
structure consisting of a large number of joints, only some
will be able to transfer the maximum load, which may
contribute to reducing its reliability.

@ Springer

A similar tendency to reduce process stability can be ob-
served by analysing the graph of the influence of the tool
rotational speed and the duration of welding on the standard
deviation of the load capacity of the joints (Fig. 12). An in-
crease in the duration of welding also leads to a reduction in
process stability.

5 Polyoptimisation of RFSSW process
parameters

In order to replace classic resistance welding by the RFSSW
technique, thus ensuring a better quality of welds, it is neces-
sary to select optimal welding parameters. This selection must
guarantee not only a high load capacity of the joints produced,
but also high process stability, characterised by the lowest
possible value of the variance of the results obtained. This
requires multi-criteria optimisation of the process and finding
a compromise solution that meets the abovementioned math-
ematical model.

For the writing of the multi-criteria problem, the following
designations have been adopted:
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Fig. 11 The effect of tool rotational speed and tool plunge depth on the standard deviation of the load capacity of joint
— DcR", aset of permissible solutions (a range of process 7’ = (2,27 (11)

setting parameters);

—  z2=(21, 225.--» Zm) € D, acceptable solution;

— fi D— R, i-th objective function (i=1, 2,..., k);

—  (2)=(f1(2), f>(z), the objective function for a multi-criteria
problem.

The problem of multi-criteria optimisation of the selection
of process parameters can be written in the form of:

f1(z) = Wp(x)—max,
f2(x) = W, (x)—min, (8)
zeD

The one-criteria problem:
fi(z)—ekstremum, z, € D 9)

is an i-th partial problem, where the vector z° € D in which the
i-th objective function reaches the extremum searched. The
vector:

¢ = (f1E").f2()) (10)

is a vector called the ideal (utopian) solution in the space of
evaluations, while:

is the ideal solution for the function (8). Usually the ideal
solution of function (8) is not available, which means that in
the set of permissible solutions D there is no vector z°, for
which all objective functions reach the extremum searched.
Therefore, effective solutions were searched for during the
solution of the problem presented.

The set of effective solutions usually contains many solu-
tions. Therefore, the goal of the problem presented was to
select one compromise (optimal) solution from a set of effec-
tive solutions. For this purpose, function (8) has been reduced
to a single-criterion form, with the scalarisation function s:
R*— R in the form:
max(s(f(z),f(z)) : 2€ D) (12)

Scalarisation of the function was carried out using the
method of weighting the grades. Values of weights ;>0 of
particular criteria f; (fulfilling the condition u; +u , = 1) were
assumed, and then the optimal solution of the problem was
determined (13):

max(gkllu,-f,-(z) 2Z€D> (13)
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Fig. 12 The influence of tool rotational speed and duration of welding on the standard deviation of the load capacity of joints

k
Itis only possible to create a function p(z) = 3 u;f;(z) ifall
i=1

the values of objective functions are expressed in the same units
and scales. Since the objective functions in this case were
expressed in different scales of values, they were transformed
into a dimensionless form:

o fi(z)—min(f,(x) : xe D)
Si() = max(f;(x) : x€ D)—min(f}(x) : x€ D)

(14)

Objective functions /' take values for z € D from the interval
[0, 1] and they are dimensionless. The function describing the load
capacity of the joint Wx(x) reaches the maximum value of
7801.3 N at a speed x; =2800 rpm, tool plunge depth x, =
1.55 mm, and duration of welding x3 = 1.5 s, and minimum value
of 5613.5 N at x; =2000 rpm, x, =1.9 mm, and x3=1.5 s. The
maximum and minimum values obtained correspond to the ex-
treme setting of parameters of the welding process at which the
tests were carried out.

After transformation, the function describing the load capacity
of the joint, which is a partial problem of the function (8), takes the
following form:

_ Wr(x)-7801.3

U
S13) = e01375613.6

(15)
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The second function describing the standard deviation of
the dispersion of results takes the highest value (380.87 N) ata
tool rotational speed x; =2800 rpm, tool plunge depth x; =
1.46 mm, and duration of welding x5 = 3.5 s, while the mini-
mum value (16.85 N) is at x; =2226.55 rpm, x, = 1.9 mm, and
x3 = 1.81 s. Because both functions are to be maximised in the
method of weighting the grades, the second function will take
the form:

vy Wo(x)—380.87
/20 = 330 87-16.85 (16)
After the unitarisation, an optimal solution of the problem

is determined according to:

max(iu,f}‘(z) :zeD) (17)
i=1

The optimal solution of the function (17) is an effective solution
to the multi-criteria problem. The form of the solution depends on
the weight values u; adopted. If during the calculations, it is as-
sumed that the load capacity of the joint is the most important
parameter determining the quality of the joint (; = 1, u, = 0), then
the solution obtained coincides with the optimal solution of the
partial problem (Eq. 15) (point P1 in Fig. 13).



