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ABSTRACT Aiming at the softening problem of 7075 superhard aluminium welded joints such as hot cracks
and gas holes in traditional fusion welding process, a dynamic robust control model based on the relationship
between friction stir welding process parameters and welded joint strength is established. According to the
non-linear relationship between global motion estimation and welded strength parameters, a dynamic robust
control model of stirring needle motion is established, and the physical parameters such as elongation after
fracture, tensile strength and hardness are calculated. A robust dynamic evolutionary optimization model of
welding process parameters is established in the future to realize real-time optimization control of process
parameters. On the basis of global motion control, the electric power output of the friction stir welding main
motor is predicted according to the required line energy input of the stirring needle motion characteristics,
and the real-time optimal control method of the motor electric power based on the expected thermal energy
input of the welding process is established. A series of strength tests of welded joints based on the model
show that the predicted results of the model can meet the needs of engineering and have practical value in
engineering.

INDEX TERMS 7075 superhard aluminum alloy, friction stir welding, strength of welded joint, global

dynamic robust control.

I. INTRODUCTION

7075 series aluminum alloy is widely used in aerospace,
military, vehicle and other fields due to its high strength.
The traditional riveting process has the advantages of easy
operation and high tensile strength in high-strength aluminum
alloy welding [1]-[3]. However, it is difficult to achieve
the current lightweight requirements of the aluminum alloy
structure due to the additional structural weight of the riveted
joints. By using friction stir welding as solid phase welding,
the problem of joint softening such as pores and hot cracks in
the welding process caused by TIG or laser welding process
can be well solved [4]-[6]. Scholars’ optimization research
on the performance of friction stir welded joints only focuses
on the adjustment of welding process parameters or heat
treatment methods, and the experimental simulations related
to welding are not deep enough [7].
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Since friction stir welding involves metal plastic flow and
deformation energy release process, the size of dynamic
recrystallized grain decreases with increasing strain rate [8].
However, the relationship between the parameters of the
dynamic recrystallization process and time must be nonlinear,
and the motion of the friction stirrer corresponding to this
should also be nonlinear.

During the friction stir welding process, the stirring needle
is continuously moved in three dimensions, and the specimen
itself also has slight displacement and vibration. Therefore,
in the actual welding process, the mixing needle, the test
piece, the plastic flowing metal in the weld and the metal
during the deformation energy release process have their own
movements, and the complex form of motion is mainly caused
by the movement of the agitating needle. This paper refers to
it as frictional friction global motion.

Aiming at the metal plastic flow and its thermodynamic
nonlinear characteristics during high-hardness aluminum
alloy welding process are studied. The global motion robust
control model of friction stir welding which can fit the plastic
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flow of the weld metal and the nonlinear process of cooling is
studied, and the dynamic optimization control of the welding
process is implemented. The tensile strength of the welded
joint after welding is compared with the tensile strength of the
friction stir welded joint with the traditional fixed parameters
to improve the welding quality.

In this paper, 7075 super-hard aluminum is used as the
experimental plate. Under the condition that the rotation
direction and angle of the mixing head are kept constant at
2.5°, the motion law of metal plastic flow and deformation
energy release during friction stir welding is found by global
motion control. First, global motion estimation is performed
to obtain the vibration and displacement parameters of the test
piece. Then, according to the temperature of the test piece,
the plasticizing flow of the weld metal and the change of
the grain size of the dynamic recrystallization, the stirring
needle is motion compensated. The next moment movement
parameter of the stirring needle can be obtained, and the ideal
movement state of the stirring needle can be realized. Aiming
at the line energy input control problem in the welding pro-
cess, the main motor power robust estimation model is estab-
lished to determine the optimal motor energy output power
prediction value to ensure that the required input thermal
power meets the global motion control requirements during
the online energy control period. The strength test of welded
joints shows that the prediction results of the model can meet
the engineering needs and have practical value.

Il. ROBUST ESTIMATION MODEL FOR FRICTION STIR
WELDING GLOBAL MOTION STATE

According to the principle of friction stir welding, the agi-
tating needle is rotated at a certain speed during the welding
process to be inserted into the joint interface of the material
to be welded, and subjected to a certain downward pressure.
And the frictional heat between the rotating stirring head and
the test piece causes strong plastic deformation of the material
in the advancing direction of the stirring head [9], [10].

