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Abstract

In this paper, the comparative review of experimental and thermodynamic assessments of
the ternary Ag-Ge-Sb system is presented. An isothermal section of the Ag-Ge-Sb system at
300°C has been extrapolated using optimized thermodynamic parameters for the constitutive
binary systems. An experimental analysis of the microstructure was carried out using optical
microscopy, scanning electron microscopy (SEM) and energy dispersive spectrometry (EDS).
Results obtained by X-ray powder diffraction (XRD) methods (phases and lattice parameters)
were compared with the results of the predicted phase equilibria. The hardness of selected
alloys from the isothermal section at 300°C was determined using Vickers microhardness test
and Brinell hardness test. The electrical conductivity of alloys from the isothermal section at
300°C in the ternary Ag-Ge-Sb system was determined experimentally. Good overall agreement
between experimental and calculated values was obtained.

Key words: crystal structure, electrical properties, microstructure, hardness test, scanning
electron microscopy (SEM), annealing

1. Introduction

The ternary Ag-Ge-Sb system at 300°C has not
been studied before. Previous investigations related to
this ternary Ag-Ge-Sb system were done by the same
authors [1] as this study. In recent years, there has
been a significant increase of interest in the investi-
gation of alloys based on Ge-Sb systems [2, 3]. This
increase in research is based on the wide use of these
alloys. Systems based on Ge-Sb are important for de-
velopment of phase change memory materials [4], in
electronics [5], because of their use in the optical and
electronic devices [6] like materials for transistors, op-
tical cables, semiconductors, integrated circuits, etc.
[7, 8], in the modern technology of optical discs pro-
duction, DVD, Blue-Ray discs, flash memories [9]. It is
well known that silver and silver alloys represent ex-
cellent heat and electricity conductors. Common for
germanium, silver and antimony is their application
in the electronic industry. From this point of view,
Ag-Ge-Sb ternary system represents one of the key al-
loy systems which has not yet been completely stud-

ied. Besides the significant application of these alloys,
understanding their properties is a matter of high im-
portance [10, 11]. The obtained results presented in
this study should contribute to further development
of this application area.

The constitutive binary systems are widely inves-
tigated, so the optimized thermodynamic parameters
used in this study are taken from Wang et al. [12] for
the Ag-Ge binary system, from Liu et al. [13] for the
Ge-Sb binary system, and from Zoro et al. [14] for the
Ag-Sb binary system.

Microstructural analysis was carried out by SEM
using JEOL (JSM6460) microscope equipped with Ox-
ford Instruments energy dispersive spectrometer and
by light microscopy using OLYMPUS GX41 inverted
metallographic microscope. Powder XRD data for
phase identification of samples were recorded on a D2
PHASER (Bruker) powder diffractometer equipped
with a dynamic scintillation detector and ceramic
X-ray Cu tube (KFL-Cu-2 K) in a 26 range from 5°
to 75° with a step size of 0.02°. The patterns were an-
alyzed using the Topas 4.2 software, ICDD databases
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Table 1. Considered phases and their crystal structures [16, 17]

Thermodynamic database name Common name

Space group symbol

Structure designation Pearson symbol

LIQUID Liquid

FCC_A1 (Ag) Fm3m Al cF4

HCP_A3 C(AgoSh) P63 /mmc A3 hP2

AGSB_ORTHO (AgsSb) Pm2 0P8

RHOMBO_A7 (Sb) R3m AT hR2

DIAMOND_A4 (Ge) Fd3m A4 cF8
PDF2 (2013). Microhardness of the phases present Ag

in the microstructure was determined by Vickers mi-
crohardness tester SINOWON, model VEXUS ZHV-
-1,000 V. Hardness of the samples was measured using
Brinell hardness tester INNOVATEST, model NEXUS
3001. Electrical conductivity measurements were car-
ried out using Foerster SIGMATEST 2.069 eddy cur-
rent instrument.

2. Experimental procedure

Investigated alloy samples were prepared from
high-purity (99.999 wt.%) Ag, Sb, and Ge, produced
by Alfa Aesar (Germany). The prepared alloy samples
with the weight of 3 g were sealed in evacuated quartz
tubes and then heated to a temperature that is 50°C
higher than the melting temperature of Ag. The al-
loy samples were then cooled down to 300°C at the
cooling rate of 5°C min~—!. The samples were kept at
300°C for 300 h and then quenched in the water and
ice mixture to preserve desired equilibrium at 300°C.

