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Abstract

Charpy testing is conducted on a high-speed data acqui-
sition instrument, using instrumented pendulum to separate
energies for crack initiation and propagation. The J-R
curves are used to determine Jy,, as the measure of fracture
toughness. The Taguchi method with a special design of
orthogonal matrices to reduce the number of experiments to
a reasonable level has been applied.

INTRODUCTION

The process of friction stir welding (FSW), as a very
efficient way of welding both homogeneous and heteroge-
neous metals, has found application in many branches of
industry. This process is especially important for welding of
some aluminium alloys, since it takes place in a solid state,
causing no significant changes in the welded material.
Anyhow, problems related to crack initiation and propaga-
tion still remain to be considered. Therefore, the instru-
mented Charpy testing is conducted on a high-speed data
acquisition instrument to separate energies for crack initia-
tion and propagation, as well as the standard testing of J-R
curves to determine Jy., as a measure of fracture toughness.
The Taguchi method with a special design of orthogonal
matrices to reduce the number of experiments to a reasona-
ble level has been applied for all experiments.

TAGUCHI METHOD

A large number of experiments have to be carried out
when the number of input and output parameters increases.
To solve this task, the Taguchi method uses a special design
of orthogonal matrices to reduce the number of experiments
to a reasonable level.

Usually, there are three categories of the quality charac-
teristic in the analysis of the S/N ratio, i.e. lower-the-better,
higher-the-better and nominal-the-better. The S/N ratio for
each level of process parameters is computed based on the
S/N analysis. Regardless of the category of the quality char-
acteristic, a larger S/N ratio corresponds to a better quality
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Kljucne reci

+ zavarivanje trenjem sa meSanjem
* Taguci metoda

« Sarpi instrumentirano ispitivanje
+ Zzilavost loma

Izvod

Sarpi ispitivanje instrumentiranim klatnom je sprovede-
no sa opremom za brzu akviziciju podataka, sa mogucnoscéu
razdvajanja energija za inicijaciju i rast prsline. J-R krive
su koriséene za odredivanje Jy, kao mere Zilavosti loma.
Taguci metoda sa posebnim oblikom ortogonalnih matrica
je koris¢ena u ovom istrazivanju da bi se broj eksperime-
nata sveo na razumnu meru.

characteristic. Therefore, the optimal level of the process
parameters is the level with a higher S/N ratio. Further-
more, a statistical analysis of variance (ANOVA) is per-
formed to see which parameters are statistically significant.

There are three forms of signal to noise (S/N) ratio that
are of common interest for optimization of statistical prob-
lems. Here we consider ‘Larger-the-better’, when the loss
function of the higher-the-better quality characteristic can
be expressed as:

n
e
i
where L; is the loss function of the i-th quality characteris-
tic in the j-th experiment; # is the number of tests; and y;; is
the experimental value of the jj-th quality characteristic in
the j-th experiment at k-th test, being equal to:

—10log;o[mean sum of squares of reciprocal of measured data]

The purpose of ANOVA is to investigate which process
parameters significantly affect the quality characteristics.
This is accomplished by separating the total variability of
the S/N ratios, which is measured by the sum of squared
deviations from the total mean of the S/N ratio, into contri-
bution by each of the welding process parameters and the
error. The percentage contribution by each of the welding
process parameters in the total sum of squared deviations
can be used to evaluate the importance of the process
parameter change on the quality characteristic.

The mean sum of main characteristic (y;x) is given by the
following formula:
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m =23 (Vi1 + Viko +ooF Vijin)
Average values of the mean sum are given as follows,
for a 3x3 scheme:
ma = Vi T Vi + yi)/3
M = Vies T Yiks + Vigrs)/3
myz = Wir + Yis + Yio)/3
mg1 = Vi1 T Yijea + Vir)/3
mpy = Wiga + Vies + Yins)/3
mp3 = Viis T Yijke T Viro)/3
mer = Wit + Vigs T Vins)'3
mey = Wiia + Yigra + Vieo)/3

mes = Vs + Yips T Vi3
Other formulas used for Taguchi method are as follows:
Grand total sum of squares:

