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ABSTRACT

This study reports the influence of the addition of Yttrium (wt.3%) on strain-rate sensitivity of Mg-
6Sn alloy. The Mg-6Sn and Mg-6Sn-3Y alloys were made by using high pressure die-cast. The
microstructural and X-ray diffraction results exhibited that the SnsYs and MgSnY intermetallic phases
were formed with addition of Y to the Mg-6Sn alloy. Furthermore, the grain structure of the Mg-6Sn
alloy was changed from dendritic to globular with addition of Y. The strain-rate sensitivity value of
the Mg-6Sn-3Y alloy is found higher than that of the Mg-6Sn alloy for all strain value. This result was
attributed to the formation of new intermetallics (Sns;Ys and MgSnY) and microstructure morphology
(from dendritic structure to globular).
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1. INTRODUCTION

The strain-rate sensitivity (SRS) is very vital parameter for pure Mg and its alloys, which have the
hexagonal close-packed structure apart from some Mg-Li alloys. It is well known for homogeneous
deformation that it needs to at least five independent slip systems. However, many Mg alloys have
only two available independent basal slip systems at low temperatures. Therefore, it can be said that
they have limited ductility or formability when compared with aluminum alloys and steel [1-5]. The
magnesium alloys are the best candidate for structural and automotive applications because of their
lower density than that of other metallic components like steel and aluminum. However, the Mg alloys
have some disadvantages (such as formability, mechanical properties and corrosion resistance), which
are still not improved adequately. The ductility is one of the disadvantages for pure Mg and Mg
alloys. Hence, the SRS of commercial Mg alloys has been investigated by many researchers to obtain
information about tensile ductility and the deformation mechanisms [6-9]. For instance, Wang et. al.
[10] displayed that the SRS of rolled Mg-3Al-3Sn alloy depends on the alloy’ grain size and reported
that the SRS increases with the improvement of grain size. At another study, the SRS of pure
magnesium, Mg-1Al and Mg-1.4 Gd alloys was investigated by Stanford et. al. [11] and they found
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that while the Mg-1Al alloy’s SRS was 30% lower than that of pure Mg and the SRS of Mg-1.4Gd
alloy was similar to pure Mg. Ang et. al. [ 12] published article about the SRS of magnesium alloys
containing aluminum. It is reported that when the Al content in Mg alloys is increase, the strain-rate
sensitivity is decreased and furthermore, twinning has important effect in deformation of magnesium-
aluminium based alloys.

As seen above that, a lot of studies concerned with the strain-rate sensitivity were performed on
magnesium-aluminium based alloys. In the last decade, if it is considered that the findings about Mg-
Sn binary alloy systems, these alloys could be an alternative to Mg-Al binary alloys due to their better
mechanical properties [13-17]. However, the Mg-Sn alloys’ SRS has not studied adequately.
Therefore, this study investigated the SRS of Mg-Sn and yttrium-added Mg-Sn alloys. The tensile
behavior of the alloys was investigated over a wide strain rate range 10°-10* s™.

2. MATERIAL AND METHOD

2.1. Experimental Details

Magnesium ingot, high purity tin granules and Mg-30 wt.%Y were used to prepare Mg-xSn and Mg-
xSn-yY alloys (x=6 and y=3 wt.%), whose composition is listed in Table 1. The alloys were obtained
using an induction furnace in a SiC crucible under a mixture gas (99% CO, +1% SF¢) to prevent
oxidation. Firstly, pure Mg was melted at 750°C, after melting, and then Mg-30Y master alloy and
pure tin were added. Both alloys were kept at 750°C for 600 s to ensure chemical reaction, then the
oxidized layer on the melt was cleaned. After this stage, the prepared alloys were solidified at 250°C
by a high pressure die casting machine in a mold designed to produce 4 tensile samples and
metallographic samples.

Table 1. Chemical composition of Mg-Sn-Y alloy using X-ray fluorescence (Bruker S8Tiger)
analysis.