The samples used for light microscopy, electrical
conductivity measurements, and hardness tests were
prepared by classic metallographic procedure without
etching while the alloy samples used for SEM-EDS
analysis were not sealed in the polymer.

3. Results and discussion

The isothermal section at 300°C for the ternary
Ag-Ge-Sb system was extrapolated by using the only
optimized thermodynamic parameters for constitutive
binary systems from Wang et al. [12] for the Ag-Ge,
from Liu et al. [13] for the Ge-Sb and from Zoro et al.
[14] for the Ag-Sb binary system. Calculations were
performed using PANDAT software [15].

The phases from the constitutive binary subsys-
tems considered for thermodynamic binary-based pre-
diction together with their corresponding Pearson
symbols are given in Table 1.

3.1. Microstructure analysis

The microstructure of the alloys from the ternary
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Fig. 1. Isothermal sections in ternary Ag-Ge-Sb systems
at 300°C.

Ag-Ge-Sb system was studied by a conventional met-
allographic analysis using a light microscopy and by
SEM-EDS.

For optical microscopy, twelve alloy samples were
selected. Compositions of the alloys, marked on the
isothermal section of the ternary Ag-Ge-Sb system at
300°C, are presented in Fig. 1. Compositions of the
samples, analyzed by optical microscopy, are marked
with a red square and the numbers from 1 to 12
and presented in Fig. 1. Twelve samples of the mi-
crostructure of alloys, whose compositions are marked
in Fig. 1, are obtained by using optical microscopy,
and shown in Fig. 2.

Three samples were tested with SEM-EDS analy-
sis. Experimentally obtained phase compositions and
overall compositions of individual samples are marked
using identical symbols with the same color as are pre-
sented in Fig. 1. In Fig. 3, the microstructure of in-
vestigated alloys is presented.

In Fig. 1, we can see one larger and seven smaller
regions. Three of them are three-phase ((Ge) + (Sb)
+ ¢, (Ge) + € + ¢ and (Ag) + (Ge) + (), four of them
are two-phase ((Ag) + (Ge), (Ag) + ¢, (Ge) + ¢ and
(Ge) + ¢) and one is a single-phase ((Ag)) region.
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Fig. 2. Microstructures of the selected alloy samples (Sample 1 to 12, marked from (a) to (1), respectively).

Samples from 1 to 10 (Figs. 2a—j) consist of three
phases ((Ge) + (Sb) + ¢). In Figs. 2a—j, the samples
from 1 to 10 consist of the darkest phase, which is rich
in germanium (Ge), the lighter phase is intermetal-

lic silver-antimony €(AgsSb), and the lightest phase is
rich in antimony (Sb). Sample 11 (Fig. 2k) is from two-
-phase (Ge) + ¢ region, the darkest large grain phase
is rich in germanium (Ge), and the lighter phase is
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200 um

Fig. 3. Microstructures of the alloys analyzed by the
SEM-EDS technique: (a) I (Agi3.03Gegs.37Sb2s.e0), (b) 11
(Ags2.32Ges1.615b16.07), and (c) III (Agss.s3Gess.a1Sbr.76).

intermetallic silver-antimony ¢(AgsSb). The last con-
sidered alloy presented in Fig. 21 is the sample 12 from
two-phase (Ge) + ( region. In Fig. 21, the phase rich
in germanium (Ge) is the darkest mosaic phase, and
the lighter phase is an intermetallic silver-antimony
((AgoSb).

For better insight into the microstructure of the

investigated alloys, three samples were analyzed by
the SEM-EDS technique. These samples were selected
from the same region as the samples observed by a
light microscope.

The obtained SEM micrographs of the studied mi-
crostructures are presented in Fig. 3.

The microstructures of the selected alloys confirm
predicted regions. Sample I is from three-phase region
((Ge) + (Sb) + €). Samples II and IIT are from two-
phase regions ((Ge) + ¢ and (Ge) + (), respectively.
In Fig. 3a, for the sample I (Ag13.03Gegs.37Sbas 60) an-
nealed at 300°C, in SEM micrograph there are clearly
visible three different phases. The dark phase repre-
sents primary solidified (Ge) crystals. Grey and bright
areas in the base represent uniformly distributed € and
(Sb) phases.

