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CHARACTERIZATION OF THE Gu-Ge-In: MICROSTRUCTURAL, MECHANICAL,
ELECTRICAL PROPERTIES, SCHEIL AND LEVER SIMULATION

Based on application of Cu-based alloys and special application of Ge-based alloys it is from huge interest to study properties
of the Cu-Ge-X alloys. In this paper selected system is Cu-Ge-In. This system was previously studied by our group. In this paper
results are focused on electrical and mechanical properties. Experimental tests were performed on 12 ternary alloys. Six different
experimental techniques were used to test the ternary alloys. The microstructure was tested using light optical microscopy (LOM)
and scanning electron microscopy (SEM). The composition of the phases and the composition of the alloys were examined by
energy dispersive spectroscopy (EDS). X-ray diffractometric analysis (XRD) was used to determine the phases. Properties such as
hardness and electrical conductivity tests were performed. Those properties were used for calculation and modeling those properties
along all composition ranges. Isothermal section at 25°C were predicted. Calculated isothermal section and were compared with
results of the EDS and XRD test. Good agreement of calculated and experimental result has been reached. Best results of electrical
conductivity and hardness give alloys with composition Cugg 93Geg gelng »;.

Keywords: Isothermal section at 25°C; mechanical and electrical properties; microstructure test; mathematical modeling

1. Introduction

The ternary Cu-Ge-In system has been previously inves-
tigated by our group [1,2]. In reference Milosavljevic et al. [1]
reliable thermodynamic set has been established. Results of the
mechanical and electrical properties of the Cu-Ge-In and Cu-
Ge-Pb alloys were summarized in reference [2].

Due to the wide application of Cu [3-5] and Ge [6-8] based
alloys, as much as possible information about Cu-Ge-X based
alloys are important for future application of Cu-Ge-based al-
loys. This wide application is based on good properties (such as
strength, good electrical conductivity, thermal conductivity etc.)
of copper and germanium [9-12]. Those elements, especially
copper have been tested for a long by using different techniques
[13-15]. Due to the fact that all copper alloys have good proper-
ties it is essential to study especially electrical properties of as
much as possible Cu alloys.

In this paper, experimental test was performed and calcula-
tion of isothermal section at 25°C. By using our previous results
given in reference [ 1], isothermal section at 25°C were predicted.

Results of phase equilibrium of isothermal section were com-
pared with results of EDS test. Microstructure of 12 ternary alloys
were observed by light optical (LOM) and scanning electron
(SEM) microscopy while phases were determined by XRD.
On such equilibrium alloys at 25°C, properties as hardness and
electrical conductivity were measured. Those properties were
measured in three or four different point in same sample and
average values were used for mathematical modeling of those
properties. According to the result of hardness and electrical
conductivity best properties are observed for Cugg o3Geg gglng 55
alloy. By using Pandat software Scheil and Lever simulation
were calculated for Cugg 93Geg gsIng »; alloy.

Obtained results are necessary information for future tests
on this system and also a starting point for tests on high order
systems. The sustainability of the obtained results is limitless.
Up to this paper there is no information about properties of Cu-
Ge-In alloys. Beside presented information of properties it is
given mathematical models for calculations of properties along
all composition ranges which are important to save time and cost
in future property tests.
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2. Experimental procedure

Standard experimental procedure for metallographic exami-
nations were employed in preparation of 12 ternary alloys [1,2].
On Fig. 1, scheme of experimental procedure has been presented.

Ternary samples were prepared by using high purity Cu, Ge
and In starting metals (produced by Alfa Aesar, Germany) with
the total masses of the samples about 3 g. Weighted masses of
the pure metals were arc-melted and re-melted five times under
a high purity argon atmosphere using a non-consumable tungsten
electrode. The average weight loss during melting was about
0.5% of the total weight.

Such prepared samples were divided into two groups.
The first group of samples was powdered and subjected to the
XRD analysis using D2 PHASER, Bruker, Germany powder
diffractometer equipped with a dynamic scintillation detector
and ceramic x-ray Cu tube (KFL-Cu-2 K). XRD patterns were
recorded in a 260 range from 5 to 75° with a step size of 0.02°
and patterns were analyzed using the Topas 4.2 software, ICDD
databases PDF2 (2013).

