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This article studies the fatigue behavior of the Al-5wt%Si-2.5wt%Cu alloy. The effect of combining 
techniques of chemical grain refining (Al-5wt%Ti-1wt%B alloy) added to electromagnetic stirring, 
CGR+EMS, is demonstrated in this work. This combination produced a microstructure with reduced 
grain size (121 ± 20 µm) when compared with the raw material produced only by electromagnetic 
stirring, EMS, (213 ± 38µm), with grain refiner Only, CGR, (184 ± 23 µm) or Without any Grain Refining 
Technique (WGRT) (413 ± 96 µm). The condition produced by associating electromagnetic stirring with 
the Al-5wt%Ti-1wt%B grain refiner presented the smallest grain size and less porosity. Thus, conditions 
CGR+EMS and WGRT were chosen to continue the evaluation of the mechanical performance of the 
studied alloy via tensile tests, whose results for ultimate tensile stress, yield strength and elongation were, 
respectively, WGRT/ CGR+EMS, UTS = 160.3 ± 9.5 / 208 ± 10 MPa, YS (0.2%) = 110 ± 2 / 135 ± 3.5 MPa 
and ε(%) =3.2 ± 0.1 / 2.9 ± 0.1. Fatigue tests were conducted via the staircase method. The average 
estimate of fatigue strength for a given life (107 cycles) and the standard deviation calculated for WGRT 
and CGR+EMS condition were, respectively, ˆ  yµ  = 60.1 MPa / 71.6 MPa and ˆ yσ  = 3.30 / 6.42.
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1. Introduction
According to Dieter1, 80% of in-service failures are due 

to fatigue. Mechanical systems parts are constantly being 
stressed cyclically. Such cyclic stresses lead to microscopic 
physical damage to the metals being stressed. Alternation 
of these stresses, well below the yield strength of the metal, 
allows the microscopic damages to become macroscopic, 
initiating cracks that evolve and lead to catastrophic failure 
of the mechanical part. The transition from microscopic to 
macroscopic damage and then to failure is called fatigue2. 
Fatigue failure is influenced by environmental factors, 
cycling frequency, residual stresses on the surface and 
microstructure. Fatigue resistance is generally increased 
in metals as the size of inclusions, voids and grain size is 
reduced without decreasing the ductility of the material2. 
Thus, in general, fatigue resistance decreases as the grains 
grow3. However, studies carried out with the aluminum 
alloy 2423-T3 show that grains measuring between 50 and 
100μm, at the Paris stage, resulted in higher resistance to 
fatigue crack propagation and lower fatigue crack growth 
rate when compared to grains below 50 μm. The crack path 
was more tortuous in the alloy with grains ranging from 
50 to 100μm when compared to grains smaller than 50μm 
and larger than 355.2μm. The increase in fatigue resistance 
for grains ranging from 50 to 100μm could be attributed 
to deflections in the crack, grain boundary interaction and 
plasticity induced by crack closure4.

Grain refining in aluminum alloys has been explored 
to promote improvements in grain size5 and microstructure 
morphology6, thus leading to an improvement in the 
mechanical performance of these alloys. During metal 
solidification, grain refining can be achieved in three different 
ways: by rapid cooling induced by high solidification 
rates7 (restriction of grain growth); by different modes, 
such as electromagnetic stirring8-10, mechanical stirring7, 
or ultrasonic vibration (grain breakage)11; adding chemical 
grain refiners, such as the mother alloy Al-5wt%Ti-1wt%B12 
and with the addition of rare earth Er, all reported in the 
literature13,14 (nucleation stimulation). In this work, grain 
refining is achieved with the simultaneous use of chemical 
refining (CGR), with the Al-5wt%Ti-1wt%B alloy, and 
electromagnetic stirring (EMS). The alloy´s refining 
potential is increased by this combination because stirring 
is more efficient when acting in the presence of solid nuclei, 
either formed on the mold walls (which are at 20 °C) or 
by the chemical grain refiner. This study will present the 
microstructures of all the conditions used to produce the 
raw material, showing grain refining efficiency with the 
combination of CGR+EMS refining techniques. However, 
only the mechanical properties of the alloy produced 
without any technique (WGRT) and with the combination 
of techniques (CGR+EMS) will be presented, as well as 
its average estimate of fatigue resistance evaluated by the 
staircase method.*e-mail: wendelleme@ifsp.edu.br
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2. Materials and Methods
To produce the alloy studied in this work, an ingot mold 

made of copper alloy was used in all trials. The mold cooling 
gallery has a water flow of 40 l/min, which conditioned the 
mold walls at 20 ± 2 °C. Both mold and ingot produced are 
shown in Figure 1.