Sample Magnesium (Mg) Tin (Sn) Yttrium
(Wt.%) (Wt.%) (wt.%)
Mg-6Sn 93.37 6.07 -
Mg-6Sn-3Y 90.58 5.98 3.08

Metallographic specimens were chemically etched with (20 ml CH; COOH, 60 ml ethylene glycol, 1
ml HNO; and 19 ml distilled water) acetic glycol after polishing and investigated by an optical and a
scanning electron microscopy (SEM). X-ray (with a Cu Ka radiation (wave length 0.15418 nm) at 40
kV and 40 mA) patterns were characterized.

The alloys’ tensile properties were tested via a RAAGEN tensile test machine with a strain rate of 10°,

10,10, 10® and 10™ s™. The alloy’s tensile results are the average value of three tests under each
condition.
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3. RESULTS

3.1. Microstructural characterization

Fig. 1 depicts the X-RD results of the Mg-6Sn and Mg-6Sn-3Y alloys. The resulted patterns show that
both a-Mg and Mg,Sn intermetallic phases exists in both alloys. Furthermore, the peak of Sn;Ys and
MgSnY intermetallic phases was found with addition of Y element.
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Figure 1. The X-RD results of the Mg-6Sn and Mg-6Sn-3Y alloys.

Fig. 2 shows the general microstructure of the Mg-6Sn (Fig. 2 a, b and c) and Mg-6Sn-3Y (Fig. 2 d, e
and f) alloys. Microstructure images exhibit that the dendritic structured grains are dominant in the
Mg-6Sn alloy. According to the phase diagram of Mg-Y binary alloy[18], there is limited solid
solubility of Y in the magnesium matrix. Hence, Y atoms are pushed to the edge of the liquid /solid
interface, which restricts the growing of grains and promotes new seed formation in the melt during
solidification. Hence, the microstructural morphology of the Mg-6Sn alloy was changed from
dendritic to globular with addition of Y.
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Figure 2. The SEM microstructure of experimental alloys; (a), (b) and (c) Mg-6Sn, (e), (f) and (g)
Mg-6Sn-3Y.

Muthuraja et. al [19] have been thermodynamically computed the phase diagram of magnesium-
yitrium-thin ternary alloy systems. They mentioned the prensence of the SnyYs and MgSnY
intermetallic phases in Mg-3Sn-15Y alloy. The EDS measurement of the Mg-6Sn-3Y alloy is shown
in Fig. 3. Considering the atomic ratio of Sn to Y, the spot 1 could be idendified as MgSnY ternary
intermetallic phase. Since spot 2 contains a higher amount of Y than the spot 1, it was thought that
the spot 2 was Sn;Y's intermetallic phase.

4815
SE_MAG: 60000 x HV: 15.0 kV_WD: 11.0 mm

?\;I);)_t Chemical compositions, (at.%) Atomic ratio
Sn Y Mg Mg/Sn snlY
1 28.19 2952 4229 1.5 0.95

400



Journal of Scientific Reports

Yarkadags, G., Journal of Scientific Reports-A, Number 52, 396-406, March 2023.

2 11.03 1498 73.99 5.94 0.73

Figure 3. The EDS measurement of the Mg-6Sn-3Y alloy.

3.2. Tensile properties

Fig. 4 exhibits tensile test curves at different strain rates ranging from 10 to 10° s for the Mg-6Sn
and Mg-6Sn-3Y alloy, respectively. Table 2 depicts mechanical properties of the Mg-6Sn and Mg-
6Sn-3Y alloys at different strain rate. It can be seen from Fig. 4 a and b the test curves of the both
alloys that the yield strength value was decreased with declining strain rate, while the elongation of
alloys increased with declining strain rate. Furthermore, the alloys’ tensile strength was reduced with
decreasing strain rate.
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Figure 4. Stress-Strain curves of experimental alloys at different strain rate.
Table 2. The Alloys’s yield, tensile and elongation to failure results at various strain rates.
Strain Yield strength, (MPa) Tensile strength, (MPa) Elongation to Failure, (%)
rate, (5)  Mg-6Sn Mg-6Sn-3Y Mg-6Sn Mg-6Sn-3Y Mg-6Sn Mg-6Sn-3Y
10° 108 137 156 186 8,32 13,01
10" 106 115 154 178 8,47 13,26
10 96 111 152 164 10,72 13,96
10 94 102 149 157 13,21 16,92
10 84 96 146 153 14,53 18,81