Samples from second group was sealed in the polymer,
grinded by using sand paper, then polished using a diamond
paste, and finally cleaned in an ultrasonic bath. Such prepared
samples were used for light optical microscopy, SEM-ED, hard-
ness and electrical conductivity tests. Used devices for LOM was
OLYMPUS microscope. Used device for SEM-EDS analysis
was JEOL JSM-6460 scanning electron microscope with energy
dispersive spectroscopy (EDS) (Oxford Instruments X-act). The
overall compositions of samples were determined by mapping
the entire polished surface of the samples. In contrast, the com-
positions of the observed coexisting phases were determined by
examining the surface of the same phase in different parts of the
sample. Electrical conductivity measurements were carried out
using Foerster SIGMATEST 2.069 eddy instrument. Hardness
of the samples were measured using Brinell hard-ness tester
INNOVATEST, model NEXUS 3001 with loading conditions
force 306.4 N and indented diameter of 2.5 mm.

starting metals
Cu, Ge and In

A

ternary alloys

Cu-Ge-In alloys

Fig. 1. Scheme of experimental procedure

one piece —» powdered

3. Results and discussions

Prepared sample by procedure given on figure 1, are sub-
jected to the different experimental tests. One group of samples
were teste by XRD test in way to determined phases presented
in microstructure.

Second group of samples were metallographically prepared
by grinding, polishing and cleaning. Such samples were firstly
observed by LOM and then by SEM. By using SEM-EDS tests
composition of elements inside samples were determined and
compositions of elements inside phases. Results of EDS test
was used for construction of the isothermal section at 25°C.
At the end samples were subjected to the electrical conductiv-
ity tests and hardness test. Results of all experimental tests are
summarized in next part.

3.1. Phase information

According to the literature information in the ternary Cu-
Ge-In system 13 phases should appear. List of those phases
together with crystal structure are presented in TABLE 1
[16-26].

3.1.1. XRD, LOM and SEM-EDS analysis

Result of the XRD and EDS test were summarized in
TABLE 2. Sample numbers are given in column 1, column 2
are nominal composition, column 3 experimental determined
composition of samples by EDS, and last column summary of
determined phases by XRD and EDS tests.

Obtained results of XRD and EDS tests, shows existence
of four phase regions. Determined regions are consists of three
phases. Phase region (Ge) + (In) + Cuy;Ing is determined with
samples 1, 5-8, and 10-12. Phase region 1" + (Ge) + Cuy;Ing
is determined with sample 2. Phase region n + 1" + (Ge) is de-

20:5t075°
step 0.02°

XRD

D2 PHASER
(Bruker)
JEOL JSM-6460
with
(EDS) (Oxford Instruments X-act)

