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Abstract: A new contactless ultrasonic sonotrode method has been designed to provide cavitation 13
conditions inside liquid metal. The oscillation of entrapped gas bubbles followed by their final 14
collapse causes extreme pressure changes leading to de-agglomeration and dispersion of oxide 15
films. Forced wetting of particle surfaces and degassing are other mechanisms thought to be in- 16
volved. Previous publications showed a significant decrease in grain size using this technique. In 17
this paper, the authors extend their study to strength measurements, demonstrating an improve- 18
ment in cast quality. Degassing effects are also interpreted to illustrate the main mechanisms in- 19
volved in alloy strengthening. Mean values and Weibull analysis are presented where appropriate 20
to complete the data. The test results on cast Al demonstrate a maximum of 48% grain refinement, 21
28% increase in elongation compared to 16% for untreated material and up to 17% increase in ul- 22
timate tensile strength (UTS). Under conditions promoting degassing, the hydrogen content was 23
reduced by 0.1cm3/100g. 24
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improving melt quality. The microstructural refinement can be achieved, for example, 31
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institutional affiliations. contactless electromagnetic probe has been recently developed to avoid melt contamina- 35
tion, by probe damage due to corrosion in more reactive melts and to treat larger vol- 36
umes of metal [9-11]. 37
= During processing, pressure vibrations induced in the melt by an external induc- 38
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in aluminium due to its high solubility [14]. Gas bubbles are formed on nucleation sites
(for example oxide particles) and grow by diffusion of dissolved gas from the melt into
the bubble. In a solidified casting bubbles become pore defects reducing the strength of
the metal. In the presence of ultrasound bubbles oscillate in size, in response to the
changing acoustic pressure in the liquid. The bubbles' behaviour in the sound field is
governed by the Bjerknes forces [15]. Those forces move the bubbles up or down the
pressure gradient created by the sound waves, or cause them to accumulate at pressure
nodes [15]. As a result, the bubbles that have not collapsed can coalesce and due to
buoyancy float to the surface where the hydrogen is released into the atmosphere.

The second benefit is that of structure refinement. In the right conditions the bub-
bles will not only oscillate but finally collapse. This event leads to extreme local pressure
changes due to the shock waves and high-speed jets produced [5,6,16]. Such pressure
changes are expected to be large enough to cause mechanical stress in intermetallic
crystals or oxides, causing fragmentation by cracks due to brittle fracture [17]. After
de-agglomeration, dispersion occurs. In addition to these local high-speed jets, the
whole volume of metal is also stirred. The source of stirring is the time-averaged Lorentz
force induced in the melt by the electromagnetic field generated by the contactless sono-
trode [10]. The flow will disperse the de-agglomerated particles that can then serve as
nucleation sites facilitating heterogeneous crystallization [7,18-21]. This process is com-
monly known as the “activation” of impurities where the combined effect of dispersion
and forced wetting, due to pressure differences in the liquid [5-7]. Finally, emerging
crystals can also be broken by the shock waves reducing the grain sizes [5-7,22]. Under
sonication, the growth of dendrites will be restricted, assisting equiaxed growth. Note,
as we treat the metal prior to solidification in the experiments shown here, this effect is
less significant.

The improvement of the metal microstructure caused by contactless ultrasonication
has been systematically reported [10,11,23-26]. The Hall-Petch equation [27] predicts that
as the grain size decreases, the Yield Strength increases. Also, the strength is reduced by
the porosity [14]. As a consequence, reduction of the grain size and gas content due to
ultrasound treatment result in metal strengthening. Previously observed grain size re-
duction occurred in pure aluminium and alloys inoculated by a grain refiner introduced,
in quantity below that commercially used, to assist the heterogeneous cavitation
[10,11,23-26].

