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Abstract: The effect of high intensity ultrasound based on the novel multi-frequency multimode modulated technology on the final 
density, porosity, mechanical and fatigue properties of an AlSi9Cu3(Fe) alloy after different processing time was studied. Reduced 
pressure test was used to evaluate the density of alloys. The tensile and fatigue tests were used to evaluate the static and dynamic 
properties for the different time of ultrasonic degassing, respectively. It is found that ultrasonic degassing is effective in reduction 
porosity as well as to improve the final density of castings. Furthermore, the experimental results suggest that the porosity level does 
not have a substantial influence on the static properties contrary to what is observed on fatigue properties. 
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1 Introduction 
 

In the last years, the demand of cost-effective high 
strength castings for application in industries where 
superior specific strength is a crucial factor, such as the 
automotive and aeronautical industries, has significantly 
increased. On this context, Al−Si-based alloys are the 
most widely used aluminium alloys for shape casting due 
to their high fluidity and castability, easy machinability 
and weldability, good corrosion resistance and 
mechanical properties. CACERES et al [1] stated that 
high mechanical strength is usually achieved by the 
addition of alloying elements such as copper and 
magnesium as they make the alloys heat treatable, in 
spite of having a tendency to decrease ductility. 

AMMAR et al [2] and TENG et al [3] have shown 
that traditional casting techniques induce high number of 
defects like porosities, inclusions and coarse 
microstructure, each of them being characteristic of a 
specific casting process, which are highly detrimental to 
the mechanical and fatigue properties of castings. In 
addition, TANAKA et al [4] also stated that fatigue is 
considered the most common failure mechanism of 
engineering components and it is responsible for almost 
90% of all service failures attributed to the mechanical 
causes. Among casting defects, porosity is considered the 
key factor controlling the fatigue behavior of Al-based 

castings since they are preferential sites for crack 
initiation, independent of the loading conditions and the 
stress applied. 

GRUZLESKI and CLOSSET [5] and MEIDANI 
and HASAN [6] have demonstrated that the main source 
of gas porosities in aluminium castings is hydrogen, 
which is the only gas with significant solubility in molten 
aluminium. For this reason, they stated that the hydrogen 
content in a molten alloy must be kept as low as possible, 
especially when dealing with high strength casting alloys 
for critical applications like aerospace or automobile 
parts. 

Taking the traditional application fields of 
aluminum alloys into consideration, the porosity and 
mechanical properties are critical factors in the 
components performance. Thus, it becomes important to 
develop techniques for treatment of liquid melt leading 
to a high sanity and microstructural characteristics that 
ensure the best possible mechanical performance of 
components, without environmental impact, more 
efficient and easier to control than those existing today. 

Ultrasonic degassing is a possible way to improve 
hydrogen removal and thus overtake the drawbacks that 
occur when traditional methods are applied [7−10]. 
When a liquid metal is submitted to high intensity 
ultrasonic vibrations, the alternating pressure above the 
cavitation threshold creates numerous cavities in the 
liquid metal which intensifies the mass transfer processes 
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and accelerates the diffusion of hydrogen from the melt 
to the developed bubbles [11]. As acoustic cavitation 
progresses with time, adjacent bubbles touch and 
coalesce, growing to a size sufficient to allow them to 
rise up through the liquid, against gravity, until reach 
surface promoting degassing of the liquid [11]. 

The main advantages of ultrasonic degassing are the 
high degassing rate and the reduced environmental 
impact of the process. Moreover, cavitation promotes the 
removal of non-metallic inclusions from the melt, 
playing a major contribution to obtain high sanity 
castings. 

In this work, the effect of ultrasonic degassing on 
the final density and porosity is assessed. Furthermore, 
the type of pores, area fraction, average size and 
maximum size are assessed and their influence on 
mechanical and fatigue properties of the AlSi9Cu3(Fe) 
alloy is presented, for different degassing time. Moreover, 
simple prediction equations for the fatigue limit 
incorporating the effect of the shape and size of casting 
defects on the fatigue strength of material were used. 
 
2 Experimental 
 
2.1 Experimental set-up 

The experimental set-up (Fig. 1) used in this work 
consisted of a novel multi-frequency, multi-mode, 
modulated technology (MMM) ultrasonic power supply 
unit, a high power ultrasonic converter (1200 W), 
acoustic waveguide with 30 mm in diameter and 150 mm 
in length and the acoustic load which consisted of a 
Sialon acoustic radiator with 60 mm in diameter and 500 
mm in length and the liquid metal. 