The shoulder can not only rub against the surface of the
welding material to generate frictional heat, but also prevent
the mixing head from spraying the plasticized base material
from the weld zone at high speed, and at the same time, it can
remove the oxide film on the surface of the material to be
welded. As the mixing head moves, the highly plastically
deformed material flows to the back of the mixing head, and
the material behind the mixing head cools to form a solid
weld [11]-[13].

According to the TIG welding control principle shown
in Figure 1, the nozzle and the wire are advanced at a certain
speed during the welding process and inserted into the arc at
the interface where the tungsten electrode is bonded to the
material to be welded. This paper defines the agitator needle
motion rectangular coordinate system as: take the center line
of the weld as the horizontal axis (x axis), and take the straight
line of the weld welding starting point parallel to the axis
of the stirring needle as the vertical axis (y axis) to form a
rectangular coordinate system. According to the definition
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FIGURE 1. TIG welding control schematic.

of the stirring needle motion coordinate system, the x-axis
is the direction of the agitation needle forward speed, the y-
axis is the axial pressure direction, and the y-axis is also
the agitating needle rotation axis. The position vector of the
agitating needle in its motion coordinate system is defined
asv = (x,y)

According to the principle of friction stir welding process,
the mathematical model describing the state of friction stir
motion is defined as:

F(v,1) ey

where: ¢ is time; v is the position vector during the stirring
needle movement. During the movement of the agitating
needle, the relationship between the position vectors (x, y)
and (x', ) of the agitating needle between the two moments
can be expressed as:

X' =ax+by+c
, @
Yy=di+ey+f
Stirring needle global motion vector is defined as:
M =(a,b,c,d,e )T 3)

where: ¢, f are the forward motion relationship parameter of
the stirring needle at two adjacent moments.; a, b are the axial
motion relationship parameter of the stirring needle at two
adjacent moments; d, e are the rotational motion relationship
parameter of the stirring needle at two adjacent moments.

According to the global motion vector M and the frictional
friction motion state F (v, t) at time ¢, the global motion state
attime ¢ + At is: F(v, t + At, M). The position of the stirring
needle position in F(v, t) and F(v,t + At, M) satisfies the
following relationship:

Flv(t 4+ At), t + At, M] = F[v(z), t]
x(t)=ax(t+ At)+by(t+ At) + ¢ 4)
y@t)=dx(t + At)+ey(t + At) +f

where: v(t + At) = [x(t + A1), y(t + ADIT, v(t) =
[x(@), yOIT.

From equation (4), the global motion state estimation of the
agitating needle is to solve the most global motion vector M,
the F(r, t + At, M) of the frictional motion state model under
the global motion vector M of equation (1) is most similar to
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optimal frictional friction state F(r, ¢t + At) in the welding
process under the least squares criterion.

Ill. DYNAMIC ROBUST CONTROL MODEL FOR
AGITATING NEEDLE MOTION

According to the principle of friction stir welding, under a
certain axial pressure, the advance speed of the stirring head
is generally 70-100 mm/min, the rotating speed is gener-
ally 800-1000 r/min, and the welding process is generally
10-30 min [14]. Therefore, in order to realize the dynamic
control of the friction stir welding process and to satisfy the
robustness of the control model within the range of mechan-
ical, physical and chemical factors, it is necessary to make
a real-time and accurate estimation of the motion state of
the stirring needle during the welding process. The Gauss-
Newton (GN) method or the LM method used for motion
control have good convergence, but the calculation amount is
large, so it is not conducive to the fast dynamic calculation of
the stirring needle motion state during the welding process.
Aiming at this problem, the dynamic motion robust con-
trol algorithm of the stirring needle based on Gauss-Newton
method is proposed.

Assume that the position vector of the stirring needle in the
motion coordinate system is [X(¢), Y (¢)]T at time ¢. Then,
the position vector of the stirring needle in the coordinate
system is [X (¢t + At), Y (¢ + At)]T at the next moment, and
the position of the stirring needle at two moments satisfies the
following relationship:

{X(t) =aX (t+ At)+bY (t + A1) + ¢ )

Y(t)=dX (1 + At) +eY (t + A1) +f

The dual relationship of the above formula is:

Xt+an] [a b1 X0 ¢
Ye+An) | T |d e Yo | |f
a V]|[X@® c

-lo dell] e

where:

e
HESFER

If At is small enough, it can be assumed that the temper-
ature of all points in the metal multiphase thermodynamic
system at two times is constant.