To check the metal quality, the Yield Strength (YS) or Ultimate Tensile Strength
(UTS) and percentage elongation (L%) are commonly found by testing metal samples.
Statistically, the fracture is described by the Weibull distribution based on the weakest
link theory [27, 28]. The cumulative probability function of the two-parameter Weibull
distribution is therefore expressed as follows (equation 1):

P=1-exp[-(000")m], 1)

where P is the probability of failure at a given property (stress, strain, fatigue life,
etc.), o, or lower. The parameter oo is a distribution scale parameter, and m is the shape
parameter. The shape parameter is also known as the Weibull modulus, a parameter that
reflects how much the data are scattered, with a higher Weibull modulus meaning a
lower probability of fracture under stress. This approach has been adapted for metal-
lurgy and has been widely used [29-31]. The Weibull modulus, established from the ten-
sile strength for gravity-filled castings, is generally thought to range between 10 and 30.
For aerospace castings, it is expected to be between 50 and 100 [32]. For example, it is
about 73.8 for a ductile steel 1018 and 91.4 for an aluminium alloy AL 7075-T651 and can
be as high as 124.0 observed for Al 6061-T651 alloy [33].
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This paper shows recent tensile test results (UTS and elongation) of ultrasonicated 95
metal, demonstrating improvement in cast metal quality. Degassing effects and micro- 9
structure refinement are interpreted to analyse the main mechanisms involved in alloy 97
strengthening. 98

2. Materials and Methods 99

Casting experiments were conducted in a cylindrical clay-graphite crucible with an 100
external diameter of 170 mm, an internal diameter of 135 mm and a height of 320 mm. For 101
each experiment, the crucible was filled with about 8.5 kg metal, commercial purity al- 102
uminium (CP-Al) with the addition of 0.15 wt.% Al-5Ti-1B grain refiner to increase the 103
potential number of nucleation sites for cavitation. The amount of grain refiner is small 104
enough to make changes in the microstructure easily observable. The prototype 105
“top-coil” (a “first generation” contactless sonotrode)[9-11] was used for the sonication 106
of the liquid metal. During processing, the ambient ultrasonic noise emitted around the 107
crucible was recorded by an Ultramic®200K (Dodotronic, Castel Gandolfo, RM, Italy) 108
digital ultrasonic microphone. The recorded sound was observed in the form of an FFT 109
(Fast Fourier Transform) sound spectrum extracted in real-time during experiments us- 110
ing MATLAB® (MathWorks, Natick, MA, USA) software. The broadband noise emitted 111
by collapsing bubbles [23,34] acted as an indicator of the presence of cavitation. Broad- 112
band noise was seen as light-coloured vertical lines on spectrograms recorded under 113
varying conditions. The lines were normal to the continuous horizontal lines denoting 114
the top-coil frequency signal, observed at around 20 kHz, and the induction furnace 115
signal, observed at around 5 kHz. Cavitation was seen to be intermittent, and the num- 116
ber and density of vertical lines was considered to be a good indication of cavitation ac- 117
tivity [23,35]. 118

Where broadband noise was observed, the process conditions (coil frequency, melt 119
temperature) responsible for the noise were maintained and at least 1-2 minutes of pro- 120
cessing was recorded and presented on the spectrograms. In some cases, the local condi- 121
tions in the setup resulted in near-resonant conditions in the crucible, where bubbles 122
could oscillate continuously at their own resonant frequency but did not implode. By 123
local conditions' we mean the parameters such as melt volume, or the off-axis position 124
of the crucible relative to the top-coil head, and others. When that happened, only de- 125
gassing was observed. Results of that degassing were compared with processing fol- 126
lowed by grain size change. In each case, after 4-5 minutes of processing, samples were 127
taken using the KBI ring test [36]. For this test, the liquid metal is poured into a steel ring 128
with an outside diameter of 75 mm, inside diameter 50 mm and height of 25 mm placed 129
on an insulating silica brick. Usually, the mass of aluminium samples is 70-100 g. To 130
characterize the grain size, the base of the cylindrical samples were removed to about 3 131
mm above the base and ground, polished and etched with either Poultons’ or Kellers” 132
solution. The average grain size was then determined by the mean linear intercept 133
method after taking photographs using a Zeiss Axioskop 2 (Zeiss, Oberkochen, BW, 134
Germany) microscope equipped with an AxioCam HRc camera (Zeiss, Oberkochen, BW, 135
Germany). To show the samples with a larger magnification, the standard microstruc- 136
ture photographs were taken by a Fuji camera (Fujifilm, Minato CITY, Tokyo, Japan) 137
with optical zoom. 138

Following the KBI ring test, a second sample was poured into a Severn Science Gas 139
Analyser (MechaTech Systems Ltd, Thornbury, Bristol, UK) to determine the hydrogen 140
content. The remainder of the processed metal was poured into a sand mould (See Fig- 141
ure 1) in order to obtain tensile test-bars which were later machined to the size required 142
for the tensile strength tests. 143