3.3. Strain rate sensitivity (SRS)
The stress- strain curves can be used for describing the SRS exponent (m), which is determined by the
following equation [8, 10, 20-21].
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where o is the true flow stress at a given true strain rate E under constant temperature and strain (g).
Fig. 5 shows variations of strain-rate sensitivity with true strain. It can be said that from Fig.5 strain-
rate sensitivity rises with strain in both of the experimental alloys. Also, the Mg-6Sn-3Y alloy’s SRS
is found higher than that of the Mg-6Sn alloy for all strain value.
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Figure 5. Variations of strain-rate sensitivity with true strain, £ =10*-10"s™.

3.4. Fracture

Fracture morphology of Mg polycrystalline alloys apart from some Mg-Li based alloys is generally
quasi-cleavage fracture or brittle through cleavage because of their h.c.p. crystal structure. The major
plastic deformation mode occurs via dislocation slips on prismatic and basal planes as well as
deformation twinning [3, 10, 22-24]. Fig. 6 exhibits the fractured surfaces of the Mg-6Sn (Fig. 6 a and
b) and Mg-6Sn-3Y (Fig. 6 d and c) alloys at the lowest and highest strain rates. Largely, it was
observed from Fig. 6 (a) and (b) that quasi-cleavage, tearing edges and dimples can be detected on the
fractured surface of the main and Y content alloys. Furthermore, it can be said that more uniform
dimples, which are much larger and deeper, can be observed on the Mg-6Sn-3Y fractured surface
compared to that of the Mg-6Sn alloy. This result proved that the Mg-6Sn-3Y alloy displays a more
ductile behavior.
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Figure 6. The fracture surfaces of (a) and (b) the Mg-6Sn and (c) and (d) Mg-6Sn-3Y alloys at the
lowest and highest strain rates.

4. DISCUSSIONS

Obtained results showed that the Mg-6Sn-3Y alloy exhibited more plastic deformation behavior than
Mg-6Sn alloy for all strain rates (Fig. 4). Furthermore, the strain rate sensitivity value of Y including
alloy is higher than Mg-6Sn alloy for all strain rates (Fig. 5). The underlying cause in the Mg-6Sn-3Y
alloy is probably the formation of new intermetallics (SnsYs and MgSnY) and microstructure
morphology (from dendritic structure to globular). Because, it is thought that the microstructural
modifications were increased the density of dislocations, and the twins of deformation in the a-Mg
grains. Additional newly formed twin boundaries from deformation twins probably play an important
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role for barriers to mobility of dislocations and stock the pile-up of dislocation, which could provide
huge resistance to the more dislocation movement.

5. CONCLUSIONS

The conclusions as follows;

1. The a-Mg and Mg,Sn intermetallic phases have found in both alloys. Moreover, the new
SngYs and MgSnY phases were observed with the addition to Y.

2. The microstructure of Mg-6Sn alloy was changed from dendritic to globular with the
addition of alloying element Y.

3. The main fracture mechanisms of the both alloys were the quasi-cleavage, tearing edges and
dimples for both the alloys. In addition to this, the fractured surfaces of the Mg-6Sn-3Y alloy at high
and low strain rates have more uniform dimples. It means that the Mg-6Sn-3Y alloy exhibits a more
ductile behavior.

The strain rate sensitivity value of Y including alloy is higher than that of Mg-6Sn alloy for all strain.
The underlying cause in the Mg-6Sn-3Y alloy is probably the formation of new inter-metallics and
microstructure morphology (from dendritic structure to globular).