Degassing tests using ultrasonic frequency of 
(19.8±0.1) kHz at 60% electric power were carried out 
for each processing condition: no treatment, time of 1 
and 3 min, and melt temperature of (700±5) °C. Before 
degassing and after each degassing period, 15 cylindrical 
samples with 14 mm in diameter and 110 mm in length 
were cast on a metallic mold and used for mechanical 
and fatigue testing. At the same time, 3 samples for alloy 
density evaluation, using the reduced pressure test (RPT) 
and the apparent density measurement method were cast. 
 
2.2 Materials 

Melting stocks of AlSi9Cu3(Fe) alloy (Table 1), 
weighing 6 kg for each ultrasonic treatment  were 
melted in a resistance furnace equipped with a SiC 
crucible with 210 mm in diameter and 240 mm in height. 

 
2.3 Microstructural and mechanical characterization 

Samples for microstructure characterization were 
taken from each cast sample by sectioning them 
perpendicularly to its longitudinal axis at half length.  

 

 
Fig. 1 Laboratory unit for ultrasonic degassing (a) and 
schematic diagram of experimental apparatus (b):           
1—Ultrasonic power supply; 2—Transducer; 3—Waveguide;  
4—Acoustic radiator; 5—Thermocouple; 6—Liquid 
 
Table 1 Chemical composition of AlSi9Cu3(Fe) alloy (mass 
fraction, %) 

Si Fe Mg Cu Mn Zn Sn Al 
9.15 0.66 0.18 2.25 0.26 0.47 0.10 Bal.

 
They were ground using 1200 SiC paper and polished up 
to 1 μm. Those samples used for optical microscopy 
characterization were etched with Keller’s reagent to 
reveal the resulting microstructure. 

Optical microscopy (OM) and scanning electron 
microscopy (SEM) with quantitative metallographic 
analysis capability were used to evaluate the shape and 
grain size of constituents. Image-ProPlus software was 
used to quantify the area fraction of porosities and SDAS 
in fields of 100x. 

For tensile testing, specimens were machined from 
the as-cast samples according to EN 10002-1:tensile 
testing metallic materials with a gauge length L0 of 50 
mm and a cross-sectional diameter d0 of 10 mm. Tensile 
tests were carried out at room temperature and a strain 
rate of 0.5 mm/min on a INSTRON testing machine, 
Model 8874, to obtain yield strength, ultimate tensile 
strength and strain. At least 12 specimens, with the 
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geometry shown in Fig. 2, were used for fatigue testing 
under each processing condition. Fatigue tests were 
performed on a rotating bending machine and life was 
considered the number of cycles to rupture. 
 

 

Fig. 2 Schematic diagram of rotating bending fatigue specimen 
(unit: mm) 
 
3 Results and discussion 
 
3.1 Density and microstructure characteristics 

Degassing evaluation was based on the 
measurement of sample density using the RPT test and 
the apparent density measurement method, as proposed 
by GRUZLESKI and CLOSSET [5]. The degassing 
efficiency η was calculated from Eq. (2).  
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−
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where d is the theoretical density (2.74 kg/dm3) of alloy, 
and di and df are density before and after the degassing 
treatment, respectively. 

Figure 3 presents the evolution of the alloy density 
and porosity with processing time. It is clearly seen an 
increase in density and a reduction in pore area fraction. 
It is also clear that the kinetics of ultrasonic degassing is 
time-dependently changing as hydrogen is removed from 
the melt, confirming the results of other researchers 
[7,10] 
 

 
Fig. 3 Alloy density and area fraction of pores as function of 
degassing time 
 

The maximum alloy density (2.68 kg/dm3) was 
obtained after 2 min ultrasonic processing (after 1 min it 
was already about 97% of the maximum value). In fact, 

it seems that for the electric power (60%), frequency 
((19.8±0.1) kHz) and melt temperature ((700±5) °C) 
used in this work, 1 min is enough to produce the 
diffusion of hydrogen from the melt to the developed 
bubbles and for adjacent bubbles coalesce and grow to a 
size sufficient to allow them to rise up through the liquid, 
against gravity, until reaching the surface. For longer 
degassing time, density remained constant and the 
difference/balance to the theoretical alloy density is only 
due to solidification defects. This behavior is due to the 
mechanism of hydrogen removal from aluminium melts 
and the effect of acoustic cavitation on that mechanism. 
In fact, due to the extremely large number of very small 
bubbles developed in the molten alloy by cavitation, 
diffusion of hydrogen towards them is very fast. 