144
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pouring direction

145
Figure 1. The draft of the sand mould used for casting of 10 test-bars for tensile strength tests. 146
Two crucial diameters are given in mm, the sketch scale is 1:1. Liquid metal is poured into the 147
mould from the top opening, it passes the filter and feeds the 10 test-bars cavities (diameter 148
11 mm). The higher cavities on both ends (diameter 22 mm) balance the pressure to feed the mould 149
correctly. 150

151

In each experiment one mould was cast and 10 tensile specimens were produced. 152
Producing more than 10 test-bars in one experiment is difficult due to the low initial 153
temperature used. It is easier to release dissolved hydrogen from the melt at lower tem- 154
peratures, hence the cavitation intensity decreases with the temperature increase and 155
almost disappear at 720°C. Thus, the processing happened at 710°C. That low tempera- 156
ture shortened the time frame for casting into the mould. Due to fluidity loss with time, 157
filling two moulds was tough. 158

The cast metal was filtered using a 20 ppi filter to avoid the presence of excessive 159
oxide films. The process was repeated without ultrasound processing, to obtain refer- 160
ence test-bars. In that case, instead of the ultrasonic processing, the liquid metal was left 161
inside the induction furnace, at the same temperature as before, for the time usually re- 162
quired for the contactless sonotrode treatment. Both the reference and processed sam- 163
ples were tested with an applied strain rate of 1 mm/min by the Zwick/Roell Z030 Uni- 164
versal Mechanical Tester (Zwick Roell Group, Ulm, BW, Germany), equipped with a 165
micro-extensometer. 166

The data obtained were analysed with the help of scripts in Matlab and R-Studio 167
software. To establish the Weibull modulus by the linear regression method [37-40], un- 168
biased estimators were used following the approach described in [37] depending on the 169
sample size (n - number of measurements). The general form of the estimator used in 170
that procedure was (equation 2): 171

P = (i-a)(n+b)?, )

where i is the rank of the data point in the sample in ascending order, n represents the 172
sample size, and a and b are numbers specific for the sample size found by the computer 173

simulation [37]. 174
For a sample size n=20 that estimator is in the form (equation 3): 175
P = (i-0.417)(n+0.030), 3)
176
while for n=10 it is (equation 4): 177
P = (i-0.348)(n+0.190).. 4)

Where other estimators were used, the estimator form has been given in the text. 178
The coefficient of determination (R?) for each regression line is also presented. 179



Materials 2021, 14, x FOR PEER REVIEW 50f17

The error was estimated by the simulation in Matlab. The Weibull modulus M' has 180
been found by linear regression after sampling 10 or 20 unique and random values from 181
the distribution with the chosen shape parameter m=M. This procedure was repeated 182
50000 times and the mean value and the standard deviation of the mean were extracted. 183
The ratio of M' (found from 10 or 20 values) and Weibull modulus M set as a “true” value 184

in the program, is treated as the bias of the method [compare: 38]. 185
186
3. Results 187
188
3.1. Grain refinement after sonication 189
190

Experiments denoted 1 and 2 are the principle results in this paper. The effect of the 191

first treatment (Experiment 1) is presented below in Figure 2. The grain size of a pro- 192
cessed metal (b,d) is compared with the initial grain size observed in the untreated metal 193
(a,c). As can be seen in the image without microscopic magnification (c,d) the grain size 194
decreased strongly. From the photographs taken in the microscope a decrease is of about 195
48% from the initial size. The exact grain sizes are given in Figure 2. 196
197

Figure 2. Experiment 1: (a) The grain size of untreated metal (208+38 um) and (b)after
treatment (108+19 um) decreased by 48%, which is clearly indicated by a macro-scale
photograph of a sample taken (c) before and (d) after ultrasonication.