The ingots were produced from the 356 alloy and 
commercially pure Al and Cu, in four refinement conditions: 
(a) without any grain refining technique (WGRT), (b) only 
submitted to electromagnetic stirring (EMS), (c) with chemical 
grain refining only (CGR) and, finally, (d) with simultaneous 
application of chemical refiner and electromagnetic stirring 
(CGR + EMS). The magnetic field used for electromagnetic 
stirring varied between 12 (center) and 25 Gauss (periphery). 
This measurement was carried out at room temperature. The 
alloy Al-5wt%Ti-1wt%B, at 0.2% content, was used when 
chemical grain refinement was applied.

Optical microscopy with brightfield technique was used 
to obtain black and white (B&W) micrographs and with 
polarized light to obtain color micrographs. The colored 
micrographs allows the grain size measurements with the 
same precision as the electron backscatter diffraction (EBSD) 
technique15 that made the use of the intercept method of Hein 
for grain size calculation according to ASTM E112-201316, 
possible. A magnification of 50x, the smallest amplitude 
allowed by the microscope, was applied so at least 50 grains 
were intercepted by straight lines in the same field of view 
in the micrograph. In the condition in which no refining 
technique was used, sequential images were obtained at 
50x magnification and later assembled so that the condition 
of 50 intercepted grains per field of view was met. B&W 
micrographs were used to quantify pores in %area via the 
ImageJ software. To quantify the pores, 9 micrographs were 
used at 50x magnification, thus, a central strip of 2x18 mm 
was scanned in the analysis.

The tensile tests were performed according to ASTM 
E8-E8M-2117, using a MTS universal testing machine, 
model 810. Fatigue tests followed the criteria established 
by ISO 12107-12(E)18 and were carried out in a TQ 
TecQuipment model SM1090 rotary flex fatigue testing 
machine. The tests were conducted at room temperature, 
with a frequency of 60 Hz and subjected to a load ratio 
R = -1, alternating completely. The fatigue specimens were 
produced according to ISO 1143-2010(E)19 via turning. The 
adopted roughness of Rz = 6.77 ± 0.47 µm (result from the 
turning operation) is the typical roughness of machining 
in general, being found in gearbox unions faces, housings 
of bearings20. The fracture surfaces were examined using 
a ZEISS EVO MA 15e scanning electron microscope from 
the Multiuser Laboratory for Materials Characterization 
from DEMM/FEM/UNICAMP.

3. Results and Discussion

3.1. Raw material, grain size and porosities
The chemical composition of the ingots produced in this 

work was measured with an ANACON BILL OES optical 
emission spectrometer. The result is presented in Table 1.

Figure 2 shows colored (a to d) micrographs of the 
studied alloy cast using different techniques. Figure 3 B&W 
micrographs show the alloy’s dendritic structure that is 
progressively refined with the use of refining techniques 
(a, c e e), presenting the most refined structure when the 
combined techniques are applied (g). As can be seen, it is 
impossible to measure the crystalline grains with B&W 
metallography, given the impossibility of reliably locating 
grain boundary regions, due to the difficulty in distinguishing 
whether the neighboring entities separated by eutectic are distinct 
grains or only dendritic arms belonging to the same grain. 

Figure 1. a. Ingot Mold; b. Example of ingot produced.

Table 1. Chemical composition of the Al-5Si-2.5Cu alloy in wt.%.

