STATISTICAL MODELING OF SOME ENVIRONMENTALLY-FRIENDLY
COPPER-BASED ALLOYS

STATISTICKO MODELOVANJE NEKIH EKOLOSKI PRIHVATLIJIVIH LEGURA NA
BAZI BAKRA

Aleksandra T. IVANOVIC!", Silvana B. DIMITRIJEVIC!,
Stevan P. DIMITRIJEVIC?, Branka B. PETKOVIC?

Mining and Metallurgy Institute Bor, Serbia
Innovation Centre of TMF Belgrade, University of Belgrade, Belgrade
SDepartment of Chemistry, Faculty of Natural Sciences and
Mathematics, University of Pristina, Kosovska Mitrovica, Serbia

aleksandra.ivanovic@irmbor.co.rs (*Correspondence)

Apstrakt

U ovom radu su prikazani rezultati definisanja matematickog modela koji opisuje zavisnost zatezne
¢vrstoce od uticajnih ulaznih parametara, u cilju razvoja netoksicnih legura koje bi u potpunosti
mogle da odgovore zahtevima elektrifikacije saobracajnih mreza zamenom trenutno koriscene
legure Cu-Cd sistema. Upotreba legura sistema Cu-Cd uvek dovodi do mnogih ekoloskih problema.
Matematicki model je definisan primenom enter MLRA metode, Sto je rezultiralo linearnim
modelom ¢iji je koeficijent determinacije R°=0,826. Validacija dobijenog modela izvrsena je
koriscenjem podataka iz laboratorijskog ispitivanja koji se ne koriste pri definisanju modela, sto
daje istu statisticku pouzdanost, sa R°=0,815.

Kljucne reci: predvidanje, MLRA, enter metoda, niskolegirani bakar, matematicko modelovanje

Abstract

This paper present the results of defining the mathematical model which describes the dependence
of tensile strength from the influential input parameters, aimed at developing non-toxic alloys that
could completely respond to the requirements in traffic networks electrification by replacing the
currently used Cu-Cd alloy system. The use of Cu-Cd alloys system is always resulting in many
environmental problems. Mathematical model is defined using the enter MLRA method, resulted in
a linear model whose coefficient of determination was R*=0.826. Validation of the acquired model
was performed using the data from the laboratory investigation that are not used when defining the
model, rendering the same statistical reliability, with R°=0.815.
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1 Introduction

Alloys with tellurium are copper alloys with a high electrical conductivity and good mechanical
workability [1]. A good thing about these alloys is the retention of good mechanical characteristics
after plastic processing at increased temperatures and their corrosion resistance. Many researchers
have investigated mechanical properties of copper alloys with tellurium [2-5] since these alloys were
easily treated by cold drawing or cold rolling. Strengthening occurred during cold deformation char-
acterized by the better strength and stretching limit and reduced elongation [6,7]. Loosening at dif-
ferent temperatures caused a change in mechanical properties. Small quantities of tellurium affected
re-crystallization temperature towards higher values [7]. Small additions of Sn and Te in the amount
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0f 0.0005 % to 0.003 % practically did not affect the microstructure of copper and mechanical prop-
erties at lower temperatures while at higher temperatures they caused reduced plasticity, of even 1.5
+ 2 times without affecting the strength value [7-10].

The motive for investigation presented in this paper was to perform statistical analysis of the
mechanical and working properties of low-alloyed copper with tin and tellurium, since these alloys,
as more environmentally friendly than copper-cadmium alloys presently used for the same purpose
(traffic networks electrification), could completely replace them and to develop a mathematical model
describing the influences of the alloying Sn and Te, and temperature on tensile strength. The obtained
model should be helpful to determine adequate set of experimental conditions which will result with
the adequate tensile strength for the traffic networks electrification [6]. The model for tensile strength
were developed by the MLRA method but also were different models for the same purpose.

In this paper, the modeling was used MLRA regression model, but also were developed other
methods [7].

2 Results and discussion

The database used in this work collected from the laboratory investigation. For the modeling of
the dependence of tensile strength were used:

Xj — concentration of Sn in the alloy (%)
X5 — concentration of Te in the alloy (%)
X3 — temperature of cold deformed metal (0°C)

Samples are prepared according to literature review [2, 3,11]. Chemical composition of sam-
ples, after melting and casting, are given in Table 1. Chemical analysis of the sampling material was
performed using ICP-AES devices for Sn and Te and using AAS devices for Cu.
It is noticed, from presented results of chemical analysis, that the preparation, melting and
casting of samples were carried out under appropriate conditions as the samples after treatment have
the required chemical composition which, based on literature data, would be the best suitable as a
replacement for Cu-Cd alloy, used for electrification of transport networks [2, 3, 11,12].
After charge preparation, the smelting was carried out in IRM accredited laboratories, in the labora-
tory reverberatory furnace in a graphite crucible under a layer of charcoal (to maintain the low oxi-
dation atmosphere), using gas. Then, the casting of samples was carried out in the graphite casting
molds of square cross section, dimensions 20x20x270 mm and 20x20x200 mm, which were cooled
in the air. The head of cooled castings (the largest concentration of casting defects) were cut off and
the chemical composition was analyzed using the spectrophotometric methods. Plastic processing of
samples was carried out primarily on cold, to the cross section dimensions 17x17 mm, in order to
prevent the occurrence of “burrs” in the hot rolling, and then the obtained billets were annealed for
30 minutes at temperature of 850 °C and immediately hot rolled to the cross section dimensions