Experimentally determined phases, whose compo-
sitions are given in Table 2, show good agreement
with the calculated phases. Microstructures obtained
by SEM and their compositions determined by the
EDS method confirm the calculated isothermal sec-
tions of the ternary Ag-Ge-Sb system at 300°C.

3.2. XRD analysis

For XRD analysis, three alloys were selected. Com-
positions of these three alloys are marked in Fig. 1
with roman numbers from I to III. These are the same
samples as those tested by SEM-EDS analysis.

An XRD analysis confirmed three regions. Exper-
imentally obtained values for lattice parameters of
identified phases and overall compositions of individ-
ual samples are presented in Table 3. Obtained values
of lattice parameters for (Ge) are in good agreement
with literature data from Swanson et al. [18]. Formed
(Ge) phase has a cubic crystal system with a space
group F'd3m and lattice parameter a = 5.632-5.652 A.
Phase (Sb) has a rhombohedral crystal system with a
space group R3m and lattice parameter a = 4.273 A,
¢ = 11.338 A that is in agreement with data from Bur-
rett et al. [19]. The next phase €(AgsSb) has an or-
thorhombic crystal system with a space group Pm2m
and lattice parameters range from a = 2.986-2.996 A,
b = 5.180-5.246 A, ¢ = 4.774-4.854 A, and are in an
accordance with the data from Westgren et al. [20].
The phase ((AggSb) is in agreement with the data
from Petruk et al. [21], and the obtained parameters
are for a = 2.953 A and ¢ = 4.786 A.

Our results, presented in Table 3, are in good
agreement with the previously published results [18—
21].

XRD pattern for the sample I with identified
phases is shown in Fig. 4 as an illustration.

3.3. Mechanical properties

In the ternary Ag-Ge-Sb system, (Ge) phase oc-
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Table 2. Predicted and experimentally determined phase compositions in the ternary Ag-Ge-Sb system at 300°C

Overall  Determined phases Compositions of phases (at.%)
Sample composition
(at.%) Ag Ge Sb
Theore- SEM-
tical EDS Exp. Cal. Exp. Cal. Exp. Cal.
I 63.37 Ge (Ge) (Ge) 0.14 = 0.7 0.04 98.83 £ 0.2 99.44 1.03 £ 0.8 0.52
13.03 Ag (Sb) (Sb) 0.54 £ 0.3 - 0.69 + 0.4 - 98.77 £ 0.7 100.00
23.60 Sb  ¢(AgsSb) e(AgsSb) 73.15 + 0.9 74.45 0.56 &+ 0.6 0.38 26.29 £+ 0.6 25.17
II 3161 Ge  (Ge) (Ge)  0.61 4 0.1 0.22 9843 +£01 9951 096 +£09  0.27
52.32 Ag =(AgsSb) e(AgsSb) 75.83 +£ 0.4 76.01 0.26 4+ 0.5 0.18 23.91 £ 0.3 23.81
16.07 Sb
111 33.41 Ge (Ge) (Ge) 0.60 £+ 0.2 0.04 98.43 £ 0.4 99.74 0.97 £ 0.8 0.22
58.83 Ag  ((AgoSb) ((AgeSb) 87.98 £0.7 87.59  035+06 031  11.67+0.3 1210
7.76 Sb
Table 3. Results of XRD analysis for Ag-Ge-Sb samples annealed at 300°C
Overall Phase Lattice parameters (A)
composition
(at.%) Pred. Ident. a b c
I 63.37 Ge (Ge) (Ge) 5.632(6)  5.658 [18]
13.03 Ag (Sb) (Sb) 4.273(9) 4.308 [19] 11.338(1) 11.274 [19]
23.60 Sb  £(AgsSb)  £(AgsSb)  2.996(4)  2.986 [20]  5.236(1)  5.180 [20]  4.847(2)  4.774 [20]
I 31.61 Ge (Ge) (Ge) 5.648(2)  5.658 [18]
52.32 Ag  c(AgsSb)  =(AgsSb)  2.973(8)  2.986 [20]  5.201(3)  5.180 [20]  4.793(5)  4.774 [20]
16.07 Sb
IIT  33.41 Ge (Ge) (Ge) 5.652(8) 5.658 [18]
58.83 Ag  ((AgeSb)  ((AgoSb)  2.953(1)  2.950 [21] 4.786(1)  4.770 [21]
7.76 Sb
curs in all tested samples. For this reason, the pure ! \ \ § \ Y e
germanium sample with oval shape was prepared for |
testing Vickers microhardness. The load of 0.245 N S d
was applied and time of loading was 20 s. 35 mea- ’ ' ! A \ ¢
surements were carried out in five rows by seven mea-
surements. In Table 4, the values of measured Vickers iy
microhardness are presented. The mean value based : 4 ] ’ & . JR
on 35 measurements is 858.30 MN m~2. In Fig. 5, \
the micrographs of indentations on pure (Ge) are pre-
sented. ‘
Vickers microhardness was investigated for 12 al- i g ¥ & . "
loys. Compositions of these 12 alloys are presented in :
Fig. 1. The load of 0.245 N was applied and time of e —
loading was 20 s. The values of Vickers microhard- 58 : M a e |50 um
ness with micrographs of four samples are presented
in Table 5. Vickers microhardness for each phase was Fig. 5. Micrographs of the indentations on pure Ge.