In the next experiment (denoted experiment 2) another set of test-bars was 198
cast and the grain sizes of the metal before and after treatment have been presented in 199
Figure 3. The initial grain size was similar to the previously prepared reference set (Fig- 200
ure 2 c). In this case the grain size decreased by about 28% from that value. 201
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202
Figure 3. Experiment 2: (a) The grain size of untreated metal (204+13 um) and (b) after treatment 203
(147+4 pm) decreased about 28%. 204
205

The decrease in grain size is the effect of metal ultrasonication, which appears to be 206
less effective in this case. The contactless sonotrode frequency is set in near-resonance 207
conditions, unique for each experiment. The spectrograms of the sound recorded near 208
the crucible indicated the extent of cavitation during both experiments, and are shown in 209
Figure 4. 210
211

stronger cavitation

212
Figure 4. Spectrograms extracted from the recorded sound: (a) experiment 1, ultrasonication with 213
frequency 18.86 kHz, (b) experiment 2, ultrasonication with frequency 18.42 kHz. The time of re- 214
cording in both cases is about 5 minutes long. 215
216

The vertical light lines, perpendicular to the sonotrode signal seen as a hori- 217
zontal line at 20 kHz, can be treated as an indication of cavitating bubbles [23, 34]. In both 218
cases, almost all the treatment time was recorded. In the first experiment, we see that the 219
cavitation intensity seems to be higher at the end of the process. This could be an expla- 220
nation as to why the grain size in this experiment decreased by 48%, while in the second 221
case, the decrease was only 28%. It is not unusual for the effect to be different in each 222
experiment. The cavitation intensity depends on local conditions, including liquid vol- 223
ume, temperature, crucible position, crucible wall material and etc. as is the frequency 224
that causes the resonance [34]. For industrial use keeping those conditions constant 225
would be possible in a specially designated set-up; using a feedback mechanism, but in 226
this experimental set-up it is difficult. Each experiment is therefore unique and the 227
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near-resonant frequency is found in real-time by the operator observing the FFT of the 228
recorded noise. Thus, the cavitation intensity differs in individual treatments and the 229
observed grain size reflects that intensity. 230
231
232

3.2. Gas content decrease due to sonication 233

234

235

In both the experiments presented above, the degassing potency of the contactless 236
sonotrode was determined. The gas content before and after processing is given in Table 237
1 and compared with results of similar experiments in which only the degassing level 238
was determined. Two experiments described before, in which test-bars were produced 239

(Figures 2-4), are labelled as Ex1 (experiment 1) and Ex2 (experiment 2) in this paper. 240
241
Table 1. Degassing achieved by contactless ultrasound treatment. 242
Fre- Tem- Gas content  Gas content  Gas content = Gas content
quency pera- before treat-  after treat- decrease decrease [%]
[kHz] ture ment ment [cm?3/100g]
[°C] [cm?3/100g] [cm3/100g]
Ex1 18.86 710 0.17 0.11 0.06 35%
Ex2 18.42 710 0.16 0.12 0.04 35%
Ex3 18.61 706 0.17 0.11 0.06 35%
Ex4 18.32 700 0.15 0.04 0.11 73%
Ex5(*) 18.42 709 0.20 0.14 0.06 30%
(*) degassing only - no grain refinement produced 243
244
245

Both experiments (Ex1 and Ex2) were accompanied by a decrease in gas content of 246
about 0.05 cm?3/100 g. As can be seen in the example of experiment Ex4, the degassing can 247
be much stronger. The maximum change (Ex4) of the gas content was about two times 248
greater than in experiments Ex 1-3. Slightly less of a degassing effect in Ex2 than in Ex1 249
can be associated with a smaller cavitation intensity, manifested by a smaller grain re- 250
finement effect (compare with Figures 2-4). 251

Previously examples of reported gas content decrease due to traditional ultrasound 252
processing, has been from 0.35 to 0.17 cm?3/100g [13], a reduction of 50%. In experiment 4 253
the gas content decreased 3.75 times. Unfortunately, the alloy used in [13] and the pro- 254
cessing conditions were different, but the efficiency of the contactless sonotrode in de- 255

gassing seems to be at least comparable. 256
To summarise, results presented show that contactless sonication provides: (I) grain =~ 257
refinement, (II) degassing. 258

The open question then is, how does the ultrasound treatment improve the strength 259

of processed metals? As mentioned in the introduction, both effects — the grain size de- 260
crease and the gas content reduction should improve the cast metal quality. To determine 261
how the described changes influenced the strength of the alloy in Ex1 and Ex2, in which 262
elongation and UTS were measured. In Table 2 the mean values of elongation before and 263
after treatment have been given. 264
265

266
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3.3. Elongation after sonication 267
Table 2. Mean elongation before (L) and after (L") treatment. 268

3 L[%] reference L'[%] after L'/L L’/L

treatment [*100%]