4
2
2n;
i=1
Sum of squares due to mean:
4
>m’
i=1
Total sum of squares:
d 2
Z(n_j —m)
i=1
Sum of squares due to A:
d 2
2 (my; —m)
i=1
Sum of squares due to error:
4
e

The optimization of process parameters is the key step in
Taguchi’s method to achieve high quality without increas-
ing cost. This is because the optimization of process param-
eters can improve quality characteristic and optimal process
parameters obtained from Taguchi method are insensitive to
the variation of environment conditions and other noise
factors. In the problem analysed here, 9 trials are used, as
defined in Table 1, to replace 27 experiments (3 parameters,
3 values, 27 = 3°).

Table 1. The experiment scheme.

trial 1 2 3
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 3
5 2 2 1
6 2 3 2
7 3 1 2
8 3 2 3
9 3 3 1
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EXPERIMENT

In the scope of experimental investigation, hot rolled
AAS5083 plates, 6 mm thick, cut into a 500 x 100 mm
sections have been welded. The experimental plan was as
follows: rotational speed (@) was in the range 500-
700 rpm, welding speed 75-125 mm/sec, and advancing tilt
angle of the tool 1-3 deg.

Charpy testing is conducted with a high-speed data
acquisition instrument, using instrumented pendulum to
separate energies for crack initiation and propagation. The
standard testing of J-R curves is applied to determine J,, as
the measure of fracture toughness.

Figure 1, as an example, shows the relationship between
load and displacement for one pair of specimens. The load
rises rapidly to maximal value and drops suddenly. This
drop in load marks the boundary line of two distinct phases,
i.e. fracture initiation and fracture propagation phase of the
total fracture event. In fact, the specimen having the largest
area under the curve has also the highest toughness. Other
diagrams are given in /1/.
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Figure 1a. Force vs. deflection for sample 1a (11 1)
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Figure 1b. Force vs. deflection for sample 2a (1 2 2)

The J-Aa diagram for specimen with a crack in the weld
metal (WM-NZ) is shown in Fig. 2, as an example of frac-
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ture toughness testing performed in the scope of this inves-
tigation (trial 1). Other diagrams are given in /1/.
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Figure 2. The J-Aa curve for sample la (1 1 1).

Results for the impact energy and fracture toughness are
given (two specimens and their average value) in Tables 2
and 3, respectively. Some of the results for impact tough-
ness (first three rows) are presented also in /2/. Statistical
analysis of results for the impact energy, including sepa-
rated values for initiation and propagation, are given in
Tables 4-6, in respect. Only average values are given, since
the difference between individual values is small.

Results for the fracture mechanics testing are given in
Table 7. The same procedure for statistical analysis is
applied in the case of fracture toughness, as shown in Table
8, also using only average values, for the same reason.

Table 2. Total Charpy energy.

No. of Rotat. | Welding | Tilted | Average Ist 2nd
saniple speed speed_ angle | energy |measur. |measur.
(rpm) | (mm/min) | (deg.) | (J) (0] ()
111 | 500 75 1 15.05 14.9 15.2
122 | 500 100 2 19.25 19.0 19.5
133 | 500 125 3 22.9 22.7 23.1
232 | 600 125 2 21.5 21.5 21.5
221 | 600 100 1 16.4 16.1 16.7
213 | 600 75 3 17.3 17.0 17.6
323 | 700 100 3 21.9 21.4 224
312 | 700 75 2 21.65 21.5 21.8
331 ] 700 125 1 23.75 23.6 23.9
Table 3. Average separated Charpy energy.
No. of Rotat. | Welding | Tilted | Average | Initiat. | Propag.
sarriple speed speeq angle | energy |energy | energy
(pm) | (mvmin) [ (deg)| ) | @) | @)
111 | 500 75 1 15.05 7.05 8.0
122 | 500 100 2 19.25 8.8 9.45
133 | 500 125 3 22.9 10.8 12.1
232 | 600 125 2 21.5 9.5 12.0
221 | 600 100 1 16.4 5.8 10.6
213 | 600 75 3 17.3 6.5 10.8
323 | 700 100 3 21.9 9.7 12.2
312 | 700 75 2 21.65 9.25 12.4
331 | 700 125 1 23.75 | 10.15 | 13.6
Table 4. Statistical analysis of the impact energy.
m| 1 2 3| =diff %
my | 19.1 | 184|224 | 274 27.4/63.7=43
mp | 18.0 | 19.2 | 22.7 | 357 35.7/63.7 =56
me | 19.5 ] 20.1 | 20.0 0.6 0.6/63.7=1
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Table 5. Statistical analysis of the initiation energy.