Under the condition of constant temperature, it is assumed
that there are N possible positions of the stirring needle
position vector in the rectangular coordinate system of the
stirring needle motion at ¢ + At, and the relationship between
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the N position vectors is:

I (X)), V@), ) =1X ¢+ A, Y ¢+ A, 1+ Ar)
I (Xa(t), Ya(1),t) =1 (Xp (t + A1), Y2 (t + At) , t + A)

I (Xi(@),Yi@t), ) =1(X; ¢t + A1), Y; (t + At), t + At)

I (XN (D), Yn(2), 1) =1 (Xy (1+A1), Yy (1+ A1) , 14 At)
(N
where: i is the i-th vector point where the stirring needle is
in the motion coordinate system. Equation (7) is a super-
constrained equation system. The number of unknowns is 6,
and the total number of equations is N. Then equation (7)
can not find an exact solution. Set F' denote the vector matrix
formed by the position vector of the stirring needle at the time
of (t + 1), and F(M) denote the operational state estimation
matrix under the global motion vector M, then:
F=1[FXo(t+A0),Yo(t+1)At, 1+ A1),
XF Xo(t+ A1), Yo+ At),t + At), ...,
X F (Xn—1 (t + A1), Yy_1 (t + A1), t + AD)]T
(3)
F (M) = [F (Xo(1), Yo(2), 1),
X F (Xo(t)7 Yo(t)’ t)’ AR
X F (Xn-1(0), Yn—1(0), 01" ©)
The calculated value I (X;(¢), Y;(¢), t) of the optimal posi-

tion vector of the stirring needle is expanded at the true value
I (X;(t+ A1), Y (t + At), t + At) at the time ¢ + At:

X, Y(0), 1) = F(X (t + A1), Y (t + A1), 1 + Ab)

+ o (X' (t+AD—X (1+AD))
X (t+At)

+ __F (Y (t+AD) =Y (t+AD))
Y (t+At)

(10)

where: (X'(t + Ar), Y'(t + At)) is the position vector of
the stirring needle position vector at the time ¢ at the stirring
motion coordinate system of (X (¢), Y (¢)) at t + At. According
to the formula (6), (X'(t+ At), Y'(t + At)) in the formula (10)
is represented by (X (¢t + At), Y (¢t + At)), then:
AF = FxX(t + At)(d — 1)

+FxY(t + Anb' + Fxc

+F, X+ Anyd’

+FyY(t+ At)e — 1) + Fyf’ (11

where: Fy = Fy

dF _ __dF
AX(+ADn° = Y (+An’
AF =F (X(t+ A1), Yt 4+ At),t + At) — F (X(@), Y(1), 1)

Each feasible stirring needle position vector has an equa-
tion (11) as a constraint, and the constrained equations
thus obtained are also super-constrained equations. However,
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the parameters cannot be solved directly, and the matrix needs
to be used to represent the equation:

M=[d-1V.c.d e—1f]
=M —11,0,0,0,1,0]" (12)

Then there is:

Fx1Xi Fx1Yy FyiY1  Fyi
p_ . . ) .

FxnXy  FxnYn  FynYi Fyn
Available from formula (11):
PM' = AF

The energy function of the deformation energy change
during the welding process is defined as:

E = (AF —PM')" W (AF — PM)

where: W is the weight matrix. M is a diagonal matrix, and
its diagonal element W; represents the weight of the i-th
possible agitating needle position vector to the deformation
energy of the weldment.