Si Cu Mg Fe Mn Ti Al

4.98 ± 0.17 2.49 ± 0.13 0.18 ± 0.02 0.24 ± 0.03 0.07 ± 0.0 0.27 ± 0.03 Bal.
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Figure 2. Colored micrographs showing the studied alloy cast under different conditions: a. without the grain refining techniques (WGRT); 
b. electromagnetic stirring (EMS) only; c. chemical grain refining (CGR) only; d. chemical refining and electromagnetic stirring (CGR + EMS).

Using the images obtained by polarized light, Figure 2a to d, 
it is possible to distinguish different grains and measure 
the evolution of the grain refinement sought in this work. 
Figure 2a shows the large extent that a grain can occupy 
when no refining technique is adopted. Under this condition, 
grains can reach more than 1 mm in lenght. Expressive grain 
refining can already be observed when isolated refining 
techniques are adopted (b and c). Finally, the association 
of techniques (d) potentialized grain refinement, since the 
electromagnetic stirring (provided by the action of the 
Lourentz force) is more efficient in the presence of multiple 
solid nuclei formed by both the contact of the liquid bath with 
the mold walls (where the magnetic field is more intense), 
and largely by the grain refiner that is a strong nucleation 
agent. These nuclei and/or fragments are continuously pulled 
out and taken to the center of the bath being used as more 
nucleation sites for new grains.

Figures 3a-h show too examples of porosities, highlighted 
in red for the Imagej software analysis. Porosities were found 
in the alloy produced under all conditions and are called 
generically pores. These pores are composed of shrinkage 
voids and gas porosities. The geometry of the discontinuities 
can be observed in Figures 3a-h. The numbers associated with 
the arrows represent the circularity values for the respective 
pores. The distinction between shrinkage and gas porosity 

was attributed to the geometry of the pore. Studies performed 
with micro-CT observed that low sphericity is associated with 
shrinkage and higher sphericity indexes are related to gas 
porosity21. Porosity studies performed in parts manufactured 
via the high pressure die casting process (HPDC) show that 
sphericity values lower than 0.4 were related to shrinkage 
while higher values were related to porosities originating from 
gas22. It can be seen in Figures 3a-h that in all conditions of 
production of raw material, in micrographs taken from the 
center of the ingots, there is the presence of porosities with 
irregular contours. The pores present irregular boundaries 
molding themselves to the dendritic branches adjacent to 
them and with very low circularity indexes (up to 0.05), as 
can be seen in Figure 3d. Irregular pores are formed due to the 
ingot´s radial solidification inside the mold. The solidification 
front evolves from the inner face of the mold, where the heat 
exchange for cooling the ingot takes place, to the center of the 
ingot, leading to the occurrence of shrinkages. Such porosities 
occur in the final moments of solidification due to the metal 
contraction and limited or inadequate supply of liquid23,24.

Shrinkage pores are characterized by molding themselves 
to the boundaries of neighboring dendritic arms and, 
then, present a low roundness index. Also, these pores are 
formed at the center of the ingot, due to the aspects of radial 
solidification mentioned before.
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Figures 3a, 3b and 3c, 3d show that, in conditions WGRT 
and CGR, in addition to the presence of porosities whose 
circularities are very low, there are multiple points widely 
distributed throughout the micrograph. These points are often 
located within the Al-α phase with sphericity indices between 
0.5 and 0.85 and reaching up to 1.0 (fully circular). The 
occurrence of multiple porosity points is more pronounced 
for the CGR condition. Characteristically, porosities form in 
the last stages of the solidification process25. With the progress 
of the solidification, these porosities have to adjust to the 
remaining spaces in the eutectic, left by the dendritic branches. 
Thus, if the grains are reduced, the spacing is also reduced 
and consequently porosities are smaller. Figure 4 shows the 
action of the different refining techniques discussed on both 

grain size (gray) and porosity média (red). For the alloy 
WGRT condition, a grain size of 414 ± 96 µm is achieved. 
On the other extreme, when the two refining techniques are 
combined(CGR + EMS), the grain size drops to 121 ± 20 µm. 
Not only a significant reduction in grain size (342%) occurs, 
but also a more homogeneous microstructure, given that 
the standard deviation for grain size dropped by 480%. 
In addition, under the conditions where EMS was used, not 
only the absolute % of porosities are smaller but also the 
distribution of the pores is more homogeneous along the 
microstructure (see Figure 3a-h) this effect of EMS on the 
pores has already been reported in previous works26. It can 
be seen that a decrease in the percentage of porosities occurs 
only in the conditions in which EMS was used (Figure 4).