Ex1 27.5+6.5 1.73 173%

Ex2 159+ 3.0 242 +4.2 1.52 152%

Ex5 (¥) 15.5+£6.5 0.98 98%
(*) degassing only, no grain refinement 269
270
271

The mean elongation after treatment is 52-73% greater than that observed for the 272
same alloy without sonication. The results are consistent with previous findings — in ex- 273
periment 1 we previously observed greater grain size decrease and slightly more degas- 274
sing than in experiment 2. This was followed by better metal quality. In comparing with 275
the degassed only samples (Ex5) the assumption can be made that the degassing at this 276
level plays a negligible effect so that the main mechanism in the improvement is associ- 277
ated with the grain size decrease. Aluminium belongs to the class of ductile materials 278

and an improved elongation is important for future applications of the metal. 279
280
281
282
L[%] Ex1 st. dev. of the mean
0 Ex2 st. dev. of the mean
Reference st. dev of the mean
28 Ex1 mean value
20
L%
Ex2 mean value
2 ave di
L% 11.5
L% ave di
6.7 dlff_erence 8.3
min
18
16
Reference - mean
283
Figure 5. Measurements of elongation — the mean values and the error found in each experiment. 284
The arrows show the minimum differences between elongation with and without treatment (dif- 285
ference min) or the difference between mean values (ave diff). 286
287

As mentioned before, each unique experiment produced a casting of 10 test-bars. 288
For the reference set, the temperature history of the melt was repeated and we were able 289
to produce equivalent tensile specimens. Thus, the reference values of both (UTS and 290
elongation) tests are established from 20 results. As expected, the observed error is 291
smaller in that case than for experiments Ex1 and Ex2, when only 10 specimens were 292
tested, as can be seen in Figure 5. 293

Even taking into account the error shown in Figure 5, both measured values for 294
metal samples cast after ultrasonic treatment are much higher than those observed for the 295
reference samples. The two left arrows in Figure 5 show the minimal observed differ- 296
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ences. The next two arrows represent differences between mean values. The mean elon- 297
gation increased maximally by about 11.5%, which makes it 1.72 times greater than that 298

observed for the reference specimens. 299
300
3.4. Ultimate Tensile Strength (UTS) after sonication 301
302
In Table 2 the mean elongation before and after treatment is presented. 303
304
Table 3. Mean UTS before (UTS) and after (UTS') treatment. 305
UTS [MPa] UTS' [MPa] after UTS'/UTS
reference treatment [*100%]

Ex1 79+13 117%

Ex2 67.4x26 72+2.6 107%

Ex5 (¥) 65.6 £4.5 98%
(*) degassing only, no grain refinement 306

307

The mean UTS before and after treatment was greater than the reference set 308
increasing from about 7% to 17%. The metal cast in the experiment resists without per- 309
manent damage a pressure greater of about 12 MPa than the reference samples. To help 310
understand these results, the Weibull distribution was fitted into the UTS data. Weibull 311
plots of ultimate tensile strength (UTS) data of the castings have been presented in Fig- 312

ure 6. 313
314
¢ f(x)=5596x-239.84 mf(x)=67.52x -295.52
R?2=0.91 R2=098
2 ;
vix)=3047x-12881 ¥ .
1 R=0.98 M /¢ n
/ */ o
i ¢ :
o 4.1 415 4, 4.25 : 43 4.35.. 4.4 4.45
= v} . n
r v /® .
c v * n
-2 hd ) /
v /
-3 _," 2 ¥ Reference
: o
4 X
In(UTS [MPa)) 315
Figure 6. Weibull modulus established by the linear regression. 316
317

From the regression line equations, the Weibull modulus (m) of the reference set 318
equals mo=30.5. After treatment this modulus increased to mi=67.5 in Ex1 and m>=56.0 in ~ 319
Ex2. The data were fitted to Weibull distributions of mi1 and mz (and calculated scale pa- 320
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rameters) and the curves of the Weibull probability plots have been presented in Fig- 321

ure 7. 322
323
Probability density function
0.35
¥ Reference
0.3 m Ex1
* Ex2
S, 0.25 Ex1 other estimator
b Ex2 other estimator
& 02
o
£
a 015
(1]
o]
o
o 0.1
0.05 \
0
50 55 60 65 70 75 80 85
UTS [MPa] 304
Figure 7. Probability density function (Weibull curve) of reference data versus results of both ul- 325
trasound treatments based on UTS measurements. The data points are overlayed on the calculated 326
distribution indicated in Figure 6. Two lines labelled as “other estimator” show the other possible 327
distribution, calculated with another estimator, as will be discussed further (method 3 at Table 4). 328
329