Set:

OE
oM’

According to the above formula can be derived:

T -l
M = (P WP) (P W(AF)) (13)
According to formula (12):
M' =M +1[1,0,0,0,1,0]"

Set: My = (ai, b1, c1,dy, e1,f1)T, From equation (11),
we can get:
aip b | _[d ¥V
d1 el - d/ e’
ca|_ d v
f] - d/ e/ f/
Then, according to My and M, the global motion vector

model between the # 4+ At time and the ¢-time stirring needle
position vector of the first iteration is:

X@®) | _ fa b aibq X(t+1) C1
vy | T ld e|\[dier || e+ |7 A
_C
+_f}
_[a bl[ar bi][Xe+D
o _d e dy Yt+1)
[a b [c c
SrMIEH (o

VOLUME 7, 2019

From the above formula, the stir needle global motion con-
trol vector M ! obtained in the first iteration can be obtained:

a aay + bd;
b]l aby + bey
e | | aci+oh
M= d' | 7| da+ ed
e! dby + ee

f1 dei +efi +f

Iteratively solve according to equation (12) until the end
condition is met. Then, the optimal global motion vector M
of the stirring needle at time ¢ and time ¢ + 1 is obtained.

According to the formula (4) in the previous section,
the optimal position vector F(v,t + At, M) at the next
moment can be obtained. Since the position of the stirring
needle is determined by three parameters: axial stress, rota-
tional speed and forward speed. Then, after obtaining the
optimal position vector, the parameters of the stirring needle
can be controlled according to the optimal position vector.

IV. ROBUST ESTIMATION MODEL FOR

MAIN MOTOR POWER OUTPUT

A. MAIN MOTOR POWER ROBUST ESTIMATION MODEL
The line energy of the energy input of the welding process is
expressed as:

v niy
qgeIN = — = kivnwinFivn — (15)
VIN VIN

where, Py is the motor output power, kv is the electric heat-
ing power conversion coefficient, uyy is the friction factor,
nyy 1is the stirring head speed, Fy is the welding pressure;
vy is the welding speed.

In aline energy control period, for the global motion vector
M with uncertainty, the predicted power Qv and its probabil-
ity c that the main motor of the friction stir welding equipment
should output are calculated in real time. In the actual friction
stir welding process, the main motor will output the actual
power of size r. At the end of a line energy control period,
for the case where the motor output power is less than the
thermal power, the under-input of the welding process line
energy will be Qjys, If the motor output power is greater than
its corresponding thermal power, the over-input amount of the
welding line energy will be Qjyy .

The line energy input control problem in the welding pro-
cess can be converted into an optimal motor energy output
power predicted value Q* at the beginning of the online
energy control period to ensure that the required input thermal
power meets the global motion control requirements during
the online energy control period.

Under the premise that the stirring head motion control
parameter is known and its corresponding thermal power
input quantity and its probability distribution form are
unknown, the motor output power control scene d is divided
into m scenes according to the line energy control cycle time
length:

deld,,do, ..., dy} (16)
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The value of each scene d;(i=1,2,...... , M) corre-
sponds to a line energy control time length. Set the prob-
ability of the motor output power predicted value and the
thermal power errorof ¢; ( = 1,2...... , m) in the d; scene

m
be P,(d = d;) = p;, respectively. Where p; > 0, Y p; = 1.

i=1
In order to make the main motor output power prediction

value Q accurately reflect the actual heat input power under
the welding process line energy control scenario d, the fitness
function is defined as:

¢(Q:d) =rmin(d, Q) — Ps-max (d — Q)

+max(Q—d)—c-Q (17)

The optimal output power of the motor is:

m
Q* =argmin { E[£ (Q:d)] =Y _pit (Q:dp) ¢ (18)
i=1
where, E[-] is the expectation operator.

Set p = (P1,p2,.-.... ,pm)T represent the unknown
probability vector of the error between the motor output
power prediction and the required thermal power at a future
time. Then, under the uncertain probability distribution of the
motor output power prediction error, the problem of robust
estimation of motor output power can be expressed as:

1
rQngzn})m {aQ - EE {max [ap — ¢ (O d)]}}

rQn%nyn [aQ Iz;p, max aQ ¢ (O d)]} (19)
where f is the fitness risk tolerance, expressed as the prob-
ability that the motor output power is less than the thermal
power required for the welding process. o is the threshold
of the fitness function £(Q; d).

Set auxiliary vector u = (uy, u, ...... , um)T, and equa-
tion (19) can be transformed into a robust optimization
problem:

max v

Q.ap,0,u
. L
up>ag—¢(Q;dy),i=1,2,...,m
u;>0,i=1,2,...,m

where, (Q, o, ¥, u) € R X R x R x R™.