Figure 3. Micrographs B&W showing the studied alloy cast under different conditions: a, b. WGRT; c, d. chemical grain refining (CGR) 
only e,f . electromagnetic stirring (EMS) only; g, h. CGR+EMS.
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Figure 5 shows this behavior under the conditions in which 
EMS and CGR+EMS were used: the decrease in porosity 
frequencies occurred in the porosities whose roundness 
values are above 0.5 (gas porosities). This effect kept the 
count fixed at values with circularity around 0.5, suggesting 
an association of these porosities with circularity of 0.5 and 

below (shrinkages), since they are observed in all conditions. 
It can be seen in Figure 3 that, even with the decrease in grain 
size provided by the CGR, the percentage of pores remains 
practically unchanged when compared to the WGRT condition. 
However, in the CGR condition (Figure 5), an increase in the 
frequency of porosities it can be seen with circularity close 
to and greater than 0.5, which are typical values of smaller 
porosities (micrographs shown in Figures 3c and 3d).

3.2. Fadigue and mechanical properties.
Fatigue tests, tensile tests and hardness tests were carried 

out only in the conditions that represent the largest and smallest 
grain sizes and percentage of porosities. Figure 6 shows the 
order of events that occurred during the fatigue tests for both 
conditions, WGRT and CGR+EMS. The first stress value to 
be used must be the closest to the fatigue strength limit of the 
material18. Since the studied alloy does not exist in the literature, 
the initial stress of 58 MPa and 68MPa were adopted in this 
work, respectively for the WGRT and CGR+EMS conditions. Figure 4. Grain size and porosity for all the tested refining conditions.

Figure 5. Histograms showing the observed frequencies for the conditions: WGRT, EMS, CGR and CGR+EMS.

Figure 6. Sequence of events during the fatigue tests of the (a) WGRT and (b) CGR+EMS conditions.
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The chosen value is based on the endurance limits of the 
319.0 as cast alloy: 76 MPa (sand casting) and 83 MPa 
(permanent mold casting), considering that the fatigue 
endurance limit is smaller for machined samples from cast 
parts in relation to as cast test bars27. The chosen value is 
reasonable, since only one specimen was disregarded in the 
tests. Concerning the choice of the fixed value of 5 MPa 
used for addition (if the event is non-fail at 107 cycles) or 
subtraction (if the event occurred is a failure in values smaller 
than 107 cycles), it was also shown to be assertive and to 
have met the criterion that the fixed value of the step must 
satisfy the condition 0.5σ < d < 2σ, since the equations used 
to estimate the fatigue life are based on this criterion28. This 
fixed value was based on the work carried out by Fachinni, 
whose initial process for raw material production was similar 
to what was used here, although for an alloy with lower Si 
content29. The values of D=0.409 and D = 0.739 for the 
conditions WGRT and CGR+EMS also meet the established 
criterion that D > 0.318. Based on stress levels (S0, S1, and 
S2) and (S0, S1, S2, and S3), shown in Table 2 and Table 3, 
the number of degrees achieved were 6 and 9, which leads 
to the coefficients k(10.95) = 2.755 and k(10.95) = 2.355 for a 
failure probability of 10% and a reliability level of 95%18, 
for the WGRT and CGR+EMS conditions, respectively18. 
Based on the values obtained in the events that occurred and 
using the equations indicated in the standard, the following 
is calculated: the average estimate of fatigue strength ˆ  yµ for 
a given fatigue life (107 cycles), the standard deviation ˆ  yσ  
and the lower fatigue strength limit ŷ (k,10,95)(18).

The values obtained in the fatigue, tensile and hardness 
tests and the relationships between fatigue and other properties 
are presented in Table 4.

The results from the tensile tests did not show expressive 
changes in elongation for the different grain sizes tested. 
However, the ultimate tensile stress and yield strength increased 
as grain size and porosity decreased. Yield strength is larger 
for more refined grains, showing an inverse relationship. Such 
behavior can be attributed to the larger number of existing 
grain boundaries in refined grains that serve as obstacles 
to dislocation movements, resulting in higher values of 
strength30. Hardness values were practically the same for 
both tested conditions.