The shape of the distribution curve attributed to data from Experiment 1 330
shows that the expected scatter of the results was much smaller than that for the refer- 331
ence set. This is indicated by the narrower Weibull curve governed by the shape param- 332
eter (m, also known as the Weibull modulus). Results of Experiment 2 are better than 333
those observed without treatment and the Weibull curve is also “narrow”. Changing the 334

estimators does not change the Weibull distribution significantly (see Section 4.3). 335
336
3.5. The stress-strain curves. 337
338
Figures 8 and 9 present the stress-strain curves for all specimens including both 339
reference and treated (Ex1 and Ex2) metal. 340
341
342
40
E — 20 specimens
= 3 (reference)
ﬁ E.' 10 spacimens
& 5 (Ex1)

30

ezzpee

20

B\ FHER] IR
\ ! H oo ] wh
\ % [ [
i ] H A
W B ERRY
W i R
i ‘ i it iy
& \ i\ i 3 Wy
0B \ i } BN
f . ot b Vi
Strain [mm]

0 4 8 12 16

343
344
Figure 8. The stress versus the nominal strain curves for the specimens from the reference 345
set and experimental (Ex1) set. 346

347



Materials 2021, 14, x FOR PEER REVIEW 11 of 17

In Figure 8, the failure region for the reference set is observed at much lower values of 348
strain, and the maximum stress which they hold out is higher than for untreated metal. 349
Toughness, the ability of a material to absorb energy and plastically deform without 350
fracturing, is defined by the area under the stress-strain curve [41]. The area under any of 351
the experimental lines is larger than under the reference lines. The toughness of the ma- 352
terial after ultrasound treatment in Ex1 is much higher than for the non-processed sam- 353
ples what is a good prediction for future engineering applications. 354

40

——— 20 specimens
(reference)

-===10 spacimens
(Ex2)
30

Stress [MPa

20

10 \
5
0 Strain [mm]

0 4 8 12
355
356
Figure 9. The stress versus the nominal strain curves for the specimens from the reference set and 357
experimental (Ex2) set. 358
359

In the case of Ex2, the failure in most cases happened much later than for reference 360
test bars. Two specimens break out earlier. This can be caused by other effects, as poros- 361
ity or entrained oxide films. The overall effects of ultrasonic processing are positive and 362
prove the efficacy of the contactless technique. The toughness of the material is also sig- 363
nificantly improved. For most cases, the area under the curves is much bigger than rec- 364
orded for the untreated metal. The variability between both experiments can be at- 365
tributed to slightly different processing conditions, that are manually controlled. It is 366
necessary to develop a feedback mechanism continuously adjusting the coil frequency for 367

resonance and an accurate pressure monitoring system to control conditions more pre- 368
cisely in an industrial situation. 369

370

4. Discussion 371

372

4.1. Dataset validity 373

374

Before comparing the results a Students t-test was performed to decide if separately 375

cast test-bars could be treated as coming from the same distribution. The first check con- 376
firmed that all samples produced as reference test-bars (obtained from two separate 377
castings with repeated conditions) belonged to the same Weibull distribution and could 378
be presented as one dataset (red triangles in Fig 6). The same test made for both experi- 379
ments excluded the possibility that the data from Ex1 and Ex2 belonged to the same 380
Weibull distribution. Results of that test (for Ex1 and Ex2) are shown in Figure 10. 381
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UTS [MPa]

8 -
79.0

SD13

78
1

74
1

N i T-Test

72.0 .
. - SD 14 P-value 0

[+]

72
1

Ex2 Ex1 382

Figure 10. Results of 2 sided t-test of UTS measurements showing that Ex1 and Ex1 do not follow 383
the same distribution. The test is done with 95% confidence. 384