grinded
second piece—» polished—>»{ LOM ——> SEM-EDS
v cleaned ¢
arc-meltin indenter diameter 2.5 mm : .
¢ pressing load 306.4 N —{ Brinell hardness |« coerllil(l:giicjilty
INNOVATEST
NEXUS 3001 |
Foerster
SIGMATEST 2.069
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TABLE 1
List of the 13 solid phases of the ternary Cu-Ge-In system
Phase Temperature °C Composition range Space group Pearson’s symbol Lattice parameters A Ref
(Cu) <1084 88.3-100 at.% Cu Fm3m cF4 a=b=c=3.6573 [16]
(Ge) <938.2 100 at.% Ge Fd3m cFg8 a=b=c=5.65675 [17]
0 a=b=32523
(In) <156.6 100 at.% In I4/mmm t2 c=4.9461 [18]
83.5-90.2 at.% Cu a=b=2.612
g 23.5-824.2 16.5-9.8 at.% Ge P63;/mmc hP2 =431 [19]
76.5 at % Cu a=b=4.169
€ 549.3-749 23.5 at.% Ge P6;/mmce o =7.499 [20]
a=529
75 at.% Cu _
n <674.5 25 at.% Ge Pmnm oP8 b=4.20 [21]
c=4.55
73.5 at.% Cu = L
0 611.6-697.3 26.5 at.% Ge Fm3m cl2 a=b=c=5.906 [22]
81.3-77.0 at.% Cu = L
B 567.6-711.2 18.7-23.0 at.% In Im3m cl2 a=b=c=2.9902(7) [23]
72.0-68.2 at.% Cu — L
Y 612.6-688.0 28.0-31.8 at.% In P43m cP52 a=b=c=9.097 [23]
o 3 a=6.733
5 <632.3 73(())?{;] %‘ P aP40 b=9.134 [24]
7 c=10.074
, 66.3-62.3 at.% Cu a=>b=4250
n 294.8-668.7 337377 at.% In P63;/mmce hP6 ¢ = 4.965 [25]
" 64 at.% Cu a=>b=4.2943
i <390 36 at.% In P6,/mme hP4 c=52328 23]
0 a=12.814
Cuy;Ing <306.6 35 at.% Cu C2/m mC20 b=4.3543 [26]
45 at.% In
c=7.353
TABLE 2
Experimental result of XRD and EDS test of ternary Cu-Ge-In alloys
N No(n;ltl(:lrzli cc?:l;[c)t(;(s:rtll)on Composition of s;)n)lples by EDS (at. Determined phases
x(Cu) x(Ge) x(In) x(Cu) x(Ge) x(In) XRD EDS
1 2 3 4 5 6 7 8 9
(In) (In)
1 0.2 0.4 0.4 19.81 40.01 40.18 (Ge) (Ge)
CuHIng CuHIng
n" nll
2 0.4 0.3 0.3 39.32 29.91 30.77 (Ge) (Ge)
Cu“Ing Cu“Ing
n n
3 0.6 0.2 0.2 59.72 19.73 20.55 n" n"
(Ge) (Ge)
n n
4 0.8 0.1 0.1 80.93 9.86 9.21 ) )
S S
(In) (In)
5 0.4 0.2 0.4 39.15 20.16 40.69 (Ge) (Ge)
CuHIng CuHIng
(In) (In)
6 0.3 0.4 0.3 30.53 39.34 30.13 (Ge) (Ge)
Cu111n9 Cu111n9
(In) (In)
7 0.2 0.6 0.2 20.18 60.37 19.45 (Ge) (Ge)
CuHIng CuHIng
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TABLE 2. Continued

1 2 3 4 5 7 8 9
(in) (In)
8 0.1 0.8 0.1 10.19 80.78 9.03 (Ge) (Ge)
Cuy;Ing Cuy;Ing
n n
9 0.4 0.4 0.2 39.81 39.48 20.71 n" n"
(Ge) (Ge)
(In) (In)
10 0.3 0.3 0.4 30.15 29.34 40.51 (Ge) (Ge)
Culllng Cu“IIlg
(In) (In)
11 0.2 0.2 0.6 19.91 19.33 60.76 (Ge) (Ge)
Cuy;Ing Cuy;Ing
(In) (In)
12 0.1 0.1 0.8 9.52 10.03 80.45 (Ge) (Ge)
Cu111n9 CuHIng

termined with samples 3 and 9. Phase region  + & + 1) is deter-
mined with sample 4.

By using thermodynamic dataset from ref. [1], isothermal
section at 25°C is calculated and presented in Fig. 2. Calculated
isothermal section at 25°C is compared with EDS results given
in TABLE 2.

a Cu
1

(Cu)+6+&

0 02 0.4 0.6 0.8 1
Ge x(In) In

Fig. 2. Comparison of predicted isothermal section at 25°C and experi-
mental results of EDS tests

a) sample 2 b) sample 3

Cuillng,
o .

Fig. 3. LOM micrographs of samples a) 2, b) 3 and ¢) 6

On isothermal section at 25°C twelve different phase re-
gions are visible. Four of twelve are experimentally confirmed.
Three microstructures recorded by LOM are shown on Fig. 3.