ACKNOWLEDGEMENT

There is no funding body the author could acknowledge.

REFERENCES

[1] Yang, H.P., Fu, M\W., To, S., Wang, G.C., (2016), Investigation on the maximum strain rate
sensitivity (m) superplastic deformation of Mg-Li based alloy Mater. and Design 112, 151-159.
http://dx.doi.org/10.1016/j.matdes.2016.09.066

[2] Nan, X.L., Wang, H.Y., Wu, Z.Q., Xue, E.S., Zang, L., Jiang, Q.C., (2013), Effect of c/a ratio on
Schimd Factors in Hexagonal close-packed metals, Scrip. Mater. 68, 530-533.
http://dx.doi.org/10.1016/j.scriptamat.2012.12.006

[3] Pekgiileryiiz, K. U. Kainer, A.A. Kaya, first ed., Woodhead Publishing Limited, Philadelphia,
(2013).

[4] Friedrich, B. Mordike, Springer, Verlag Berlin Heilderberg (2006).
[5] Sandlobes, S., Zaefferer, S., Schestakow, 1., S. Yi, Gonzalez-Martinez, R., (2011), On the role of

non-basal deformation mechanisms for the ductility of Mg and Mg-Y alloys Acta Mater. 59,
429-439. D0i:10.1016/j.actamat.2010.08.031.

404


http://dx.doi.org/10.1016/j.matdes.2016.09.066
http://dx.doi.org/10.1016/j.scriptamat.2012.12.006

Journal of Scientific Reports

Yarkadags, G., Journal of Scientific Reports-A, Number 52, 396-406, March 2023.

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Han, G., H.K. Park, H.K. Kim, T.S. (2012), Local and global deformation behaviour in rolled
pure magnesium sheets at room temperature under different strain rates Mater. Sci. and Eng. A
762, 138110. https://doi.org/10.1016/].msea.2019.138110

Valle, J.A., Rauno O.A., (2006), Influence of the grain size on the strain rate sensitivity in an
Mg-Al-Zn  alloy at moderate  temperatures,  Scrip.  Mater. 55,  775-778.
Doi:10.1016/j.scriptamat.2006.07.013

Matsunaga, T., H. Somekawa, H. Hongo, Tabuchi M., (2015), Deformation mechanism
transition with strain rate in Mg-3Al-1Zn alloy, Mater. Sci. and Eng. A 647, 212-215.
http://dx.doi.org/10.1016/j.msea.2015.09.029.

Song, W.Q., Beggs P., Easton M., (2009), Compressive strain-rate sensitivity of magnesium-
aluminum die casting alloys, Mater. Des. 30. 642-648. Doi:10.1016/j.matdes.2008.05.050.

Wang, H.Y., E.S. Xue, X.L. Nan, T. Yue, Y.P. Wang, Q.C. Jiang,( (2013), Influence of grain
size on strain rate sensitivity in rolled Mg—-3AI-3Sn alloy at room temperature Scrip. Mater. 68,
229-232. http://dx.doi.org/10.1016/j.scriptamat.2012.10.019.

Stanford, N., I. Sabirov, G. Sha, A. Fontaine, S.P. Ringer, M.R. Barnett, (2010), Effect of Al and
Gd solutes on the strain rate sensitivity of Mg alloys, Metal. and Trans., 41, 734-743. doi:
10.1007/s11661-009-0107-8

Ang, H.Q., Zhu S., Abbott T., D. Qiu, Easton M., (2017), Strain-rate sensitivity of die-cast
magnesium-aluminium  based alloys Mater. Sci. and Eng. A. 699, 239-246.
http://dx.doi.org/10.1016/j.msea.2017.05.093.

Yarkadas, G., C. Kumruoglu, H. Sevik, (2018), The effect of Cerium addition on microstructure
and mechanical properties of high pressure die cast Mg-5Sn alloy, Mater. Charc.136, 152-156.
https://doi.org/10.1016/j.matchar.2017.11.057.