Int J Adv Manuf Technol (2019) 103:3443-3457 3455
Fig. 13 Results of the solution of 3.5f
the multi-criteria optimisation
problem
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In the case of adopting equal values of the weights (u-
;=0.5), the function (17) achieves the maximum for a tool
rotational speed x; =2229 rpm, tool plunge depth x, =
1.60 mm, and duration of welding x3 =2.02 s. This corre-
sponds to the load capacity of the joint equalling
7071.5 N and a standard deviation of the dispersion of
results of 86.22 N. If, on the other hand, different weight
values are adopted during the optimisation process, then
another compromise solution can be obtained. Assuming
that the load capacity of the joint is more important than
the process variance (u; = 0.6, u, =0.4), the optimal solu-
tion moves to the point corresponding to the rotational
speed x; =2256.05 rpm, tool plunge depth x, =1.55 mm,
and duration of welding x3 =3.4 s (point P2 in Fig. 13).
The application of the given process for setting parame-
ters provides the opportunity to obtain a joint load capac-
ity of 7462.37 N with a standard deviation of the

200 pm_§

Fig. 14 Weld made with the optimal parameters of the RESSW process

= ’ 3¢

dispersion of results of 142.09 N. In order to verify the
results obtained, 6 welds were made with parameters cor-
responding to the point P2 in Fig. 13, and then tensile/
shear tests were performed. The average value of the load
capacity of the joint was 7511 N, which is 0.6% more
than the value obtained as a result of optimisation with
a standard deviation of 102.3 N.

Welds fabricated with optimal parameters were
characterised by a lack of visible incomplete refill be-
tween the weld side and the upper sheet, a lack of voids
on the outer edge of the weld and the lack of a clear
structural notch (Fig. 14). The Alclad swirl existing in
the bottom part of the weld results from insufficient stir-
ring of the Alclad with the base materials. It is a basic
defect of joining clad coated sheets [12, 13, 21, 23]. The
cross section of the RFSSW joint thus formed reveals four
regions in terms of the microstructural characteristics of
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the joint in the sequence from the SZ towards the BM (see
example in Fig. 14). The visible HAZ has a small width
and depth. This is due to the presence of the Alclad,
which has a higher thermal conductivity (229 W/mK)
than the BM (134 W/mK) and very rapidly transfers the
heat out of the joint.

6 Summary and conclusions

In this paper, a method of optimisation of the RFSSW process
parameters, i.e. rotational speed, tool plunge depth, and
welding time, was presented that assures the maximum load
capacity of the RFSSW joint. The main conclusions drawn are
as follows:

1. Tool rotational speed has the greatest impact on the load
capacity of RFSSW joints. An increase in this parameter
permits the required temperature and pressure ensuring
adequate plasticisation of the base material and the
recrystallisation process to be obtained, thus ensuring
the proper microstructure of the joint.

2. However, high rotational speed ensured that the appropri-
ate load capacity of the joints also adversely affects the
weld structure. Defects appear in a weld fabricated at too
high a tool rotational speed, and the weld face is often
very uneven, which makes it difficult to obtain the re-
quired tool plunge depth, significantly affecting the load
capacity of the joints. As a result, the welding process is
burdened with a high variance among the results obtained.

3. The results of the optimisation conducted showed that
significantly better weld properties can be obtained by
increasing the duration of welding. The joints obtained
in this way have a smaller number of defects.
Furthermore, the temperature resulting from the welding
process, which interacts over a longer period of time, al-
lows the material to be recrystallised and the removal of
any structural notches caused by the penetration of the
tool sleeve. From this point of view, this parameter, de-
spite having a smaller impact on the load capacity of the
joints, is more advantageous for process control. It pro-
vides joints with the load capacity required and at the
same time with a small variance of their dispersion.

4. Tt should also be noted that the increases in the load ca-
pacity of the weld obtained by extending the duration of
welding time are limited. If the welding time is too long,
this leads to unfavourable phenomena in the HAZ mani-
fested by a sharp reduction in the load capacity of joints.

5. The choice of the RFSSW process parameters therefore
requires compromise solutions, i.e. the selection of tool
rotational speed at a level ensuring adequate plasticisation
of the base material and to obtain the required load capac-
ity of the joint and then a welding duration ensuring that

@ Springer

the appropriate joint microstructure is obtained, thus con-
ditioning the required process repeatability.

RFSSW is one of the most modern methods of joining
aluminium alloys. The research conducted has shown that this
method can be successfully used in the aircraft industry, due to
the possibility of ensuring high strength joints while reducing
the labour consumption in the process of the assembly of
welded structures.
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