Pre prints.org

Communication Not peer-reviewed version

The Fatal Defects in Cast Al-Si
Alloys Due to Sn Addition

Yao Xiao, Jicheng Wang , Qianyu Deng, Li Feng , Dianming Peng , Hui Feng , Kai Li . , Yong Du
Posted Date: 14 July 2023
doi: 10.20944/preprints202307.0963.v1

Keywords: Al-Si alloys; cast defect; Sn; Sn oxides; FIB; HADDF-STEM

E E Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
; available and citable. Preprints posted at Preprints.org appear in Web of
Erﬁ'ﬁ Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/3018029
https://sciprofiles.com/profile/1590276

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 July 2023 do0i:10.20944/preprints202307.0963.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Communication

The Fatal Defects in Cast Al-Si Alloys Due to Sn
Addition

Yao Xiao 1, Jicheng Wang 3 Qianyu Deng 3, Li Feng 3, Dianming Peng 3, Hui Feng 4, Kai Li 12*
and Yong Du 12

1 State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China;
yong-du@csu.edu.cn

2 Hunan Center for Electron Microscopy, Central South University, Changsha 410083, China;
leking@csu.edu.cn

3 Runxingtai Electric Appliance Co., Ltd., Zhuhai 519000, China; jichengwang@yc-dc.com

4 Research Institute for Aerospace Manufacturing Technology, Nanjing Chenguang Group Co., Ltd.,
Nanjing 210006, China; fenghuihui22@126.com

* Correspondence: leking@csu.edu.cn; Tel.: +86-18973163497

Abstract: The cast defects strongly degrade the mechanical properties in cast alloys. The effect of Sn
addition on Al-Si alloys was investigated by 3D computed tomography, SEM and TEM. Amorphous
Sn oxides are found near the alumina film, cause more shrinkage pores, initiate cracks and
deteriorate mechanical properties. This work suggests not adding Sn in various Al alloys used in
cast state.
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1. Introduction

The unibody casting technology of car manufacturing initiated a major revolution in the die-cast
aluminum alloy industry [1]. To minimize cost, heat treatments are cancelled in this technology.
Among all aluminum alloys, Al-Si alloys with outstanding castability are most suitable for such a
technology. Cast defects, like shrinkage, pores and oxides, are common in Al-Si alloys and strongly
degrade the mechanical properties [2]. However, unlike wrought Al alloys such as the 6000 and 7000
series, cast defects of Al-Si alloys cannot be reduced by deformation processes. Therefore, it's very
important to strictly control cast defects.

Besides the parameters of casting [3], compositions also strongly affect cast defects in Al-Si
alloys. The plate-like 3-AlFeSi always generates in Al-Si alloys with Fe addition, which increased the
porosity during solidification by blocking liquids feeding channels [4,5]. Mn addition can transform
[-AlFeSi phases to Chinese script like a-AlFeMnSi phases [5,6], contributing to the reduction of
porosity.

In recent years, the strengthening effects of Sn have been found in various wrought and cast Al
alloys [7-14]. The mechanism has been revealed by the work of Elsayed et al. [15] on a model Al-0.025
at.% Sn cast alloy. They found that Sn solutes effectively trap and release the vacancies during
quenching and heat treatments, respectively. Thus, when Sn was added to age hardenable alloys such
as Al-Cu, the 0’ precipitates were likely to finely distribute in a high number density in subsequent
heat treatments. Similarly, in the cast Al-7 wt.% Si-7 wt.% Cu alloy studied by Akopyan [13] et al,,
the addition of 0.2 wt.% Sn was found to promote the precipitation of 0’ and 0” during heat
treatments and stabilize the precipitates. The mechanism is also active in wrought Al-Mg-Si-Sn alloys
[7].

However, the strengthening effect of Sn addition in Al-Si cast alloys was rarely observed.
Kozana et al. [16] inferred additions of 0.2-1.7 wt.% Sn to an Al-10Si alloy caused the decrease in
solidification points of a-Al according to their thermodynamic calculations, leading to drop in melt
undercooling and microstructure refinement. As a result, the alloy’s ultimate tensile strength was
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decreased. Qiu [17] et al. also found Sn addition led to the decrease in hardness of T6 treated A356
alloys by nearly 25%. The impairing effect of Sn was attributed by them to the generation of soft {3-
Sn phases, and the fact that the strengthening phase Mg2Si was replaced by Mg25n. However, the
connection between cast defects and the deterioration effect of Sn on mechanical properties of Al-Si
cast alloys was not studied. Therefore, this paper aims to clarify such a connection at multi-scales by
3D computed tomography, SEM and TEM.

