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ABSTRACT

Volumetric mass density and changes in crystal structure analysis of Sn-xBi alloy and Sn-xBi-yAl alloys have
been conducted to enhance our understanding of these materials. The Sn-xBi alloy, with various compositions
including Sn-0Bi, Sn-10Bi, Sn-30Bi, Sn-52Bi, and Sn-70Bi, and the Sn-xBi-yAl alloys, with compositions
including Sn-52Bi-0.05Al, Sn-52Bi-0.11Al, Sn-52Bi-0.14Al, Sn-52Bi-0.19Al, and Sn-52Bi-0.25Al, were
synthesized for this research. The selection of Sn-xBi-yAl compositions was based on the optimal composition
of Sn-xBi alloys, specifically Sn-52Bi, which possesses the lowest melting point at 142.8°C. The
determination of melting points was carried out using the Differential Scanning Calorimetry (DSC) method.
Crystal structure characterization was accomplished using X-ray diffraction (XRD) techniques, with
subsequent analysis performed through the Generalized Structure Analysis System (GSAS) method. These
investigations are pivotal as they provide insights into the material properties and structural changes in Sn-
xBi and Sn-xBi-yAl alloys, which have significant implications in various industrial applications and
technological advancements. The results of this research are expected to contribute to the optimization of
these alloy systems, leading to improved performance and potential innovations in materials science and
engineering.
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INTRODUCTION

Crystallography, the branch of science that studies the atomic and molecular structure of
crystals, has been an important foundation in our understanding of the properties of solid
materials. In this context, research on “Crystal Structure of Alloys and Volumetric Mass
Density Analysis” plays a central role in delving deeper into the secrets of material structure
and revealing its critical properties in various applications. This research examines the
characteristics of alloy materials as well as analyzes their volumetric mass density with the aim
of providing better insight into the material properties that influence performance in various
contexts, such as industry, technology, and natural science (Lesyk et al., 2021).

As evidence of the importance of understanding the crystal structure of alloys, Smith et al.
(2020) explain, "A deep understanding of atomic interactions in alloy crystals is the key to
optimizing material properties and creating materials with tailored performance.”

Galera-Rueda et al. (2021) underscored the relevance of volumetric mass density analysis
by stating, “The study of volumetric mass density in the crystal structures of alloys has helped
identify correlations between atomic arrangement and mechanical properties of materials,
paving the way for the development of high-tech materials.” Research by Feather et al. (2019)
highlights the importance of alloy diversity and emphasizes, "In the era of globalization, better
understanding of the crystal structure of alloys from various natural resources is key to
sustainable resource and industrial development.” In an industrial context, research by (Ruiz-
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Esparza-Rodriguez et al., 2021) stated, "Optimization of the crystal structure of alloys in
critical industrial components has helped reduce production costs and increase the efficiency
of manufacturing processes."

By looking at the valuable contributions of previous research in the understanding of alloy
crystal structure and volumetric mass density analysis, this research seeks to continue this
legacy of knowledge by delving deeper and expanding our understanding of the properties of
alloy materials (Liang et al., 2020; Oakwood et al., 2002). In this context, this research has
important relevance in supporting the development of industry, technology, and science, as
well as promoting the use of Indonesia's natural resources more effectively and sustainably.

METHOD

Research carried out synthetic for the composition Sn-0Bi, Sn-10Bi, Sn-30Bi, Sn-52Bi, and
Sn-70Bi. Furthermore, an optimum composition was taken from the five compositions from
the five compositions to make a new composition with the addition of aluminum in five various
compositions specifically Sn-xBi-yAl in five varied compositions for constant x and changing
y. The volumetric mass density measurements were done through three steps. The first step
was done through a theoretical approach using standard volumetric mass density as the basis.
The second step was done by using a tool called a densitometer and, the third as the final step
is using GSAS (General Structure Analysis System) method analysis (Nishikawa et al., 2006;
Parakh et al., 2021).

To measure volumetric mass density using calculations as the basis, the following formulas
are used:

v Vg,

Do = - j_”VBi ) Psn + e iIVB. ) D +eeeereeee ettt 1)
And

v Vg, v

P vy ) T g +90) rvg )@
Where :

Psn_gi = Sn-Bi alloy volumetric mass density (gram/cm?®)

Psn_gi_Al = Sn-Bi-Al volumetric mass density (gram/cm?®)

Psn = Sn volumetric mass density (gram/cm?)

Dsi = Bi volumetric mass density (gram/cm?)

o = Al volumetric mass density (gram/cm?)

Ve, = Sn element volume (cmq)

Vg = Bi element volume (cm?)

Vo = Al element volume (cm?)