Table 2 shows the densities obtained by the RPT test, 
porosity data and secondary dendrite arm spacing (SDAS) 
values obtained by image analysis of optical micrographs 
 
Table 2 Alloy density, porosity data and microstructural 
features of cast samples as function of ultrasonic degassing 
time 

Time/
min

Density/
(kg·dm−3)

Pores area 
fraction/

% 

Pores/ 
mm2 

Average
pore 

size/μm2

Measured
SDAS/
μm 

0 2.43±0.02 5.51±1.0 5 9310 26.12±2.15

1 2.66±0.02 1.45±0.2 2−3 990 25.34±1.89

3 2.69±0.01 0.20±0.1 0−1 210 23.56±3.01

 
According to the experimental results, pore size and 

density were significantly influenced by the ultrasonic 
processing time. Two important remarks can be drawn 
from these results. 

1) The number of large pores, considered the most 
detrimental for fatigue life, drastically decreased with the 
processing time (Fig. 4) as a consequence of the 
ultrasonic vibration mechanism of cavitation. These 
results are according to WU et al [12] who reported that 
the gas content in melt or slurry of Al−Si alloys 
decreases with the extension of vibration time. In fact, 
after 1 min processing, only a small number of hydrogen 
pores with diameter below 30 μm still remained. 

2) Porosity resulting from shrinkage seems also to 
have been reduced in size (Fig. 4 (c)). In fact, some of 
the pores observed in materials are shrinkage pores. The 
microstructures presented in Fig. 4, obtained from 
polished surfaces, show that shrinkage porosity seems to 
have almost disappeared after ultrasonic processing and 
suggest consistent with the results reported by WU et al 
[12]. When feeding is cut off and the metal continues to 
solidify, the pressure in the remaining metal pool 
decreases while segregation causes the gas content to 
increase. In those places where hot spots occur, porosity 
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is nucleated, but gas must be available for its 
development. Thus, shrinkage pores start and develop 
depending on the available dissolved hydrogen. 

 

 
Fig. 4 Pores characterization as function of degassing time:   
(a) Without degassing (no treatment); (b) 1 min ultrasonic 
degassing; (c) 3 min ultrasonic degassing 

 
These remarks are very important for fatigue 

evaluation since both pores area fraction and their 
geometrical characteristics are important as fatigue crack 
risers. In fact, it is well known that mechanical properties 
of Al−Si alloys depend on several factors, with particular 
emphasis to size and distribution of porosities [13]. 
Porosity can be attributed to the inadequate feeding 
associated to volumetric shrinkage of liquid during 
solidification and/or to the decrease of hydrogen 
solubility in Al during cooling. Thus, reducing the 
content of hydrogen dissolved in the liquid metal 
(degassing operation) will have a significant impact on 
the alloy porosity, as well as on their mechanical 
properties. 

3.2 Mechanical and fatigue properties 
Figure 5 shows the results of tensile tests. It is quite 

clear that ultrasonic processing has significant effects on 
the tensile properties. In fact, it has been widely reported 
that porosity has a small effect on tensile properties, in 
opposition to what is observed on fatigue properties  
(Fig. 6). Moreover, only in castings with large pores and 
high area fraction of porosity, they play a significant role 
in the mechanical properties. Other metallurgical features, 
particularly SDAS, which is known to affect the 
mechanical properties of aluminum alloys, also seem to 
not be prone to ultrasonic processing, since their values 
remained almost constant for processing time up to 3 min 
(Table 2). 

 

 
Fig. 5 Yield strength, ultimate tensile strength and strain to 
failure as function of degassing time 

 
The lower elongations measured in the samples are 

mainly due to the casting defects and the large 
unmodified eutectic Si particles, with needle-like 
morphology, characteristic of alloy without process of 
modifications Si and refinement of grain. 