determined by five measurements.
The obtained values presented in Table 5 indicate
that the hardness of solid solution (Ge) is in the range




50 M. Premovié et al. / Kovove Mater. 54 2016 45-53
Table 4. Measured Vickers microhardness of the pure germanium
Vickers microhardness of different tests (MN m™2)
order
1 2 3 4 5 6 7
1 854.24 863.09 851.17 851.92 874.76 857.37 855.06
2 858.95 858.21 851.92 857.01 857.37 851.85 851.92
3 856.54 854.76 867.28 858.16 850.42 851.17 858.95
4 858.24 875.76 853.23 856.63 876.23 856.32 855.23
5 878.21 861.32 850.42 856.36 855.71 857.38 857.31
Table 5. Measured Vickers microhardness of the phases in ternary Ag-Ge-Sb system
Vickers microhardness of different tests (MN m™2)
S. Microstructures Phase Mean value
1 2 3 4 5 (MN m~2)
L} *
Vi (Sb) 143.68 144.16 144.43 145.77 147.26 145.06
. .- - &
1 7 € 19595  196.35  196.58 197.3 198.27 196.89
v 4.
# e (Ge) 857.45  857.13  858.58  858.96  859.27 858.28
L]
%
; o (Sb) 141.65 143.33 147.34 148.88 148.96 146.03
() ‘ Ly
p )
7 RS g " € 195.08  193.93  194.05  194.15  195.93 194.63
- -
—re (Ge) 856.76 ~ 857.13  858.82  859.27  859.63 858.32
PR |\ L i : e 192.06  194.86  194.90  194.93  195.47 194.44
11 B e
SR .
i —_— (Ge) 851.85  853.99  858.08  858.69  859.43 856.41
, g ¢ 182.32 18273 18359  184.55  184.69 183.58
12 ’
¢ + (Ge) 215.43 216.94 217.03 217.26 218.12 216.96

from 856.41 to 858.32 MN m~2, for solid solution (Sb)
is from 145.03 to 146.06 MN m~2, for intermetallic
compound ¢ is from 194.44 to 196.89 MN m~2, and
the last one investigated intermetallic compound is (,
for this phase we obtained the value 183.58 MN m™2.

After the measurements of phase hardness, the ex-

periment was continued by a hardness test by Brinell
method. Compositions of the investigated alloys and
hardness are given in Table 6.

Graphical presentation of the relation hardness vs.
molar ratio within the considered vertical sections is
shown in Fig. 6. Hardness values by Brinell method
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Table 6. Brinell hardness of the alloys of the ternary Ag-Ge-Sb system

Mole fraction of components

V.

alue (MN m™2)

Mean value (MN m™2)

z(Ge) z(Sb) z(Ag) 1 2 3

0 0.5 0.5 146.20 146.90 147.30 146.80
0.2 0.4 0.4 106.60 98.10 90.80 98.50
0.4 0.3 0.3 106.40 105.90 104.10 105.50
0.6 0.2 0.2 139.90 130.80 124.10 131.60
0.8 0.1 0.1 209.30 200.10 198.30 202.60
0.5 0 0.5 162.10 162.20 162.30 162.20
0.4 0.2 0.4 134.50 132.50 132.40 133.10
0.3 0.4 0.3 134.50 129.60 125.50 129.80
0.2 0.6 0.2 133.80 133.50 132.10 133.10
0.1 0.8 0.1 162.30 157.00 153.10 157.40

0 1 0 294.00 - - 294.00
0.5 0.5 0 165.70 166.10 166.20 166.00
0.4 0.4 0.2 129.80 127.10 122.70 126.50
0.3 0.3 0.4 114.00 109.70 104.50 109.40
0.2 0.2 0.6 106.30 106.10 104.50 105.60
0.1 0.1 0.8 90.10 83.40 80.90 84.80

0 0 1 24.50 - - 24.50

Table 7. Electrical conductivity of the alloys from isothermal sections at 300°C

Mole fraction of components

Value (MS m™?)