The indexes achieved from the ˆ /yµ YS   and ˆ /yµ UTS ratios 
were very close for both conditions, suggesting that tensile 
tests can be used to reference the first values for fatigue tests.

3.3. Fractography
Figure 7 shows the path taken by the fracture in the 

two conditions tested under fatigue. The arrows indicate 
the crack propagation direction, pores and the catastrophic 
failure region. Figure 7a (WGRT condition) shows a higher 
pore concentration and larger pores when compared to the 
CGR+EMS condition. Note that in Figures 7a and 7b the 
paths taken in both conditions are composed of two distinct 
regions, one of initial and crack propagation and the other of 
catastrophic failure. However, in Figure 8a the path taken until 
reaching the catastrophic failure region is practically straight, 
presenting a tortuosity only in the catastrophic failure region.

Table 2. Organization of failed events of WGRT condition according to standard 12107:2012(E).

Stress (MPa) i fi i fi i2 fi

S2 = 68 2 2 4 8

S1 = 63 1 7 7 7

S0 = 58 0 3 0 0

Sum - C=12 A=11 B=15

Table 3. Organization of non-failed events of CGR+EMS condition according to standard 12107:2012(E).

Stress (MPa) i fi i fi i2 fi

S3 = 78 3 1 3 9

S2 = 73 2 4 8 16

S1 = 68 1 6 6 6

S0 = 63 0 3 0 0

Sum - C=14 A=17 B=31

Table 4. Estimated mean fatigue life ( )ˆ yµ , standard deviation ( ˆ yσ ), lowest fatigue strength limit ( ˆ)y), ultimate tensile stress (UTS), 
yield strength (YS), elongation (ε%) and the relationship between HB / , ˆ /ˆ y yµ µ YS, ˆ /yµ UTS  for the Al-5wt%Si-2.5wt%Cu alloy.

ˆ yµ  (MPa) ˆ yσ   (MPa) ŷ  (MPa) UTS (MPa) YS (MPa) Ε (%) HB (125kgf /5 mm) HB / ˆ yµ ˆ /yµ YS ˆ /yµ UTS

WGRT 60.1 3.55 50.29 160.3 ± 9.5 110 ± 2.0 3.2 ± 0.1 59.6 ± 6.3 0.99 0.54 0.37

CGR+EMS 71.6 6.2 56.7 208 ± 10.6 135 ± 3.2 3 ± 0.1 59.8 ± 5.9 0.82 0.52 0.34



7Fatigue Behavior of the Al-5wt%Si-2.5wt%Cu alloy produced by Combining Grain Refining Techniques: 
Electromagnetic Stirring with Al-5wt%Ti-1wt%B

Figure 7. Fracture path shown in the: a) WGRT condition; b) EMS+CR condition.

Figure 8. Micrographs from the WGRT condition showing: a) B&W micrograph of the path taken by the crack in the propagation region 
and b) corresponding colored micrograph; c) B&W micrograph of the path taken by the crack in the region of catastrophic failure, and 
d) corresponding colored micrograph e) enlarged detail showing plastic deformation in the crack propagation region and f) enlarged detail 
showing intergranular fracture in the catastrophic failure region.
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This feature is evidenced in Figure 8a, which presents a 
slightly sinuous path and in Figure 8c, at the final section, 
presenting a tortuosity which does not allow us to define 
the three stages of fatigue fracture. In the WGRT condition 
samples, the crack propagation occurred in a straight line, 
characterizing a transgranular fracture, since the driving force 
for the propagation of the transgranular crack is smaller. This 
can be seen in the colored micrograph at the regions indicated 
in Figure 8b, which allows the visualization of grains of the 
same color that passed through the crack and accompanied 
by plastic deformation as observed in Figure 8e. Figure 7b 
(CGR+EMS condition) shows a tortuous crack path throughout 
its length, which can also be seen in an enlarged image in 
Figures 9a and 9c, different from the crack path shown in 
8a and 8c. This difference in the trajectory of the paths taken 