Microstructures of samples 2, 3 and 6, shows existence of
three phases. In microstructure of sample 2 detected three phases
are (Ge) as a gray phase, CuyIng as a light needle phase and 1"
as a light gray phase. In microstructure of the sample 3, (Ge)
appears as a gray phase, 1" is a light gray phase and n is a oval
phase. In microstructure of sample 6, (Ge) is a gray phase, (In)
as a light gray phase and CuyIng phase as a light needle phase.

3.1.2. Mechanical properties

Experimentally determined value of Brinell hardness are
summarized in TABLE 3. In last column are given mean value
based on three measurements. By using Pandat software frac-
tions of phases inside each sample were calculated (column 2).

Graphical presentation of the Brinell hardness experimen-
tally determined values are given on Fig. 4.

Best hardness from all tested ternary samples have sample 4.
Sample 4, have high content of copper 0.8 mol, and in this sam-
ple three phases are detected n, 6 and &. This microstructure has
22.67% of the n phase, 33.33% of the & phase and 44% of the
& phase. It is clear that in this microstructure three intermetallic
compound give best hardness.

¢) sample 6

™ (In)-

NCuil Iny/‘
(Ge)




TABLE 3

Phase fraction, experimental Brinell hardness values of three meas-
urement and mean value of tested ternary Cu-Ge-In samples

Calculated Measured value (MN/m?)

fraction of phases 1 2 3

50% (In)
50% (Ge)
23.64 % (In)

1 40% (Ge)
36.36% CuyIng
16.67% 1"

2 30% (Ge)
53.33% Cuy;Ing
32.59%n

3 55.56% 1"

11.85% (Ge)
22.67%m

4 33.33% 8

44% &

Cu 100% (Cu)
50% (In)
50% (Cu)

7.27% (In)

5 20% (Ge)
72.73% Cuulng
5.45% (In)

6 40% (Ge)
54.55% Cuy;Ing
3.64% (In)

7 60% (Ge)
36.36% Cuy;Ing
1.82% (In)

8 80% (Ge)

18.18% Cuy;Ing

Ge 100% (Ge)

50% (Cu)

50% (Ge)
5.93%mn

9 55.55%n"

38.52% (Ge)
15.45% (In)

10 30% (Ge)

54.55% Cuy;Ing

43.64% (In)
11 20% (Ge)
36.36% Cuy;Ing

71.82% (In)

12 10% (Ge)

18.18% Cuy;Ing

In 100% (In)

Mean value
(MN/m?)

B1 243.80 | 249.60 | 246.30 246.43

39.3 34.1 333 35.56

198.9 | 189.7 | 192.7 193.76

608.4 | 6225 | 615.8 615.56

811.5 | 818.92 | 816.18 815.53

874.0 [27]

194.6 | 189.7 | 190.6 191.63

165.5 | 1333 | 129.8 142.86

204.1 | 2283 | 210.1 214.16

634.6 | 651.2 | 640.0 641.93

666.5 | 673.1 | 670.5 670.03

973.40 [27]

603.8 | 588.8 | 623.7 605.43

264.7 | 307.0 | 288.8 286.83

103.0 | 843 98.2 95.16

233 21.2 225 22.33

12.4 9.9 10.7 11.00

8.83 [27]

In samples 1, 5, 6, 7, 8, 10, 11 and 12 three phase region
(Ge) + (In) + CuyyIng is dominant. Based on results of the hard-
ness test and results of the phase fraction it is visible how im-
portant role is related to the microstructure of alloys and percent
of phases. From TABLE 3 it is visible that in this sample 8, (Ge)
solid phase is predominant with 80%, while left over are 1.82%
(In) solid solution and 18.18% Cuy;Ing intermetallic compound.
Detected hardness for sample 8 is 666.5, 670.5 and 673.1 MN/m?
(mean value 670.03 MN/m?). On Fig. 5 few important diagrams
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Fig. 4. Experimentally determined Brinell hardness value: a) samples 1
to 4, b) samples 5 to 8 and ¢) samples 9 to 12

od scheil simulations are calculated by using Pandat software
for sample 8.

