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Abstract: This project is developing a two-dimensional friction stir machine, relatively low cost to achieve four axis friction
stir welding equipment with real-time servo control, where the corresponding trajectory planning function in cam is relatively
independent by making a full use of Galil motion controller has a strong multi axis linkage control capability and fast real-time
communication capabilities and the Galil motion controllet G code analysis software module is developped. This paper is
studying the trajectory planning software system design and development of friction stir for different trajectories in the plan and
is aiming to solve the motion trajectory control problem with complex welding path. A deep study of three polynomial spline
function trajectory planner is done, and the complex motion trajectory of the multi axis welding machine controlled by
acceleration and speed is realized. The micro arc transition approximation method is applied to optimize the inflection point with
abrupt change of track path and achieve smooth inflection motion.

Keywords: Friction Stir Welding (FSW), Galil Motion Controller, G Code, Speed Optimization

1. Introduction

Invented in December 1991 by The Welding Institute
(TWI), Friction stir welding (FSW) is a quite new process for
welding different kinds of materials, which provides an
excellent welding quality. FSW process does not require a use
of welding material and does not produce fume gas. FSW can
be used to weld metals such as aluminum alloy, copper,
magnesium, zinc, steel and titanium. Regarding to its benefits,
FSW has been widely used in heavy industries such as ship,
aircraft, railway, national defense and military [1]. Although
the research of friction stir welding technology is more mature,
in practical engineering application, a reform of the traditional
high grade numerical control machine is often applied, and
there a revolution a high speed of a friction head and an
extension through the spindle into the joint of the workpiece
shown in figure 1, and the relative motion of the XY axis is
formed to complete the welding.

In FSW process, the weld is effective even before materials
reach their melting temperature, so no porosity is observe on
the welding surface, therefore a high-quality weld is obtained.
Sometimes it even happens that the weld become stronger

than the base material. Usually materials properties do not
notice changes in their proprieties. [2] With FSW process, the
welding problem of the low melting point alloy has been
solved successfully.
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Figure 1. Principle of FSW process.

But the Friction Stir Welding method using the existing
numerical control equipment has hindered the popularization
of the technology in civil field because of equipment high cost,
which is not facilitating the integration of military and civilian.

[3].
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2. FSW Process Main Parameters

The FSW head shape, for main parameters which have
considering effect on weld forming and joint mechanical
properties, are essentially the rotating speed (n), the welding
speed (v) and the welding pressure (p). [4]

(1) FSW Rotation speed (n)

According to the stir welding head rotational speed, when
the welding speed is slow and welding surface become bright
and smooth, but in the back of weld can be seen as the local
fusion and we got emergence of shrinkage. The shrinkage will
disappear whenever the welding speed (v) increase. As well as
a constant growing of the welding speed, weld surface
roughness variation will be clearly seen, the sample cut will
find tunnel defects along the cross section of the weld, and
when the welding speed is too much fast, more defections
tunnel type will be noticed, or even a trench will appear on the
weld surface. [5]

In FSW process there is a relation between the rotational
speed and heat produced during the welding process which
can be expressed as:

E=nop F (1’ + ror; + 1,°)/ [45 (rotr)) V] (1

Where ® is the rotation speed, r/min; uthe friction
coefficient; F tool shoulder pressure, N/mm; 0 is the shoulder
radius, mm; rl pin Radius, mm; v welding speed, mm/min.

(2) FSW welding speed (v)

During FSW process, the welding heads of particular type
of welding, if welding speed and welding pressure remain
constant, the rotational speed is low, the generated friction
heat not enough, weld metal cannot reach the thermoplastic
state, to form a thermal plastic flow layer. That makes the
FSW process to be not able to form a closed weld by milling in
the metal, which appears in the weld groove surface. Welding
heat production depends on rotation speed variation. [6]

In FSW process velocity can be express as:

v, =or — Usinf 2)

Where r is radial distance from tool axis

0 is the angle between the radial vector r and the welding
direction

U is welding tool constant speed.