by the cracks is attributed to the different grain sizes observed 
in the conditions studied here, since the grains with dimensions 
121 ± 20 µm (CGR+EMS condition) have a higher fraction 
of grain boundaries than grains with 413 ± 96 µm (WGRT 
condition). Smaller grains constitute more resistant obstacles 
to crack growth because the crack will follow the path with 
the lowest driving force necessary to propagate. Grains sizing 
of 121 ± 20 µm result in a more tortuous path taken by the 
crack and a larger expenditure of energy and, consequently, 
a higher fatigue resistance. Crack propagation for samples in 
the CGR+EMS condition, the fracture alternation between 
intergranular and transgranular can be observed by following 
the crack path in Figure 9, with fragments of grains of the 
same color and of different colors on the opposite fracture 
boundaries. Plastic deformation can also be seen in Figure 9e.

Figure 9. Micrographs from the CGR+EMS condition showing: a) B&W micrograph of the path taken by the crack in the propagation 
region and b) corresponding colored micrograph; c) B&W micrograph of the path taken by the crack in the catastrophic failure region 
and d) corresponding colored micrograph; e) enlarged detail showing plastic deformation in the crack propagation region and f) enlarged 
detail showing intergranular fracture in the catastrophic failure region.
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In the regions of catastrophic failure, both conditions 
studied present a similar behavior, with the crack path 
traversing the grain boundaries (intergranular fracture) 
where the eutectic is located (figures 8d and 9d), presenting 
regions with little or no plastic deformation, featuring a 
brittle fracture (figures 8f and 9f).

Figure 10 shows the fracture surfaces with the three stages 
of fatigue fracture that occurred in both tested conditions. The 
red arrows indicate stress concentration points that originated 
the cracks. For the CGR+EMS condition (Figure 10a), the 
fracture occurred outside the neck region, with the fracture 
surface measuring a diameter of 4.497 mm, as shown in the 
profile vector in Figure 10b, whereas for the WGRT condition, 
the fracture surface diameter measured 4.064 mm, which 
is the measurement of the neck (Figure 10b). The different 
measurements indicate that, even with refined grains, there is 
a strong influence of porosities on crack nucleation: porosities 
act as stress concentration points and also reduce the cross 
section of the specimen, causing the fracture to occur outside 
the neck region in an apparently larger cross-section. The 
yellow dashed lines delimit regions that represent stage I 
and sometimes transition regions between stages I and II of 
fatigue. In these regions, a smoother and flat surface can be 
seen (10a and 10b). These surfaces are represented in the 
graphs of surface profiles (Figure 10c, 10d and 10e), where the 
straight segments that pass through the regions delimited by 
the yellow dashed lines show a low variation of the amplitude 
in the graphs, qualitatively representing smoother and higher 
variations in rougher regions, with smoother regions (of low 
amplitude) associated with stage I of fatigue30. Regarding 
the other stages of fatigue II and III, macroscopically it is 
possible to make only a few observations. In the case of 
Figure 10, the CGR+EMS condition, patterns of practically 
straight lines are observed, indicated by sequential arrows .

Stage I fatigue usually begins at some point on the surface 
where a stress concentration occurs. Some metallurgical 
aspects directly influence the occurrence of crack initiation, 
such as: shape, distribution and size of porosities31-33, oxide 
films, silicon particles and iron-rich phases34,35. Works carried 
out under the studied conditions indicate the presence of 
casting defects, porosities and shrinkage in all cases of 
crack initiation (Figure 11 and Figure 12a, 12b and 12c). 
At the WGRT condition, it is observed, along with the 
casting surface defects, the presence of silicon particles in 
Figure 12a, iron-rich phase in Figure 12c, whose stoichiometry 
suggests the β-Fe phase and copper-rich phase suggesting 
Al2Cu. In all conditions indicated as crack initiation points, 
SEM-EDS analysis was performed, whose analysis points 
are indicated in Figure 11 and Figure 12 while results are 
expressed in Table 5.

Figure 10. Images of fatigue fracture surfaces in: a) sample 
produced in the CGR+EMS condition and in b) sample produced 
in the WGRT condition.