B. ROBUST ESTIMATION MODEL FOR

MAIN MOTOR OUTPUT POWER

Since equation (20) contains an unknown probability vector
p, it is difficult to solve directly. This paper is aimed at
predicting the error probability of motor output power with
uncertainty. Converting the above optimization problem into
a confidence estimate of the motor output power prediction
confidence domain that satisfies a certain confidence level,
namely, the optimum issue of Equation (20) is turned into the
issue robust plan.
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Set the motor output power prediction error be the proba-
bility vector of the scene of each line energy control period
length p = (p1,p2, .., pm)T > 0. The probability vector
of the motor output power prediction credibility in each
scene corresponding to it is ¢ = (q1,q2, -, qm)T > 0.
The divergence function between the motor output power
prediction reliability and the motor output power prediction
error probability is x 2-distance function [15]:

L. = qid (’3) 1)
i=1 !

The prediction results of the m motor output pow-
ers obtained by the friction stir welding process are: dj,
dy, ..., dy, and N samples of the prediction result scene are
obtained. At the confidence level 1-K, the confidence domain
of the motor output power prediction confidence probability
p in each scenario is:

v =1{p e R |p = 0.¢Tp = L Isp.pw) <p| @2
where, T = (e1,ep,...,ey) is the error vector of the
motor output power prediction in each scene. py = (p1.n,
D2.N, ---»Pm.n) is the maximum likelihood estimate of the
probability p on the basis of N samples. For a small sample
size N:

//l
p—¢()(fxm ik V)

where, 8, and y,, are correction parameters, and ¢”, ¢" and
¢"" are second-order, third-order, and fourth-order deriva-
tives.

5y = 1+m{<2—2m—m2+5)
2(;’5” ((11)) (4= 6m—m? +35)
1" 2
5 (Grn) (1-om=nies)
%(1—2m+s)}

o= -1 (1 /5)
+zlv<¢ D 5 3mt5+2 (1)(1—2m+s)>

3¢ (1) 49" (1)

m
where, s is used as an auxiliary parameter, and s = ) ﬁ
Then under the uncertain probability set, the minimum
constraint problem of equation (6) is transformed into:

g — 1 —hp — pr,Nqs(ﬁ Py

i=1 (23)

A>0

VOLUME 7, 2019



K. Zhang, Z. Liu: Global Robust Control Model of Friction Stir Welding of Aluminum Alloy

IEEE Access

TABLE 1. Chemical composition of base metal(Percentage by mass, %).

ingredient Si Cu Mg Mn Zn Al
standard <0.4 1220 2.1-29 <030 5.1-6.1 margin
value
Measured 1.56 2.54 0.031 5.77 margin
value

TABLE 2. Welding procedure parameter.

Serial  rotation speed forward speed  axial stress Motor output power

number  w/(r'min™") (v/(mm-min™) 6/Mp O/kW
1 1000 50 156 32
2 1000 70 155 3.3
3 1000 100 158 4.6
4 1000 120 156 51
5 1000 140 156 6.6

where, ¢* is the conjugate function of function ¢. Then
the parameter optimization problem of equation (6) is trans-
formed into a robust programming problem:

max v
Q,9,A,n,u
u B~ i —n
st.oag—1n—Ap =X ZP:‘,N‘I’*(T) >0,
i=1 (24)
uj ZaQ_é‘(Q;dl)slz 1727"'7ma
w >0,i=1,2,---,m,
A>0

where, (Q, 9, A, n,u) E RX R X R X R x R x R™.

V. TEST AND RESULT ANALYSIS VERIFICATION

In order to obtain the flawless welded joints with the best
tensile strength, it is preferred to use the optimum welding
process parameters and the ratio of w/v. The AA7075 test
panels used in the paper are as shown in Table 1. Welding
parameters are shown in Table 1.

For the tensile test, a non-standard sample of the size
shown in Figure 2 was used. Two samples were taken for
each specification parameter, and the SANS type electronic
universal testing machine was used for the tensile test at
room temperature. The gauge length was set to 30 mm and
the tensile rate was 0.5 mm/min. The tensile strength was
calculated from the average of the tensile deformation length
of the two samples.