10x10 mm on the rolling mill with calibrated rollers. The cooled samples were then annealed for 30
minutes at temperature of 600°C, and then cooled in the air and rolled on the rolling mill with cali-
brated rollers to the cross-section dimensions 4x4 mm. Cold rolled samples were then annealed for
30 minutes at 600°C, cooled in the air and drawn into a wire of circular cross section, on the tow
bench through a series of matrices to a diameter of @ =2 mm. Upon the wire obtaining, the tensile
strength and elongation were tested depending on the overall deformation degree as well as elongation
at elevated temperatures on the Karl Frank testing machine, and metallographic testing to the aim of
determination the effect of Sn and Te on a degree of copper recrystallization, that is the softening
temperature of cold deformed metal [2,3,11]. The database was generated from the data measured
during the laboratory investigation.

Table 1. Chemical composition of samples
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Sam- Cu
ples Sn (%) | Te (%) o
(%)
number
1. 0.058 0.0092 rest
2. 0.580 0.0920 rest
3. 0.130 0.04 rest
4. 1.140 - rest
5. 0.066 - rest
6. 0.130 - rest
7. - 0.760 rest

Linear dependence of the degree of influence of input parameters of the technological process
an analyzed process output was calculated using SPSS software application [15]. Using the Multiple
Linear Regression Analysis (MLRA), on the results presented in Table 2, the equation 1 was obtained
[14]: The values of obtained model coefficients, which have statistical significance (p<0.01). Based
on these results, the following final model equation is resulting from the regression analysis:

Y = 522,62 + 12,75X, — 1174,75X, — 0,62X5 + 3535,16X,X, — 0,16X; X5 +
0,098X,X; (2)

The analysis of the regression equation shows the principal effects of the three selected factors
have an influence on the tensile strength. The Sn content (X; with b=12.75) has the strongest effect
on the response since the corresponding coefficient is larger than the coefficients of the other inves-
tigated factors and means that the increase of Sn content in the sample causes an increase of tensile
strength. Another important factor is the temperature (X3 with b = -0.62). The negative sign of this
coefficient indicates a constant decrease of Rm with a temperature rise. The design of experiments
also exhibits interactions between the various factors studied. The strongest interaction is among the
Sn content in the sample (X1) and Te content in the sample (X2), with b=3535,16. This result shows
the potential weakness of conventional experiment methods which do not take into account those
effects.

Figure 1 shows the comparison between the Y-measured and the Y-calculated values, with the
coefficient of determination R?>=0.826. Therefore, the model defined by equation (1) can be used for
prediction of value of the tensile strength with known values of the predictors.

Reliability of the model was also tested using the ANOVA test. The results of ANOVA tests of
developed model are presented in Table 5.

Table 5. Results of ANOVA test of finally obtained model

ANOVA®
Model Sum of Squares df Mean Square F Sig.
Regression 146751,993 3 248917,331 89,951  0,007*
| Reiwa  138363,233 50 2767,265

Total 885115,226 53

a. Predictors: (Constant), Temperature, Te content, Sn content

b. Dependent Variable: Rm
The significance value of the F statistic is less than 0.05, which means that the variations ex-
plained by the model are not caused by chance. Coefficient of determination of the final model is
R2=0.826, as indicated in Figure 2.
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Regression Adjusted (Press) Predicted
Value

Fig. 1. Correlation between experimentally determined and model predicted values of the tensile

This coefficient presents the linear correlation between the observed and model predicted val-
ues of the dependent variable and it indicates a strong relationship. Validation of the mathematical
model given by equation (2) was carried out through its application on data from the laboratory in-
vestigation that are not used when defining the model, using the statistical data set of 100 experiments.
The results of defined model validation are shown in Fig.2 with the value of R?>=0.815 which is very

600.00—

500.00—

400.00—

300.00—

200.00—

100.00—

0.00—

@020
o
0 50
od Oo
o
°© [o]
©0
o S S
o© o
o
o 0o
of ©
o)
R2 Linear=0,826
T T T T T T T
0.00 100.00 200.00 300.00 400.00 500.00 600.00
Rm

strength

close to the value determined in the phase of defining the model.

600.00—
O
500.00 O 5
&
400.00 Oo 5 0
5 © 8o @
- O O
g 300.00 o ©
o O
200.00— 8 e
1) R* Linear=0,815
_ )]
100.00 g) 5
O
0.00—
T T T T T T
0.00 200.00 300.00 400.00 500.00 600.00
Y-measred

Fig.2. Validation of the model (2) on a sample of 100 measurements

The obtained linear correlation dependence was obtained using the experimental data acquisi-
tion, with experiments prepared according to the factorial experimental design methodology. Enter
MLRA method was used to define mathematical model for the dependence of the tensile strength of
input parameters (temperature of cold deformed metal, Sn and Te content in alloys).The value of
R?=0.826 in the phase of defining the model and 0.815 in the model validation phase, indicates the

3 Conclusion

satisfactory degree of fitting of obtained results.
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This model can predict the tensile strength of alloys Cu-Sn, Cu-Te and Cu-Sn-Te, which should
be used as a substitute for the modified copper or the Cu-Cd alloy for the traffic networks electrifica-
tion, they are required to have the tensile strength of over 400 N/mm? in the total deformation degree
of 50% with the electro conductivity of over 50 SM (86.21% IACS).

Further research of the model developed in this paper, aiming to increase value of R2, should
be focused on applying this model to the industry data.
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