385

The minimum p-value to accept the hypothesis that both experiments came from 386
the same distribution was p=0.05 (5%), so for our data, the test rejected this hypothesis. 387
The results of the t-test confirmed that the results of each experiment must be presented 388
separately (Figure 6). At this moment, we have to rely only on 10 measurements of the 389
strength produced in each experiment. The error bound up with that procedure will be 390

further discussed. 391
392
4.2. Regression validity 393
394

One method allowing us to check the regression method validity is by observing the 395
R2value. There exists a minimum value of R? to accept the fit of the data to the Weibull 39
distribution as calculated by the linear regression method [37]. When the sample size is 397
equal to 20, the minimum R? value is 0.894, and the R? value must be over 0.855 for n=10. 398
In Figure 6 the value of R? is presented and the fit of lines found by regression was good 399
enough to accept all the presented data. For the elongation data the fit was not good 400

enough to present the Weibull modulus found by regression. 401
402
4.3. Validity of comparison between distributions 403
404

Even considering the R? test, the smaller sample size in the Weibull analysis resulted 405
in an increased error [39]. To check if the results of the experiments (blue squares and 406
purple diamonds in Figures 6 and 7) can be compared with the reference data (red tri- 407
angles in Figures 6 and 7), we need to refer to the confidence intervals published earlier 408

[34]. 409
Comparison between two distributions (with known m and m’) of sizes N=20 and 410
N'=10 is possible with 95% of confidence if [40]: 411
1.889 <m'/m <2.434. 412

For experiment 1 the m'/m = mi/mo = 2.216. Because this value is inside the confi- 413
dence interval given above, there is 95% confidence in comparing the Weibull moduli of 414
both of these distributions. 415

For experiment 2 the m'/m = ma/mo = 1.837 so we can compare it with the reference 416
results with 90% confidence (where the confidence interval starts for 1.695<m'/m as giv- 417
en at [40]). 418
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Thus, even taking into account the errors we can confirm the quality improvement 419

for both treatments with over 90% confidence. 420
421
4.4. Validation of used estimators 422
423

Fitting the correct distribution when the sample size is small should be done with 424

the correct method. Several proposed estimators [38,40,42,43] and weighted linear re- 425
gression [44,45] has been validated for Ex1 and Ex2. Results of the Anderson-Darling 426
goodness-of-fit test are presented in Table 4. 427
428

Table 4. Anderson-Darling (AD) goodness of fit test for m calculated by unweighted linear regres- 429
sion (LR) or weighted linear regression (WLR) with different estimators. Already presented values 430

are marked by the bold font. 431
No Method Used estimator Estimated m  AD testresult Approach
from UTS data (p-value) ref.
Ex1 Ex 2 Ex1 Ex 2
1 LR P=(i-0.5) / n 71.7 59.6 099 0.67 [42]
2 LR  P=(i-0.348) / (n+0.19)  67.5 56.0 099 0.64 [38]
3 LR P=(i-0.44) / (n+0.12)  69.7 57.8 091  0.67 [43]
4 WLR P=(i-0.5) /n 59.6 56.3  <0.05 0.66 [44,45]

432

The Anderson-Darling test rejects the dataset if the value p<=0.05. It simply means 433
that, with 95% confidence, the data do not follow the chosen distribution. Both tested 434
datasets show a good fit, with the p-value being on the extraordinary level of 0.99 for Ex1 435
validating previous analysis. 436

From Table 4, we can also conclude that the alteration of the estimators is not nec- 437
essary, and the Anderson-Darling test is not showing significant differences between all 438

the tested methods. 439
440
4.5. Expected error 441
442

To make further analysis easier, we round the m-values. For experiment 1 (see Table 443

4) the Weibull modulus is close to m1=68 and for experiment 2 m2=56. The mean values 444
of the elongation and UTS after treatment (Table 2 and 3) prove that - even accounting for 445
maximum error, both experiments improved the quality of the processed metal. 446
One can query the exact expected error in the established value of the Weibull 447
modulus. The goodness of fit results can indicate that the chosen distribution was fitted 448
correctly, even if based on a small number of measurements. To be more precise in the 449
error estimation, we consider the estimated value for Ex1. By the computer simulation, 450
the standard deviation and confidence intervals are calculated and shown in published 451
research [38,40,45]. The error found is about 33% when only 10 test-bars are used [38,45]. 452
For confirmation of that value, the results of computer simulation with 50 000 cycles were 453
used to estimate the bias and the error (the standard deviation of the mean Weibull 454
modulus calculated by different methods). The results have been presented in Table 5. 455
456