2. Materials and Methods

The Al-9Si and Al-9Si-0.15n alloys were prepared, and the chemical compositions of these alloys
are shown in Table 1. These two alloys were separately melted in argon in a CXZG-0.5 vacuum
induction furnace from the raw materials including high purity (99.999 wt.%) Al particles, pure
(99.99%) Mg particles, pure (99.9 %) Sn particles (P2 x 5 mm), master alloys Al-20Si, Al-10Fe, Al-
10Mn and modifying alloys Al-10Sr (for refining Si particles), as well as grain refiner Al-5Ti-B (all in
wt.% unless specified). The melt was poured into graphite mold to form rods of ®20 mm x 10 mm.

Table 1. The alloys” chemical compositions (wt.%).

Si Mg Fe Mn Sr Ti Sn Al
9 0.22-026  0.09-0.15 0.17-0.24  0.011-0.024 0.05-0.14 Oor0.1 Bal.

The tensile samples (shown in Figure S1 in the Supplementary Document) wire-cut from the cast
rods were tested on an Instron 3369 testing machine at room temperature and at a constant speed of
2 mm/min. 3 samples of the same state were tested to obtain a datapoint. The surfaces of fractured
samples were ground, polished, and ultrasonically cleaned. The microstructures of the samples were
observed by a Leica DM4500P optical microscope (OM) and a FEI Nova NanoSEM230 field emission
gun scanning electron microscope (SEM) at 20 kV equipped with an energy dispersive spectrometer
(EDS). The focused ion beam (FIB) machining was performed on a dual-beam scanning electron
microscope (FEI Helios NanoLab G3 UC) employing a Ga liquid metal ion source, and electron
backscattering diffraction (EBSD) experiments were also performed on such an instrument. The
distribution of cast defects was studied by 3-dimention computed tomography (3DCT) on a Zeiss
Xradia 620 Versa instrument, the sample size was 2x1x5 mm and resolution was 1.7 um. The
transmission electron microscopy (TEM) observations were performed on a Thermo Fisher Talos
F200X field emission gun TEM operating at 200 kV. Interventionary studies involving animals or
humans, and other studies that require ethical approval, must list the authority that provided
approval and the corresponding ethical approval code.

3. Results and Discussion

3.1. Grain size

Sn can slightly refine the grain size of Al-Si alloys as shown in Figure 1. The brightest areas are
a-Al phase. The eutectic Si phase is the grey contrast area. The black-contrast areas are pores or holes
generated during casting. To avoid the interference of low Confidence Interval (CI) index signals, the
EBSD data were cleaned up by OIM analysis software. Moreover, only the diameters of grains above
80 um were counted to calculate the average diameters, which are 243.95 + 125.53 um and 203.15 +
94.42 um in the Sn-free and Sn-added samples, respectively. It is obvious that the grain size of the Al-
9Si is slightly larger than the Al-9Si-0.15n. According to the Hall-Patch equation [18,19], this small
difference of grain sizes leads to a very slight change of yield stress of about 0.43 MPa. Therefore, the
strengthening effect due to refining of grain size by Sn addition is not obvious.
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Figure 1. OM images (a and b) and IPFs (c and d) of Al-9Si alloys (a and c) and Al-95i-0.15n alloys (b
and d).

3.2. Pores and other cast defects caused by Sn

Most of Sn were found to be segregated near the oxide film, while others were oxidized during
solidification, which caused the obvious cast defects and the increase in porosity. 3DCT visualization
of the defects in the current cast alloys, as shown in Figure 2a,b and Supplementary Videos S1 and
52, reveals that the number of large pores is increased by about 90% due to the Sn addition.
Furthermore, as shown in Figure 2c,d, the segregation of Sn can be found around the holes in the cast
rods with Sn addition according to the EDS mapping results. Especially, some large cast cracks were
found as shown in Figure 2d, and there are some white particles nearby. The corresponding EDS
elemental maps show that the oxide layers (alumina bifilms [20]) lie on the cracks” edges, besides
some large white particles comprised of O and Sn.