(3) FSW axial shoulder pressure (p)

In FSW process, an enough pressure applied is so far
enough to obtain the require friction welding heat between the
FSW head and the welding pieces. At the same time, the
welding pressure plays a role in limiting the overflow of
plastic fluid and ensuring the formation of weld bead. [7]
Therefore, the welding pressure size plays a big part in weld
quality. Its influence might be considered.

3. Difficulty in FSW Welding Process

The flexibility of the modified milling machine for FSW
process limits the complexity of the welding path (linear,
curve). The number of axes (degrees of freedom), the machine
has usually established the flexibility of the machine. One

dimensional welding path is the least complex, requiring
minimal flexibility (small number of shafts). The simplest
version of this machine has only two axes (X, y).

4. Technical Difficulties and Solutions

The modified milling machine which is presently used for
FSW process has limits in welding complex paths and it is
known that the flexibility of every machine is defined by the
number of degree of freedom present in this machine and the
minimum require on each is at least one dimensional. In our
case, to be able to provide a solution in welding different
trajectories, at least a three-dimensional machine is required.
There the main problem in FSW industrialization is coming
over: how to insure the loading capacity to the welding
machine in different parts of the welding for a path where we
know that parts can be different in material, size, geometry, the
required precision, etc. So, the welding parts or the welding
head are going to be able to move to ensure requirements for
the program building by that the degree of freedom of the
machine will be increased. That is what not so frequently seen
from conventional milling machines. The diversity and
complexity of trajectories require more flexibility from
welding machines.

Why not choosing a robot arm to be the welding head of
FSW?

A robot arm system is going to weld easily curve, circular
and straight joints which request a system of two degree of
freedoms (DOFs) at least. Further studies were already
oriented to those arm robots in order to bring flexibility in
FSW welding process. But a robot controlling system is not
the most economic system which is going to help FSW
process to widen its user’s world [8].

1- bed

2- saddle

3- workbench

4- transversal

5- electric spindle
6- stirring plate
7- worm gear box
8- axial turn table
9- link sleeve

10- column

11-welding head

Figure 2. FSW process machine structure.
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In this paper, the work will consist to find a simpler and
economical prototype of FSW process to weld curve which
can be a good alternative to robot arm. The working system
will be a system of four axes which has a large workspace and
each axe is going to be driven by a driver where linear encoder
gives high precision of guiding and localization. [9]

From the machine structure according to figure 2, it can be
easily seen that the work pieces can move through X, Y axis
and there an additional W axis is built to provide more
flexibility while welding arcs.

5. Trajectory Planner

For this paper study case, trajectories shown as in figure 3
are considered:

A continuous space trajectory is supposed, from time t, up
to t¢ Split into N segments. Each segment can be approximated
by three polynomial spline functions, and the trajectories on
the connecting points of the adjacent two segment boundaries
are kept continuous. For that it is necessary to know the
coordinates and velocities of the points at each end. [10]

y(®)

@

x(t)

(b)
Figure 3. Different welding trajectories.

Order symbol r, =(x;,y;,z;)" and 1, =(x,y,z,)" , i
=0,1,..., N, The position and velocity vector of a given
reference point on a spatial trajectory. For the first 1 section
t;_; S t<t;, the relative time variable is introduced

=— i1 p<t<] 3)

And it is represented by three polynomial spline functions
of points and points

r(T) =a, +a,T+a,T° +a,T’° 4)

6. Controlling Welding Trajectory
Velocity Difficulties

When the rotational speed (n) doesn't reach a suitable speed,
there is no way to have a right material flow which give a good
welding quality. With rotational speed increasing, the friction
coefficient between tools and materials increase at the same
time, there the input heat is also increasing by at the same time.
By heat input increasing, the material will soften faster than
normal way. Further, with the rotational speed (n) as a kind of
low, the wear of the mixing head is too fast which increase the
axial force. [11]

7. Trajectory Velocity Expression

As following with the already describe function in
trajectory planner
To T The first derivative

o dr( _

SO () Ty 2Tk ()
T

Then boundary conditions are as follows:

dr(0) _ -
=0, r(O) =T_p % =Ti-1 (tl - ti—l)
= Oy r(l) = riy d;(l) = rl(tl _ti—l)