457
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458
Table 5. The bias and the error comparison for methods (as in Table 4) used to estimate the Weibull =~ 459
modulus. 460
Method n M M Bias Standard
(M'/M)  deviation
(M)
Ex1 1 71.94 1.05 32.5%
2 10 68 68.57 1.01 32.2%
3 70.71 1.03 32.4%
Ex2 1 59.49 1.06 32.3%
2 10 56 56.07 1.00 32.5%
3 57.71 1.03 32.6%
Reference set  (*) 20 31 31.49 1.02 21.8%
(*) as in introduction for n=20 461
462

As we can see, the simulation results confirmed, that the expected error was about 463
33% when 10 samples are used. By increasing the number of measurements to 20 (a 464
common procedure) this error was decreased by 10%. The most unbiased method is 465
number 2, used in previous calculations for Ex1 and Ex2 (Figures 6,7). 466

Let us consider the worst-case scenario for Experiment 1. If the mi=68 is overesti- 467
mated by 33%, we will get the minimum value of Weibull modulus close to 46. This value 468
is still significantly higher than was observed for the reference samples, equal to 31 - 469
which is treated as given with sufficient certainty due to the higher number of data taken 470
for calculations. Also, m is often between 10 and 30 for gravity-filled castings [32] and the 471
value mo= 31 obtained without ultrasonication, seems to be reliable and is not expected to 472
be much higher. 473

Experiment 2 also showed improvement of the metal quality, which supports the 474
hypothesis about the significant improvement in Ex1. In that case, if the error will be 475
maximal, the value will go down to about 40 which still can be seen as an improvement 476
in the metal quality. 477

The mechanical properties, according to the Hall-Patch equation, are expected to be 478
improved as the grain size decreases. Using the prediction from Figures 2 and 3 we can 479
expect a better improvement of metal quality in Ex1 than in Ex2. Those changes are re- 480
flected in the calculated Weibull modulus values — the highest value of 68 for Ex1 (with 481
small scatter of data, the small error in Table 2) and a smaller value of 56 for Ex2. The fact 482
of gradual changes of m, according to the grain size, can be treated as another validation 483
of established m. Thus, the expected error is below the maximum possible value. 484

The Weibull modulus of UTS for good quality aerospace castings is expected to be 485
between 50-100 [32]. The m values characterising the processed alloys presented here are 486

fulfilling those conditions. 487
488

4.6. Role of degassing and structure changes in metal straightening 489
490

Two measurable changes can be discerned due to sonication of the melt. The first 491
one concerns the gas content, the second the grain size, reflecting changes on interfaces 492
(forced wetting, undercooling, dispersion etc.). To find an answer as to which effect is 493
dominant in the quality improvement obtained by the ultrasound, we need to recall the 494
results of Ex5 (Tables 2,3). 495
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The dataset for Ex5 was produced following treatment by the contactless sonotrode
in the setup, where the number of collapsing bubbles was not sufficient to cause grain
refinement. In other words, most of the bubbles created oscillated in size but did not
burst. Due to the lack of shock wave emissions, the expected de-agglomeration and par-
ticle dispersion could not happen so we have not observed grain size reduction. Instead,
processing by the contacless sonotrode caused degassing at the level of 0.06cm3/100g,
without noticeable grain size change; this effect on its own did not improve the metal
strength or elongation. Similar processing, with the same level of the gas removed during
treatment followed by grain refinement, improved the metal properties significantly.

Thus, the main mechanism involved in the metal strengthening observed in Ex1 and
Ex2 is caused by a grain size decrease rather than a decreased gas content. As a conclu-
sion it is necessary to achieve full cavitation, at near-resonant frequency, to cause changes
at the interface causing effective de-agglomeration and dispersion.

5. Conclusions

1. Contactless sonication provided significant changes in the observed microstructure
of the cast alloy, decreasing the grain size by up to 48%.

2. The treatment is followed by a gas content decrease of up to 0.11 cm?/100g.

3. Ultrasonificated melts after casting exhibit improved ductile properties, the per-
centage of elongation increased maximally 1.7 times (from 16% to 28%).

4. The processed alloy shows a great improvement in strength. The mean UTS was
increased by about 17%. This was followed by changes in the calculated Weibull
modulus from 31 to 68. Even taking into account a maximum possible error, the
quality of the metal after treatment has been significantly improved.
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