Beside Scheil simulation for sample 8 are calculated dia-
grams for solidification, fraction of each solid phases and heat
evolution by using Lever simulation. Calculations were done by
using Pandat software and presented on Fig. 6.

As a next step it is proposed mathematical model for cal-
culation of the hardness along all composition ranges of ternary
Cu-Ge-In alloys. By using software package Design Expert
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Fig. 5. Scheil simulation for sample 8, alloy Cu;q 19Gegg 73Ing 3 @) frac-
tion of solid, b) fraction of each solid phase and c) heat evolution latent
and total

TABLE 4
ANOVA for Quadratic Mixture model
Sum of Mean F p-value
Source Squares df Square Value | Prob>F
Model 1656759.84 | 5 |331351.969 | 23.667 | 7.9E-06
Linear | 1)51535.00 | 2 | 625767.547| 44.695 | 2.75E-06
Mixture
AB 117050.63 | 1 | 117050.625 | 8.360 0.0135
AC 95323.69 1 | 95323.693 | 6.808 0.0228
BC 107224.59 | 1 |107224.590| 7.658 0.0170
Residual 168008.94 | 12 | 14000.745
Cor Total | 1824768.78 | 17

900 )
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O
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Fig. 6. Lever simulation for sample 8, alloy Cu, 19Geg 7glng 3 a) frac-
tion of solid, b) fraction of each solid phase and c¢) heat evolution latent
and total

v.9.0.6.2, experimental value given in TABLE 3 and Surface
Methodology — RSM [28-32] mathematical model for calcula-
tion of hardness of Cu-Ge-In alloys was developed. Statistics
of selected “Quadratic Mixture model” is given in TABLE 4.

The F-value of the Model is 23.67. Model statistics have
good values, which confirms the justification of the choice of
the selected mathematical model (TABLE 5).

The final equation of the predictive model in terms of real
components is (1):

HB(MN/m?) = 988.57589* (Cu) + 1005.59551 * (Ge) +

470156 * (In) — 1385.51524* (Cu) * (Ge) —
1250.33062 * (Cu) * (In) — 1326.08583*(Ge) *(In) (1)



TABLE 5

Computational values of statistics for the evaluation
of a mathematical model

Std. Dev. 118.325 R-Squared 0.908

Mean 369.146 Adj R-Squared 0.870
C.V. % 32.054 Pred R-Squared 0.708
PRESS 533590.022 Adeq Precision 14.966

The diagnosis of the statistical properties of the assumed

model found that the distribution of residuals are normal. After

the applied Box-Cox procedure, the value of A is 1.0, the optimum
value of A is 0.52 and the 95% confidence interval for A (Low
C.I1.=0.02, High C.I. = 1.05) contains the value 1.0, thus proving
the justification of the model transformation (Fig. 7).

Box-Cox Plot for Power Transforms

w24 — Design-Expert® Software
= HB
'g Lambd:
B = ambda
3 22 Current = |
o~ Best=0.52
= Low C.I.=0.02
= 20— High C.I = 1.05
—
Recommend transform:
18— None
(Lambda = 1)
16—
14—
12+
10—
T | 1 I T T
-3 -2 -1 0 1 2 3

Lambda

Fig. 7. The Box-Cox plot for power transforms

By using Eq. (1), expected Brinell hardness value are

graphically presented in Fig. 8.

—— Inat. %

Fig. 8. Calculated Brinell hardness of the ternary Cu-Ge-In system by
using proposed mathematical model, Eq. (1)
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3.1.3. Electrical properties

Samples as presented in TABLE 2 are used for electrical
conductivity measurement. Measurement was performed in three
different point and results are summarized in TABLE 6. Based
on three points measurement mean value of electrical conductiv-
ity were calculated and presented in last columns, together with
literature values of pure elements [33].

