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The paper deals with the heat input and maximum temperature developed during
friction stir welding with different parameters. Aluminum alloy (AA 6061-T6) has
been used for experimental and numerical analysis. Experimental analysis is based
on temperature measurements by using infrared camera, whereas numerical analy-
sis was based on empirical expressions and finite element method. Different types
of defects have been observed in respect to different levels of heat input.
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Introduction

Friction stir welding (FSW) quality is determined and controlled by the heat gener-
ated during process, which is determined by parameters like rotational speed, welding speed,
plunge depth, etc. Figure 1 shows the schematically the FSW process, including non-con-
sumable rotational tool which plunges through the material, generating heat due to contact be-
tween tool and work piece and bringing material into a semi solid state. Due to stirring action
and consolidated pressure by the tool material gets joined [1].

Podrzaj et al. [2] studied different types of defects at FSW, like tunnels, voids, sur-
face grooves, excessive flash, surface galling, nugget collapse, and kissing bond. They indi-
cated the heat input as main reason for these defects. There are many different ways to evalu-
ate heat input during FSW, including analytical ones, as shown in [3]. Also used for numeri-
cal evaluation of temperature distribution, as shown in [4, 5]. Regarding experimental investi-
gations, the maximum temperature has been recorded, as the measure of heat input, which al-
so makes sense from material science point of view, because eventual defects are direct con-
sequence of temperature changes. Both numerical, the finite element method (FEM), and ex-
perimental investigations, using thermocouples, are presented in [6-9].

The aim of this study, is to investigate the different weld defects generated in AA 6061
T6 due to different heat inputs. Toward this aim, both numerical and experimental procedures
are applied to evaluate maximum temperature and heat input for different welding parameters.
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Touchdown start . .
Experimental and numerical results

Table 1 shows FSW parameters for four
different welded samples and corresponding
maximum temperatures, as measured by infra-
red camera (CHAUVIN ARNOX C. A. 1888).
Typical output (thermal image) from the infra-
red camera is shown in fig. 2, indicating maxi-
mum temperature 514.74 °C (sample 4, tab. 1).

One of the simplest ways to calculate the
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of weld maximum temperature is to use equation
based on the ratio of rotational, w, and weld-
Figure 1. Schematic drawing of FSW, [10] ing, v, speed, given in [11]:
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where T and Tpere [°C] are the maximum and melting temperature, respectively, and
0.65 <K <0.75 and 0.04 < o < 0.06 the fitting constants, respectively. Higher FSW tempera-
tures are obviously linked to the increasing rotational speed and decreasing welding speed. It
might also be noticed that welding temperature is much more influenced by rotational speed
than the welding speed. Experimental temperatures measurements, presented in tab. 1, are ex-

amined in terms of eq. (1). The result of such examination is shown in fig. 3, where the least
squares analysis has been performed over the experimental data. Linear correlation has been

Table 1. The FSW parameters and resulting
maximum temperatures

Rotational | Welding Maximum (511
Sample
speed speed temperature
no. [rpm] [mmmin™] [°C]

P - 383
1 500 25 482 (measured)
2 710 25 519 (measured) -5[165’135] s1a74°c  MEING
3 1000 25 539 (measured) -
4 710 40 515 (measured)

Figure 2. Infrared thermal image of FSW

3 500 40 479 (caleulated) process (for color image see journal web-site)

revealed to be in a good agreement with the results, the scatter being less than £20 °C at low
heat input point, sp. 1-1. The least square analysis suggests that the measured maximum tem-
peratures were in the upper bound (K = 0, 745 = 0,75), or even above it (a = 0, 069 =~ 0,07), of
the values proposed by eq. (1). Therefore, by using eq. (1), one gets the approximate correla-
tion between the maximum temperature and basic welding parameters, i. e. heat input:

2 0.07
T =o.75( @ j (1a)

4
melt v10
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One should take into account _ 4o —
that eq. (1a) has been obtained by us- 2 o .75, @ = 0.07
ing four spots (sp. 1-1, sp. 2-2, sp. % -- - Least squares of exp. data, K = 0.745, o = 0.0696
3-3, and sp. 4-4), which has been ob- - 085) -
tained experimentally, whereas the 88’
fifth spots (sp. 5-5) has been calculat- ~

. 08
ed using eq. (1a).