Mean value (MS m™?)

z(Ge) z(Sb) z(Ag) 1 2 3 4

0 0.5 0.5 2.059 2.138 2.097 2.242 2.134
0.2 0.4 0.4 1.180 1.129 1.058 1.092 1.115
0.4 0.3 0.3 1.200 1.175 1.189 1.191 1.189
0.6 0.2 0.2 0.798 0.864 0.912 0.898 0.868
0.8 0.1 0.1 0.975 0.933 0.952 0.988 0.962

1 0 0 1.347 1.339 1.343 1.346 1.344
0.5 0 0.5 1.633 1.621 1.597 1.649 1.625
0.4 0.2 0.4 1.559 1.530 1.600 1.479 1.542
0.3 0.4 0.3 0.937 0.896 0.917 0.918 0.917
0.2 0.6 0.2 0.590 0.613 0.623 0.622 0.612
0.1 0.8 0.1 1.209 1.273 1.298 1.376 1.289

0 1 0 2.882 2.877 2.893 2.885 2.884
0.5 0.5 0 0.343 0.341 0.353 0.344 0.345
0.4 0.4 0.2 0.609 0.606 0.603 0.605 0.606
0.3 0.3 0.4 0.698 0.691 0.692 0.692 0.693
0.2 0.2 0.6 0.520 0.502 0.504 0.521 0.512
0.1 0.1 0.8 10.541 10.530 10.492 10.510 10.518

0 0 1 62.00 - - - 62.00

for pure Sb and Ag were taken from [22].

An increase in hardness with increasing molar ratio
of the corresponding metal is clearly visible, which is
in agreement with the results presented in Figs. 6a,b.
In Fig. 6¢, a decline of hardness with increasing molar
ratio is clearly visible.

3.4. Electrical conductivity
Electrical conductivities of the alloys from the

isothermal sections at 300°C were determined ex-
perimentally. The obtained values of electrical con-

ductivity of the studied alloys are presented in Ta-
ble 7.

Graphical presentation of the correlation between
electrical conductivity and mole fraction of compo-
nents for all investigated samples is shown in Fig. 7.

It is clearly visible that the ternary alloy AggoGeig
Sbip has the highest electrical conductivity 10.518
MS m™!, and this is in accordance with the results
presented in Fig. 7c and Table 7. This was expected
because, in this combination of ternary alloys, silver
has a significantly higher electrical conductivity than
the other two components.
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Fig. 6. Brinell hardness for investigated samples from
isothermal sections at 300°C: (a) Ge-AgSb, (b) Sb-AgGe
and (c) Ag-GeSb.

4. Conclusions

The isothermal section of the ternary Ag-Ge-Sb
system at 300°C was investigated in details. By us-
ing thermodynamic parameters from literature, the
isothermal section of the ternary Ag-Ge-Sb system at

=)
[
1

o (MS/m)

0s — N
0.0 0.2
Ge,,Sby,

0.8 1.0

04 0.6
X(Ag) Ag

Fig. 7. Electrical conductivity for investigated samples
from isothermal sections at 300°C: (a) Ge-AgsoSbso, (b)
S‘b-Ag5()Gr(-}507 and (C) Ag—Ge5OSb5o.

300°C has been calculated using Pandat 8.1 software.

Calculated isothermal section at 300°C is, in gen-
eral, agreement with the results of microstructural in-
vestigations of annealed samples obtained by light mi-
croscopy, SEM-EDS, and XRD analysis. Lattice pa-



M. Premovié et al. / Kovove Mater. 54 2016 45-53 53

rameters of identified phases were determined using
XRD analysis and compared with literature data.

Good overall agreement between experimental and
calculated values was obtained. Furthermore, Vick-
ers microhardness of pure germanium was determined.
Also, Vickers microhardness measurements were car-
ried out for the phases present in the microstructure
of twelve alloy samples. Values of Brinell hardness and
electrical conductivity for selected samples are also
presented in this paper.
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