m | 1 2 | 3 | zdiff %

my | 89]73]97] 896 8.96/21.14 =42
mg | 8717991 4.04 35.7/63.7=19
me| 7619588 8.14 0.6/63.7 =139

Table 6. Statistical analysis of the propagation energy.

m 1 2 3 >diff? %

my | 9.8 | 11.1 | 12.7 | 12.66 12.66/20 = 63
mg| 107 | 108 | 122 | 4.23 4.23/20 =21
me| 104 | 117 | 116 | 3.14 3.14/20=16

Table 7. Average values for fracture toughness.

N Rotat.| Welding |Tilted| Average Ist 2nd
o. of
sample speed speeq angle K. " measulr/‘2 rneasulr.2
(rpm) | (mm/min) | (deg.) | (MPa-'m"?) | (MPa-m'?) | (MPa-m'?)
111|500 75 1 55 53 57
122 | 500 100 2 60 58 62
133 | 500 125 3 70 69 71
232 | 600 125 2 72 71 72
221 | 600 100 1 66 64 67
213 | 600 75 3 72 70 73
323 | 700 100 3 75 74 77
312 | 700 75 2 76 75 77
331 | 700 125 1 67 66 69
Table 8. Statistical analysis of the fracture toughness.
m| 1 [ 2 [ 3 | =diff %
my | 60.2 | 70.0 | 72.7 | 259.58 259.58/295.82=88
mp| 67.3]67.3]69.7| 11.52 11.52/295.82=4
mc| 67.7]66.3|69.7| 24.72 24.72/295.82=8
DISCUSSION

Average values of the total impact energy, as obtained
for the 9 experiments, chosen according to the orthogonal
matrix, indicate that the travel (welding) speed has the
largest effect (56%), followed by significant effect of the
rotational speed (43%), whereas the tool angle has a very
small effect (1%).

Different effects are obtained when separated energies
are considered. In the case of initiation energy, the rotation
speed is the most influential (42%), closely followed by the
tool angle (39%), whereas the effect of the welding speed if
smaller (19%), but not negligible. In the case of the propa-
gation energy, the rotation speed is still the most influential,
even more pronounced (63%), whereas both the tool angle
and welding speed effects are significantly lower (21% and
16%, respectively).

The effects of tool angle on individual energies cancel
each other, so the effect on the total energy is negligible.

Another crack resistant property, fracture toughness, has
shown similar behaviour, as in the case of the propagation
energy, which is reasonable to expect, since in both cases it
is the crack dominated behaviour, whereas the influence of
loading type is obviously small (also reasonable for mate-
rial which is not exactly brittle). Anyhow, one should notice
more pronounced effects, since the rotation speed is rated at
88%, whereas the welding speed and tool angle are rated
only at 4% and 8%, respectively. One can conclude that the
rotation speed has almost an exclusive effect for the crack
resistance under static loading, keeping its dominance in the
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case of crack resistance under impact loading, but at a
smaller scale.

CONCLUSION

Based on experimental results presented here, one can
conclude the following:

« Welding and rotational speed are two dominant effects on
the total Charpy impact energy, whereas the tilt angle has
negligible effect.

- Similar effects are noticeable for separated impact ener-
gies, except that the tilt angle effect is not negligible any
more, but it seems that even this small effect is cancelled
out when energies are combined.

« In the case of fracture toughness, rotational speed has a
dominant effect, whereas both the welding speed and the
tool angle have negligible effects.
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