Equation (1) emphasises the in-
fluence of the two main processing

. . . 075} -

variables — rotational and welding sp. 55~ sp. 1-1 vor
speed — on the maximum FSW tem- z ¢ Ll :0,75[?_;]
perature. However, more accurate as- 07 et )
sessment reveals that total heat input 50,60 7050 91 > 3 4 5 6 78
is much more complex phenomenon, logy (heat input)

depending on a number of variables.

In this paper, 2-D finite elements Figure 3. The least squares analysis of measured peak
analysis has been performed in order temperature, tab. 1

to clarify temperature distribution

during the FSW of the investigated AA 6061-T6. The self-made software has been used,
based on open source FEM solver Code Aster. The total heat flux has been split into the
shoulder-flux (friction driven) and pin-flux (plasticity driven) [3]:

2n5hprpa)
q =44y + Qpin = 27'E,anl"Sh60 + —2 (2)
N30+ uf)

Geometrical set-up, mesh, boundary
values, and initial condition are shown in fig.
4. Free surfaces were supposed to obey con-
vection boundary conditions — upper surface
exposed to room temperature air, the bottom
surface in a firm contact with stainless steel L-
316 back plate. All material and thermody-
namic parameters were used as a literature da-
ta typical for AA 6061, [3]. Computational re-
sults are shown in fig. 5, indicating that the Figure 4. Geometry and mesh set-up of the FEM
maximum temperatures (647 °C) appear under analysis. B(.)undary conditions (heat input and
the shoulder and near the pin, which were not %trpcuot l::?,;ggzt;:;jg;i ;lefv:;_ (Siigue arrows
reachable by infrared camera. However, the
measurable area, behind the shoulder is, on average value, in good agreement with infrared
camera results, indicating 550 °C.

Qs =2muFr,0
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Defects in welded sample vs. heat input

After welding the samples through visual inspection defects are observed on the
welded plates. Typical defects caused by excessive and insufficient heat are shown and ana-
lysed here, figs. 6 and 7, respectively. When tool is taken out of the workpiece as an exit hole
is left, as shown in fig. 6 for sample 3.
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500 rpm/25 mm/min

710 rpm/25 mm/min

710 rpm/40 mm/min

Figure 5. Temperature distribution (FEM study) for different welding parameters
(for color image see journal web-site)

Exit hole phenomena is observed during all the process parameters, so that certain
amount of material is wasted every time. It is observed that size of exit hole is equal to that of
pin size. In fig. 6, shown for the sample 3
(tab. 1), extra material is observed in the weld
joint area, known as flash. The reason for the
flash formation is the excessive heat generation
causing excessive thermal softening of the work-
piece beyond the boundary of tool shoulder, also
shown in [2]. Hence upper layer of the material
come out forming an excessive surface known as
flash. Consequently, this leads to the thinning of
the material in the weld area. Hence at the weld
root area, pin starts making contact with the
backing bar which causes rupture of material.

Contrary to that, material doesn’t become
soft enough in the case of insufficient heat input.
Hence, the tool is not able to stir and mix the ma-
terial, resulting in improper weld. In fig. 7, which
shows the welded joint made with tool rotational
speed 500 rpm and weld speed 40 mm/min

Figure 7. Irregular weld surface due to .
insufficient heat input (sample 5), irregular weld surface can be ob-
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served from the visual inspection. The reason for such surface is less heat generation due to
lower rotational speed and high welding speed, as shown in [2].

Conclusions

From this our study of the heat input and weld defects due to FSW of AA 6061-T6

one can conclude the following.

Measured and calculated values of the maximum temperature are in good agreement, if
one takes into account the location of infrared camera measurement.

Equation (1) is useful analytical tool for simple evaluation maximum temperature de-
pending on basic FSW parameters (rotational and welding speed).

Weld defects, observed in this study, are typical for excessive and insufficient heat inputs.
One can use this study to predict FSW parameters needed for sound welded joint.
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