The precursors of oxide bifilms are the oxide film on the surface of the melt. Sn atoms seem to
segregate near the oxide film [21], causing the decrease of local matrix solidification temperature [16].
When pouring the melting into the mold, the oxide films were rolled into the inner castings by
turbulence [20]. Then, a quantity of liquid with high Sn solution was trapped in the enclosures which
can’t be refilled by others liquid. During solidification, some eutectic Si and Fe-containing phases
were induced to nuclear on the bifilm in the early stage [20]. The possibility to generate enclosed
areas increased. The solidification of the remaining Sn-rich liquid brings about shrinkage in the final
state due to differences in thermal expansion coefficients (10.05 x 10-¢°C-! for tin dioxide [22], 7.1 x 10-
6°C for Alumina [23]). Some Sn combined with oxygen in matrix to generate tin oxide.
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Figure 2. The morphology of cast defects. (a)The 3D cast defects of Al-9Si samples; (b) the 3D cast
defects of Al-9Si-0.15n samples; (c) the SEM image of bifilm defects in the Al-9Si-0.15n sample maps;
(d) the SEM image of hole defects in the Al-95i-0.1Sn sample. EDS elemental maps are inserted in (c-
d).

3.3. The structure and the composition of the Sn-containing particles

FIB1 and FIB2 areas marked in Figure 2c,d were extracted and thinned by FIB, and then observed
by TEM. According to the high angle annular dark field (HADDF) images and corresponding EDS
maps of FIB1, as shown in Figure 3c,e, Sn and Ca enrich in the area in yellow circle in Figure 3a. The
select area electron diffraction (SAED) shows that this area consist of amorphous and polycrystals.
However, the signals of polycrystals are too weak to index, probably some impurities containing
oxides, nitrides, and calcium salts aggregated here.

The particles containing Sn and O are purely amorphous, according to the TEM results shown
in Figure 3(f-j) from the FIB2 area. According to the high-resolution TEM (HRTEM) images and
corresponding Fast Fourier Transform (FFT) patterns shown in Figure S2, after electron irradiation
for seconds, the amorphous structure crystallized into SnO: (PDF #46-1088, P42/mnm), and the
polycrystalline rings gradually appeared. Similar results have been reported in Zres7Cusss alloys [24]
and FessBis alloys [25] by other researchers.
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Figure 3. TEM results of FIB1 and FIB2 samples. (a) The HADDF-STEM image of FIB1 sample (Bottom
inset is the SAED in yellow circle); (b-e) EDS maps of (a); (f) HADDF-STEM image of FIB2 sample
(Inset is the SAED of yellow circle); (g-j) The EDS maps of (f). The blue arrows denote alumina films.

3.4. The mechanical behaviors of the cast defects

Tensile properties of Al-9Si and Al-95i-0.15n samples are shown in Table 2. The stress-strain
curves of all samples are shown in Figure S3. The results show that the ultimate tensile strength
(UTS), yield strength (YS) and elongation (EL) are all diminished by adding Sn.

Table 2. The tensile properties of the alloys.

Sample UTS/MPa YS/MPa EL/%
Al-9Si 269.92 144.26 8.24
Al-95i-0.15n 213.55 113.47 6.62

The cast defects initiate cracks during tensile deformation, according to the SEM
characterizations of fractured tensile samples shown in Figure 4. The EDS maps show the O and Sn
are co-segregated in areas 1-5 marked in yellow circles in Figure 4a,g, which can be identified as tin
oxides. These amorphous tin oxides are so brittle that they tend to break during tensile deformation
(areas 1-5), in a manner similar to alumina [20].

Our work suggests not adding Sn in various cast Al alloys without heat treatments, as these fatal
cast defects, including the pores and brittle amorphous tin oxides, do not depend on any third
element.
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Figure 4. TEM results of FIB1 and FIB2 samples. (a) The HADDF-STEM image of FIB1 sample (Bottom
inset is.

4. Conclusions

In this study, the fatal defects in cast Al-Si alloys due to Sn addition have been investigated by
multi-scale characterizations.

(1) Sn can significantly deteriorate both strength and elongation, as it obviously increases the
porosity, although meanwhile it slightly refines the grain size.

(2) During casting, melt with high Sn solution was trapped in the enclosures, shrinkage pores
were then formed in cooling, and finally amorphous tin oxides were generated near the alumina
films.

(3) These cast defects including the pores and brittle amorphous tin oxides, initiate cracks during
tensile deformation.

(4) Our work suggests not adding Sn in various cast Al alloys without heat treatments, as these
fatal cast defects do not depend on any third element.
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Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1: The size of tension samples; Figure S2: The crystallization of
amorphous. Figure S3: The stress-strain curves of Al-9Si and Al-95i-0.1Sn samples. Figure S4: The enlarged
details information of Figure 4f in text.; Video S1: The 3D reconstruction of 3DCT on Al-9Si sample; Video S2:
The 3D reconstruction of 3DCT on Al-9Si-0.1Sn sample.
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