TABLE 6

Phase fraction, experimental electrical conductivity values
of three measurement and mean value of tested ternary
Cu-Ge-In samples

Calculated fraction Value (MS/m)
of phases 1 2 3

Mean value
(MS/m)

50% (In)

Bl 50% (Ge)

3.832 | 3.433 | 3.598 3.621

23.64 % (In)
1 40% (Ge)
36.36% Cu“lng

3.196 | 3.177 | 3.243 3.205

16.67% 1"
2 30% (Ge)
53.33% Cul]Ing

3.646 | 3.785 | 3.562 3.664

32.59%n
3 55.56%1"
11.85% (Ge)

4.646 | 4.785 | 4.562 4.664

22.67%
4 33.33% 6
44% ¢

7.865 | 7.543 | 7.986 7.798

Cu 100% (Cu) 59 [33]

50% (In)

50% (Cu) 9.876

9.812 | 9.325 9.671

7.27% (In)
5 20% (Ge)
72.73% Cu“Ing

4.234 | 4.296 | 4.513 4.347

5.45% (In)
6 40% (Ge)
54.55% Culllng

1.234 | 1.432 | 1.289 1.318

3.64% (In)
7 60% (Ge)
36.36% Cu“Ing

0.878 | 0.876 | 0.812 0.855

1.82% (In)
8 80% (Ge)
18.18% Cu“lng

0.234 | 0.765 | 0.341 0.446

Ge 100% (Ge) 0.002 [33]

50% (Cu)

50% (Go) 2.342

2.351 | 2.389 2.360

5.93%n
9 55.55% "
38.52% (Ge)

1.345 | 1.378 | 1.331 1.351

15.45% (In)
10 30% (Ge)
54.55% Cu“Ing

0.987 | 0.329 | 0.787 0.701

43.64% (In)
1 20% (Ge)
36.36% Culllng

2.467 | 2.487 | 2.422 2.458

71.82% (In)
12 10% (Ge)
18.18% Cuy,Iny

3.987 | 4.023 | 3.998 4.002

In 100% (In) 12 [33]
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Results shows that a sample 4, have best electrical con-
ductivity. For good electrical conductivity is responsable
microstructure of sample 4. In sample 4, dominant phase is §
with 44%, then 6 phase with 33.33% and n phase with 22.67%.
Beside microstructure high value of electrical conductivity is
linked with high amount of copper in sample 4.

On Figs. 9 and 10 few important diagrams of Scheil and
Lever simulations of sample 4 were calculated. Calculated dia-
grams were fraction of solid, fraction of each solid phase and
heat evolution latent and total by using Pandat software.

For better presentation of results given in TABLE 6, Fig. 11
has been ploted.

Same procedure as applied for calculation of mathematical
model for hardness is applied for modeling of electrical conduc-
tivity. Selected mathematical model is “Quadratic Mixture mod-

a)
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Fig. 9. Scheil simulation for sample 4, alloy a) fraction of solid, b) frac-
tion of each solid phase and c¢) heat evolution latent and total

el” transformed using the “Natural Log” function. ANOVA analy-
sis (TABLE 7) confirmed the adequacy of the transformed model.

TABLE 7
ANOVA for Reduced Quadratic Mixture model
Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 7.68311 4 | 1.92078 | 31.55853 | 1.3954E-06
Linear |5 20056 | 2 | 2.64528 | 43.46219 |1.7489E-06
Mixture
AB 1.10524 1 1.10524 | 18.15912 0.00093
AC 1.00433 1 1.00433 | 16.50126 0.00135
Residual | 0.79123 | 13 | 0.06086
Cor Total | 8.47434 | 17

aO 0.2 0.4 0.6 0.8 1
Fraction of solid

o LT —f tot(@9)
<
< 0.8 —1{ tot(@(Cu))
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2 0.4
]
g
B 0.2 - Lever simulation for
E alloy Cus80.93Ge9.86In9.21
2 500 550 600 650 700 750 800
(P! T(°C)
c) —H Latent
22200+ —H tot
S
£
212200
.S
E
% 2200 - - Lever simulation for
§ alloy Cug0.93Ge9.86In9.21
n /—/
-7800
a 500 550 600 650 700 750 800
T(°C)

Fig. 10. Lever simulation for sample 4, alloy Cugg 93Geg g¢lng »; @) frac-
tion of solid, b) fraction of each solid phase and c) heat evolution latent
and total
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TABLE 8

Computational values of statistics for the evaluation
of a mathematical model
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The F-value of the Model is 31.56 and it implies that the
model is significant. Statistics have good values which confirm
the justification of the choice of the adopted mathematical model
(TABLE 8).