Five sets of friction stir welding without motion control and
5 sets of friction stir welding with motion control were carried
out. After applying the global motion robust control, the com-
parison between the motion state of the stirring needle and the
motion state of the stirring needle without the application of
robust control is shown in Figure 3.

As shown in Figure 4, due to the application of the motion
control, the traveling state of the agitating needle during
the welding process is adjusted in real time according to
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FIGURE 2. Dimension of non-standard tensile specimens(mm).
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FIGURE 3. Comparison of motion control processes.

TABLE 3. Mechanical properties of welded joints.

Test group Tensile strength  Average hardness

Run/MPa H(HV)
1 368 116
2 376 121
N s
4 413 132
5 424 128
6 382 117
Motion 7 385 122
control 8 418 125
9 422 131
10 443 126

the welding process. In the welding process without the
application of robust control, the parameters of the stirring
needle are relatively small.

After the welding is finished, the tensile strength test is
performed on the welded parts to compare the effects of the
motion control. It can be seen from Table 3 that the global
dynamic robust control of the stirring needle movement can
effectively improve the tensile strength of the 7075 super-
hard aluminum alloy welded joint. The test results are shown
in Figure 4 and Figure 5. The experimental results of the
rotation speed and the forward speed are the group numbers.
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FIGURE 4. Tensile strength and elongation of welded joints before and
after motion control.

FIGURE 5. Welding joint fracture before and after motion control.

Figure 5a shows the fracture morphology of the welded
joint obtained under the welding process parameters of
the rotation speed of 1000r/min and the forward speed
of 50mm/min, showing the fracture mode of the cleavage
tongue type. This is because twins hinder the advancement of
cracks. In the separation of twins and substrates, the cracks
deviate from the original expansion direction. These dimples
are evenly distributed, and the morphology is small and deep.
The fracture is composed of dimples with large differences
in size and size, showing the characteristics of pore accu-
mulation. The small dimples are shallow and evenly dis-
tributed, and the large dimples contain broken particles. This
is because during the stretching process, holes are formed
inside the aluminum plate, and under the action of displace-
ment, the holes become larger and are connected with other
holes.

Figure 5b shows the fracture morphology after applying
the motion control under the same welding process parame-
ters, showing the traces of the deformation arc. The fracture
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(c)Polar map before applying motion control

(d)Pole diagram after applying motion control

FIGURE 6. 1000/120 EBSD results of welding joint.

consists of a dimple with a large difference. The large dimple
contains many broken particles, and the dimple is caused by
the accumulation of pores.

Figure 6 is the EBSD organization diagram of the fracture
morphology of the welded joint obtained under the welding
process parameters of the rotation speed of 1000r/min and
the forward speed of 120mm/min. 7075 aluminum alloy is
used as a face-centered cubic structural material. During
the friction stir welding process, the (111) surface is almost
parallel to the cutting plane of the stirring needle, and parallel
to the tangent of the stirring needle is the [110] direction.
It can be seen from Figure 6a and Figure 6b that there are
a small amount of twinned microstructures in both sets of
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samples, and the grains are finer under the robust control
conditions of the friction stir process. As can be seen from
Figures 6¢ and 6d, the [110] silk texture was formed under
the rotary extrusion of the stirring needle, and a (110) [001]
Gaussian texture was also formed. Under the robust control
condition of the friction stir process, the (110)[001] Gaus-
sian orientation has more grain components, and the grain
orientation of the grains is rotated by a certain angle along
the <111> crystal orientation.

VI.

CONCLUSION

(1) Friction stir welding can improve the quality of welded

@

3

joints of 7075 to some extent, but in the welding
parameters, the rotation speed and forward speed of the
mixing head are not single constant, and the other can
be adjusted moderately. The ratio of the two changes
within a certain range, showing a nonlinear jump.

The global robust optimization model of the friction
stir welding process parameters is established, and the
speed stress of the stirring needle is monitored and
optimized in real time during the process of friction
stir processing, which can effectively control the grain
crystallization characteristics of the weldment joint.

A robust estimation model of main motor power is
established to determine the optimal motor energy out-
put power prediction value to meet the global motion
control requirements. The strength test of welded joints
shows that the prediction results of the model can meet
the engineering needs and have practical value.
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