Substituting these boundary conditions into equations (3)
and (5) can be obtained:

fi =a;

ri-i(t; —ti) =a,

5t —tin) =a, +2a; +3a,

By solving the above simultaneous equations, the 4
undetermined coefficients of three polynomial spline
functions a,, a,, a3, a4 can be determined
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a; =1, By substituting these coefficients into the equation (4),
. i three polynomial spline functions can be obtained
2, =1 e (t —t )_dl‘(l 1)
2 =L (G~ i) = ——
d.[ s L .
. . (1) =1, +MT+[_3H—1 _2M+3ri _@]Tz
a3 = =3n — 2 (4 —toy) + 36—t —ty) dt . . dt dt
dr(i-1) dr(i) (6) p2r, + 30D oy D
=-3r_ —2———+3r, ——~ T dr bodt
dt
. . Or
ay =20+ (G~ i) ~ 26+ (t — o)
=or_ + dr(i-1) o + dr(i)
dt dt
M0 = (-0 5 310 -0y + 250 #3000 -2 + 0 Q)
type.x = 2L
ype, at

8. Analysis of the Velocity and Contour
Error at Corner

How to maintain the lifting speed smooth especially at the
corner during the process is a no negligible point when it
comes to tool life and machine working stability. As it appears
in figure 4:

X(t)

Figure 4. Corner contouring.

To solve this problem over, an analysis the maximum
allowable velocity and contour error of transition curve. When
a control of the contour error at the corner is done, the
maximum distance needed for the deceleration can be
calculated and the maximum allowable speed at the beginning
of the corner transition can also be defined. The vector
transition algorithm takes account of the velocity smoothing
and contour error in the corner transition.

The hypothesis will be that: the speed curves of each
processing section are based on the trapezium velocity curve.
The two processing sections S; and S,, directions of motion
are appeared in Figure 5.

Figure 5. Analysis of velocity at the corner point.

The angle o is the angle of the two motion vectors, v; as the
unit vector of the speed at the end of the processing section S,
and v, as the unit vector of the speed at the beginning of the
processing section S, then:

o=vl v2 ®)
Thus, it can be obtained:
20=2n-c )

When the transition at the corner is between the straight line
and arc or arc and arc are, the end of the unit vector direction
or the starting unit vector direction of a circular arc is the end
point or the starting point of the arc the tangent direction.

As appeared in figure 3-4, a deceleration through a distance
d is supposed, S; velocity drop to zero; the acceleration of the
trapezoid velocity curve is considered; the shortest distance
between the corner vertex and the transition curve is 9, there:

(10)

Regarding to the hypothesis, there is an ability to calculate
the velocity at the point A:

d = 268/cosb
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VA=at (11)
There:
_1_-vay2
d=3a(®) (12)

The speed of the transition at the corner is introduced by the
formula (11) and (12):

vp=2,/ad/cos 8 (13)

When the feed speed is less than or equal to the starvation a
vector transition will start.

From the above know ¢ and the maximum allowable speed
at the corner transition is proportional. Therefore, the
transition speed can be controlled by controlling the profile
error J, so that the shape error control can be done.

9. System Components

Experimental equipment and platform will includes PC,
motion control card and welding table. On the PC, providing a
human-machine interface by software programming, motion
controller is selected by the American GALIL company
motion control card, using high performance microprocessor
as the core processor, can complete a weld in plan with meet of
the real-time position at the very suitable welding speed, all
control with servo control filtering and other functions, can be
developed in the Windows platform application software,
which is composed by a variety of control system. The
purpose of this experiment through X and Y moves, a welding
head tool is going to be able to weld different trajectories in
plan, Y curve in X plane. The welding table is driven by servo
motors in two directions, X and Y, and can be carried out with
GALIL card. And the Z axis ensures the up down move of the
welding head. [12]

10. Conclusion

Friction stir welding process is a quite new process that
has a big potential of use because of its characterization of
being friendly with the environment: no fumes and no use
of filling materials. Only for the main reason to protect our
environment which getting worse and worse due to daily
use chemical we must find a way to make a widely use of
FWS process. To study its flexibility to weld paths by low
cost is going to introduce it in others fields not only heavy
manufacturing.
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