The final Eq. (2) of the predictive model in terms of actual
components is:

Ln(EP + 3.00) = 3.930479473 * (Cu) +
1.155188289 * (Ge) + 2.549564358 * (In) —

4233555034 * (Cu) * (Ge) — 4.03567672* (Cu)*(In)  (2)

The diagnosis of the statistical properties of the assumed
model found that the distribution of residuals are normal. Af-
ter the applied Box-Cox procedure, the value of A is 0.0, the
optimum value of A is —0.36 and the 95% confidence interval
for A (Low C.I. = —1.02, High C.I. = 0.09) contains the value
0.0, thus proving the justification of the model transformation.
(Fig. 12).

Box-Cox Plot for Power Transforms

—~
72} Design-Expert® Software
14 Ln(\EvP + 3.%0) ¢
<
—g Lambda
‘w12 — Current =0
Q Best =-0.36
4 Low C.I. =-1.02
by High C.I. = 0.09
510
Rccmmgcnd transform:
Inverse Sqrt
8 (Lambda = -0.5)
k=3
(used to make
response values
6 — positive)
4 —
2 —
T T T I T T T
-3 -2 - 3

0
Lambda
Fig. 12. The Box-Cox plot for power transforms.

Iso-lines contour plot for electrical conductivity of Cu-Ge-
In alloys defined by equation (2) is shown in Fig. 13.

Ge
0,
- Sqrt (¢ (MS/m))
25, 75
)
> @
Q’Q 50 SN(
O o

25

0

0 25 50 75
In

Cu

—>Inat. %

Std. Dev. 0.24671 R-Squared 0.90663

Mean 1.92488 Adj R-Squared 0.87790
C.V. % 12.81667 Pred R-Squared 0.72410
PRESS 2.33804 Adeq Precision 21.34419

Fig. 13. Calculated electrical conductivity of the ternary Cu-Ge-In
system by using proposed mathematical model, Eq. (2)
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4. Conclusion

In this paper, coper and germanium based alloys were se-
lected for different experimental test. Due to the wide application
of Cu-Ge-X alloys it is important to test those alloys. Selected
alloys were chosen to be from three different vertical sections.
Samples from 1 to 4 are from vertical section Cu-Geln, samples
from 5 to 8 are from vertical section Ge-Culn, while samples 9
to 12 are from In-GeCu section. Results of XRD and EDS tests
were compared with isothermal sections at 25 °© C and good
overall agreement has been reached. Hardness and electrical
conductivity test were performed. Best harness and electrical
conductivity show to have sample 4, Cugj93Geg g5lng »;. De-
tected hardness for sample 4 is 811.5, 818.92 and 816.18 MN/m?
(mean value 815.53 MN/m?). Detected electrical conductiv-
ity of sample 4 is 7.865, 7.543 and 7.986 MS/m, while mean
value is 7.798 MS/m. Good properties of sample 4, is linked
with microstructure of sample 4. In this sample three phases
are detected 1, 6 and &. This microstructure has 22.67% of the
n phase, 33.33% of the 6 phase and 44% of the & phase. Those
properties are mathematically modeled and by using proposed
equation 1 and 2 properties were calculated along all composi-
tion ranges.

Due to the good electrical properties of alloy Cugg 93Geqg g6-
Ing,; possible application this alloy can found in electrical
industry. In addition to the special application of the alloys, the
important information provided in this paper is of interest for
future investigations of these alloys. Future work can be extended
to a higher order system without treating the experiment of
this system only by increasing the alloys up to the quaternary.
Practical use of presented results in paper is as a basis for tests
of high-order systems. For test of high-order system it is neces-
sary to have information of low-order systems such as binary
and ternary. Those information are important due to the fact that
high order system usually have real application.
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