Figure 11. Crack initiation point occurred in the sample in the 
CGR+EMS condition.

Table 5. Punctual chemical analysis performed by SEM-EDS in Figures 11 and 12.

Suggested phases Espectrum
Elements (weight %)

Mg Al Si Ti Fe Cu Total
α-Al E1 0 96.77 1.74 0.28 0 1.21 100

Eutético (AlSi) θ-Al2Cu E2 3.07 67.9 25.55 0 0 3.41 100
Eutético (AlSi) θ-Al2Cu E3 0 91,89 5.68 0 0 2.43 100

β-Al5FeSi E4 0 43.29 43.66 0 13.05 0 100
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Figures 13a and 13b represent the fracture surface in 
stage II, showing the presence of striations in both conditions, 
characterizing the fracture as a result of fatigue. The striations 
are shown to be irregular, following different orientations, 
and sometimes appearing as microcracks. This appearance 
is attributed to a transgranular fracture, which confirms the 
hypothesis raised in Figures 8b and 9b. In Figure 14, the 
CGR+EMS condition shows the presence of striations in 
the observation plane and in depth (showing up in steps), 
being more expressive in the CGR+EMS condition when 
compared to the WCRT condition.

Figure 12. Multiple crack initiation points shown in a), b) and 
c) in the WGRT condition.

Figure 13. Images showing stage II fatigue in: a) CGR+EMS 
condition and b) WGRT condition.

Figure 14. Images showing stage III fatigue in: a) CGR+EMS 
condition and b) WGRT condition.
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Figures 14a and 14b show the fracture surfaces in 
stage III. Stage III consists of the last phase of fatigue 
crack propagation, when the cross section of the specimen 
no longer supports the applied load, leading to an overload 
causing sudden failure36. The fracture surfaces are rough 
showing eutectic components for both conditions. Secondary 
cracking and microcracking can be seen. Both the cracks 
and the eutectic components are more evident in the WGRT 
condition, which presents larger grains, silicon particles 
and larger precipitates when compared to the CGR+EMS 
condition. Preferably, the fracture occurred transgranularly,  
in accordance with the images in Figure 8 and Figure 9.

4. Conclusions
The combination of techniques CGR+EMS using these 

parameters are an efficient route for producing Al-Si-Cu alloys 
with a refined microstructure. Results can be summarized 
seen below:

• The reduction in grain size of 342% was achieved 
as well as a more homogeneous microstructure, 
given that the standard deviation for grain size 
dropped by 480%. In addition to contributing to 
grain refining, electromagnetic stirring is efficient 
in reducing gas porosity.

• The samples in the CGR+EMS condition, with 
grains measuring 121 ± 20 µm, showed the best 
results in fatigue resistance for the life of 107 
cycles (i.e., 71.6 MPa), as well as the best results 
for ultimate tensile stress and yield strength, when 
compared to the WGRT samples, which presented 
grains measuring 413 ± 96 µm and a fatigue 
resistance of 60.1 MPa.

• Fracture analyses show that the CGR+EMS condition 
presented a tortuous fracture path, showing the 
influence of grain boundaries on crack propagation 
when compared to the WGRT condition, which 
presented a smoother and straighter crack path, 
in addition to presenting multiple points of crack 
nucleation as a result of the higher percentage of 
porosities presented.

• The tests carried out enabled the estimation of the 
fatigue life for the alloy Al-5wt%Si-2.5wt%Cu, 
71.6 MPa, using specimens with the surface finish 
of Rz = 6.77±0.45, conventional finish of turning 
and conventional machining processes in general, 
such as those performed on mechanical components 
such as gear box joint faces and bearing housings. 
This surface finish is considerably inferior to that 
used in usual fatigue tests, leading to more realistic 
results concerning the fatigue performance of the 
alloy. The tests also permitted the establishment 
of relationships between the estimated fatigue life 
and the yield strength, estimated fatigue life and 
ultimate tensile stress and between the Brinell 
hardness and the yield strength for the alloy, 
which are a reference for choosing the initial test 
stress, to carry out future tests based on previous 
tensile tests.
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