As to calculate volumetric mass density using direct measurement, the following formula
was used:

p=
(M udara M z.cair)
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Where :
yo, = Volumetric mass density being measured (gram/cm?®)
P, cair = Liquid substance volumetric mass density (gram/cm?3)
M = Object mass in the air (gram)
M, cair = Object mass in liquid substance (gram)

RESULTS AND DISCUSSION
The result of the measurement and calculation can be seen on the following table:

Table 1. Volumetric Mass Density from Measurement and Calculation

Sample Sn Mass Bi Mass Al Mass  0O(Calc.) 0O(Meas.) Dev.
Gram gram gram gram/cc gram/cc %
Sn-0Bi 20,6 0 - 7,310 7,430 1,6416
Sn-10Bi 17,94 2,1 - 7,509 7,490 -0,2530
Sn-30Bi 14,7 6,1 - 7,908 7,810 -1,2393
Sn-52Bi 9,6 10,42 - 8,416 7,820 -7,0817
Sn-70Bi 6,04 14,08 - 8,879 8,920 0,4618
Sn-52Bi-0,05A1  3,6999 4,0082 0,001 8,4205 8,3640 -0,670982
Sn-52Bi-0,11Al  3,6955 4,0035 0,0023 8,4175 8,4266 0,1081081
Sn-52Bi-0,14A1  3,6926 4,0001 0,003 8,4159 8,3681 -0,567973
Sn-52Bi-0,19A1  3,6882 3,9955 0,004 8,4136 8,0090 -4,808881
Sn-52Bi-0,25A1  3,6855 3,9926 0,51 8,4110 8,2028 -2,47533

The generated volumetric mass density for the Sn-xBi alloys, whether generated from
calculation based on standard volumetric mass density of each element or direct measurement,
both have increased volumetric mass density value. The standard volumetric density of Sn
(Tin) is pg, = 7,31gram/cc (Lee) and of Bi (Bismuth) is o, = 9,78 gram/cc (Lee) (Shtender
et al., 2020).

By using the XRD method, the grid parameters and crystal structures were obtained. The
results were analyzed using the GSAS (General Structure Analysis System) program and the
method that was used was the Rietveld method. This method function to compare standard
parameter and measurement parameter (Anderson et al., 2001; Andrade et al., 2023; Kim et al.,
2000). With this method, the changes in the parameter can be known, such as the changes in
the lattice constants, volumes, phases, and volumetric mass density, for example.

The analysis result of the GSAS (General Structure Analysis System) can be seen in Table
2 as follows:

Table.2.Sn-xBi and Sn-xBi-yAl Rietveld Method Refinement Result

Sample a=b c Volume  Vol(tot) p p Crystal

A A (A% (A%  Gram/cc Gram/cc  System
Sn-0Bi Sn 5834 3,188 108,501 1102,937 7,321 7,321  Tetragonal
Sn-10Bi Sn 5,845 3,187 108,877 7,242 Tetragonal

Bi 4532 11,845 243,310 425,377 9,882 7,506  Hexagonal
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Sample a=b c Volume  Vol(tot) p p Crystal
A A (A%) (A%  Gram/cc Gram/cc  System
Sn-30Bi Sn 5,845 3,186 108,853 397,890 7,243 Tetragonal
Bi 4534 11,849 243,530 9,897 8,039  Hexagonal
Sn-52Bi Sn 5822 3,178 107,725 369,665 7,318 Tetragonal
Bi 4,537 11,857 244,021 9,852 8,636 Hexagonal
Sn-70Bi Sn 5845 3,187 108,856 351,607 7,242 Tetragonal
Bi 4533 11,856 243,642 9,868 9,080  Hexagonal
Sn-52Bi- Sn 5,847 3,187 108,923 7,238 Tetragonal
0,05Al Bi 4542 11,871 280,133 455,059 9,982 Hexagonal
8,271
Al 4041 4,041 66,003 2,715 FCC
Sn-52Bi- Sn 5853 3,189 109,236 7,217 Tetragonal
0,11Al Bi 4540 11,867 279,971 455,210 9,828 8,170  Hexagonal
Al 4041 4,041 66,003 2,715 FCC
Sn-52Bi- Sn 5845 3,185 108,805 7,246 Tetragonal
0,14Al Bi 4,453 11,865 274,541 449,031 9,818 8,158  Hexagonal
Al 4035 4,035 65,685 2,728 FCC
Sn-52Bi- Sn 5847 3,186 108,927 7,237 Tetragonal
0,19Al Bi 4541 11,870 280,085 455,560 9,822 8,163  Hexagonal
Al 4052 4,052 66,548 2,693 FCC
Sn-52Bi- Sn 5820 3,175 107,530 7,331 Tetragonal
0,25Al Bi 4596 12,200 291,320 464,535 9,471 8,022 Hexagonal
Al 4035 4,035 65,685 2,728 FCC

Table 2 shows changes in lattice constants, volumes, and volumetric mass densities. For Sn-
xBi alloys, raises in volumetric density values occurred with the increments in the Bi element.
As for the Sn-52Bi-All, raises and decreases occurred (further research is needed) (Moon et al.,
2000; Tong et al., 2022).