Liu, H., Y. Chen, Y. Tang, S. Wei, G. Niu, (2007), The microstructure, tensile properties, and
creep behavior of as-cast Mg—(1-10)%Sn alloys J. Alloys and Comp. 440, 343-351.
D0i:10.1016/j.jallcom.2006.09.024.

Zhou, Y., P. Wu, Y. Yang, D. Gao, P. Feng, C. Gao, H. Wu, Y. Liu, H. Bian, C. Shuai, (2006),
The microstructure, mechanical properties and degradation behaviour of laser-melted Mg-Sn
alloys, J. Alloys and Comp. 687, 109-114. http://dx.doi.org/10.1016/j.jallcom.2016.06.068.

Nayyeri, G., R. Mahmudi, (2010), Effects of Sb additions on the microstructure and impression
creep behavior of a cast Mg-5Sn alloy J. Mater. Sci. and Eng. A. 527, 669-678.
D0i:10.1016/j.msea.2009.08.056.

405


https://doi.org/10.1016/j.msea.2019.138110
http://dx.doi.org/10.1016/j.msea.2015.09.029
http://dx.doi.org/10.1016/j.scriptamat.2012.10.019
http://dx.doi.org/10.1016/j.msea.2017.05.093
https://doi.org/10.1016/j.matchar.2017.11.057
http://dx.doi.org/10.1016/j.jallcom.2016.06.068

Journal of Scientific Reports

Yarkadags, G., Journal of Scientific Reports-A, Number 52, 396-406, March 2023.

[17] Qing, W., C. Yungui, X. Sufen, Z. Xiaoping, T. Yongbai, W. Shanghai, Z. Yuanghua, ,(2010),
Study on microstructure and mechanical properties of as-cast Mg-Sn-Nd alloy, J. of Rare Earth.
28, 790-793. doi:10.1016/S1002-0721(09)60202-7.

[18] ASM handbook, Alloy Phase Diagrams, Volume 3, p. 1111.

[19] Muthuraja, C., A. Akalya, R. Ahmed, J. Nampoothiri, I. Balasundar, K.R., (2017), Experimental
investigation and thermodynamic calculation of the phase equilibria in the Mg-rich region of
Mg-Sn-Y alloy, J. of All. and Comp. 695, 3559-3572.
http://dx.doi.org/10.1016/j.jallcom.2016.11.413.

[20] Chun, Y.B., C.H.J. Davies, (2011), Twinning-induced negative strain rate sensitivity in wrought
Mg alloy AZ31 Mater. Sci. and Eng. A 528, 5713-5722. D0i:10.1016/j.msea.2011.04.059.

[21] Karimi, E., A. Hanzaki, M. Pishbin, H. Abedi, P. Changizian. (2013), Instantaneous strain rate
sensitivity of wrought Mg alloys Mater. Design 49, 173-180.
http://dx.doi.org/10.1016/j.matdes.2013.01.068

[22] Somekawa, H., A. Singh, R. Sahara, T. (2018), Excellent room temperature deformatibility in
high strain rate, Sci. Rep. 656, 198-208. D0i:10.1038/s41598-017-19124-w.

[23] Lg, Y., Q. Wang, X. Zeng, W. Ding, C. Zhai, Y. Zhu, (2000), Effect of grain size distribution
and texture on the cold extrusion behavior and mechanical properties of AZ31 Mg
alloy, Materials Science and Engineering: A, 528 (9), 3428-3434.

[24] Wang, H., P. Wu, S. Kurukuri, M. J. Worswick, Y. Peng, D. Tang, D. Li, (2008), Strain rate
sensitivities of deformation mechanisms in magnesium alloys. International Journal of Plasticity,
107, 207-222. https://doi.org/10.1016/j.ijplas.2018.04.005.

406


http://dx.doi.org/10.1016/j.jallcom.2016.11.413
http://dx.doi.org/10.1016/j.matdes.2013.01.068
https://doi.org/10.1016/j.ijplas.2018.04.005