Regarding to Fig. 6, it can be seen that fatigue limit 
increased by about 30% after 1 min ultrasonic processing  

 

 
Fig. 6 Stress vs cycle to failure (S−N) curves as function of 
degassing time 
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and 4% after 3 min processing. The experimental results 
of the fatigue tests were characterized by medium degree 
of scatter. As presented in Table 2, the high size and area 
fraction of the pores on those samples without ultrasonic 
degassing suggest the most probable cause to the lower 
limit of fatigue revealed by those samples. To evaluate 
the experimental data, a set of equations proposed by 
some authors, which can predict the evolution of fatigue 
limit with the studied variables, was used. Although 
typical fatigue limits can be easily seen for iron or 
titanium- based alloys, in S−N curves of aluminum-based 
alloys it is not common to reach a plateau. For this 
reason, a conventional value for fatigue life of 107 cycles 
was chosen. Moreover, according to MURAKAMI [14], 
fatigue prediction models based on defects are 
commonly used for different types of materials. 

Figure 7 represents properties variation (fatigue 
limit, average pore size and pores area fraction) as a 
function of degassing time. 
 

 

Fig. 7 Properties variation as function of degassing time 
(Fatigue limit is multiplied by a material dependent factor 
(k=3.4) suggested by fatigue prediction equations. This factor 
is a material constant) 

 
KAZINCZY [15] proposed an equation allowing to 

determine the fatigue limit as a function of yield stress 
(σys) and used a constant representing the defect 
geometry (k), and the defect size (d). This model is 
agreement with the experimental results (Fig. 7), since 
the average defect size decreases with degassing time 
(Table 2) in the same proportion. 

COSTA et al [16] developed a model where both 
volume fraction of defects and their size (diameter) are 
taken into consideration on fatigue limit. This model is 
also in line with experimental results since both volume 
fraction of pores and average size of porosity (Table 2) 
decrease with degassing time approximately in the same 
proportion. 

Thus, when ultrasonic vibration is applied, the 
changes in pore geometrical features (average dimension 
and area fraction) are able to increase fatigue limit of the 
Al alloy. The increase of fatigue limit is experimentally 
verified but may also be properly predicted by using 
most common fatigue limit prediction equations. 

WANG et al [17] have reported that when porosity 
size becomes very small, its influence on fatigue limit 
may become the same level of other microstructural 
constituents, such as SDAS and eutectic silicon lamellae 
thickness. In the present study SDAS measurements 
were performed to verify if other metallurgical 
constituents, besides porosity, changed with ultrasonic 
degassing time and could then be responsible for the 
detected reduction on fatigue limit. PUGA et al [7] have 
reported that when the ultrasonic vibration is used, 
metallurgical features change with electric power and 
melt temperature but they are not affected by the 
degassing time. Thus, a change in SDAS or other 
metallurgical features other than porosity was not 
expected really. 

Figure 8 shows the fracture surfaces of the fatigue 
specimens. The region of crack initiation, steady crack 
growth and final failure can be characterized. A detailed 
study of the crack initiation site at 300x of magnification 
showed that fatigue initiation took place at the porosities 
and was located closely to the specimen surface. As it 
was expected, although the porosity level does not have a 
substantial influence on the static properties, it has a 
substantial effect on fatigue properties, in particular on 
fatigue limit. 
 

 

Fig. 8 SEM images of fatigue specimens with different 
magnifications  
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4 Conclusions 
 

1) Ultrasonic degassing seems to be effective in 
reducing porosity of castings. 

2) Ultrasonic degassing seems to act on porosity 
area fraction as well as on pores size, so that it becomes 
effective for fatigue improvement. 

3) Ultrasonic degassing does not change SDAS 
spacing. 

4) Porosity has a small effect on tensile properties 
contrary to what is observed on fatigue properties. 
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摘  要：采用基于多频多模调制技术的高强度超声波对 AlSi9Cu3(Fe)合金进行处理，并研究超声处理时间对合金

的最终密度、孔隙率，力学和疲劳性能的影响。使用减压试验评估合金的密度和样品的孔隙率。在旋转弯曲机上

进行拉伸和疲劳试验，以评估样品分别经不同时间超声波脱气后的静态和动态性能。结果表明，超声波脱气可以

有效地减少孔隙率并提高铸件的最终密度。此外，实验结果表明，与疲劳性能相反，孔隙率水平对静态性能没有

实质性的影响。 

关键词：铸造;超声波;脱气;孔隙率;疲劳 
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