A direct measurement using the densitometer tool to measure volumetric mass density was
done with the GSAS (General Structure Analysis System) method analysis, as a comparison
to the measurement that was done using the theoretical calculation based on the volumetric
mass density of each element (Choi & Lee, 2000; Zhou et al., 2009).

The following is the comparison of the three measurements:

Table.3. Comparison of the three measurement methods of Sn-xBi and Sn-xBi-yAl alloys
volumetric mass density

Sample p(Calc.) p(Meas.) p(GSAS) Dev(*&**) Dev(*&@)
gram/cc gram/cc gram/cc % %
Sn-0Bi 7,31 7,43 7,321 1,642 0,150
Sn-10Bi 7,509 7,49 7,506 -0,253 -0,040
Sn-30Bi 7,908 7,81 8,039 -1,239 1,657
Sn-52Bi 8,416 7,82 8,636 -7,082 2,614
Sn-70Bi 8,879 8,92 9,08 0,462 2,264
Sn-52Bi-0,05Al 8,4205 8,364 8,271 -0,671 -1,775
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Sn-52Bi-0,11Al 8,4175 8,4266 8,17 0,108 -2,940

Sn-52Bi-0,14Al 8,4159 8,3681 8,158 -0,568 -3,064

Sn-52Bi-0,19Al 8,4136 8,009 8,163 -4,809 -2,979

Sn-52Bi-0,25Al 8,411 8,2028 8,022 -2,475 -4,625
Notes :

Dev(*&**)= Volumetric mass density deviation between standard calculation and direct measurement
Dev(*&**)= Volumetric mass density deviation between standard calculation and Rietveld method

The following is the function graph of Sn-xBi alloy based on calculation, direct

measurement, and refinement using the Rietveld method.

8,5 - \
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.

== p(Calc.) gram/cc
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7,5 - A p(GSAS) gram/cc
4
7 : : Sn-Bi
0 5 10 15

Graph.1.Sn-xBi Volumetric Mass Density Graph

The following is the Determination Coefficient (R?) and Correlation Coefficient [R] of Sn-
xBi volumetric mass density table

Table 4. Sn-xBi Determination Coefficient and Correlation Coefficient
Parameter R? R Equation

p(Calc.) 0,996 0,998
p(Meas.) 0,961 0,980
p(GSAS) 0,988 0,994

y =0,045x2 + 0,131x + 7,109
y =0,069x3 - 0,496x2 + 1,204x + 6,624
y =0,041x2 + 0,215x + 7,013

The following is the function graph of Sn-52Bi-yAl based on calculation, direct
measurement, and refinement using the Rietveld method.
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Graph.2. Sn-52Bi-yAl Volumetric Mass Density Graph
The following is the Determination Coefficient table (R?) and Correlation Coefficient
[R] of the Sn-52Bi-yAl table:

Table.5.Sn-52Bi-yAl Determination Coefficient and Correlation Coefficient
Parameter R? R Equation

p(Perhit) 0,998 0,999 y=-0,000x3+ 0,001x2 - 0,005x + 8,425
p(Peng.) 0,868 0,932 y=0,056x3 -0,508x2 + 1,267x + 7,533
p(GSAS) 0,996 0,998 y=-0,019x3 + 0,171x2 - 0,485x + 8,605

CONCLUSION

For the Sn-xBi alloys, a rise in volumetric mass density happened, whether the analysis was
using calculation, direct measurement, or the Rietveld refining method. As for the Sn-52bi-
YA, a decrease in rise and decreases in volumetric mass density happened (there is a possibility
that another element got in the melting process). The analysis result can be considered as
successful because the deviation between the results obtained through direct measurement and
standard volumetric mass density is quite small, and likewise for the measurement analysis
between the Rietveld refining method and the calculation based on standard volumetric mass
density.

Table.3. shows changes in the lattice constants, volume, and volumetric mass density for
each alloy but, without changing the crystal structure of each element (Table.2.). Based on the
Determination Coefficient and Correlation Coefficient values, the result of the analysis using
the Rietveld refining method are better than that of using direct measurement (see Table.4. and
Table.5.).
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