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Abstract.1 The phase equilibrium diagram of the Y-Cu-
Ge ternary system was constructed at 870 K by X-ray 
diffractometry, metallographic and electron probe micro-
analyses over the whole concentration range. Formation 
of six ternary compounds YCuGe (LiGaGe-type), 
YCu2Ge2 (CeAl2Ga2-type), Y3Cu4Ge4 (Gd3Cu4Ge4-type), 
Y2CuGe6 (Ce2CuGe6-type), YCu0.67Ge1.33 (AlB2-type), 
and YCu0.3Ge2 (CeNiSi2-type) were observed.  
 
Keywords: intermetallics, phase diagrams, X-ray 
diffraction, crystal structure. 

1. Introduction 
Phase equilibrium diagrams of the metallic systems 

at selected temperatures reveals an information on the 
formation, stability, composition, and homogeneity range 
of the intermetallic compounds and the heat treatments 
necessary to obtain homogenous phases. A systematic 
description of the R-T-Ge phase diagrams and the struc-
tural characteristics of the formed intermediate phases (R-
rare earth, T-d-element) have been presented in [1]. As 
regards the R-Cu-Ge systems, the most studied compounds 
are RCuGe (LiGaGe/CaIn2, AlB2 structure types) [2], 
R3Cu4Ge4 (Gd3Cu4Ge4-type) [3], RCu2Ge2 (CeAl2Ga2-
type) [4], R2CuGe6 (Ce2CuGe6-type) [5]. According to 
Jandelli et al. [2] the RCuGe compounds containing R 
=La-Gd (except for Eu) belong to the AlB2-type structure 
while those containing R=Tb-Lu crystallize with the 
disordered CaIn2 structure type. In [6, 7] a single crystal 
investigation of the GdCuGe and YbCuGe compounds 
revealed ordered NdPtSb structure type (space group 
P63mc). Two ternary separated phases (SmCu1.3Ge0.7, 
SmCu0.62-0.44Ge1.38-1.56) with AlB2type structure were 
identified in the Sm-Cu-Ge system at 870 K [8]. Further 
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investigations of the RCuGe germanides, where R = Tb-
Er, using the neutron diffracttion data allowed to refine 
the crystal structure more precisely in the LiGaGe-type 
(space group P63mc, an ordered non-centrosymmetric 
variant of the CaIn2-type with full occupancy of all atomic 
positions) [9]. 

Other series of intermetallic compounds RCu1-xGe2 
with defect CeNiSi2-type have been identified previously 
for the most rare earths [10]. Analysis of the literature data 
showed that the R-Cu-Ge phase diagrams, where R are 
rare earths of Yttrium group, were studied for R= Tb, Er, 
Yb, and Tm [1, 11, 12].To our knowledge, no information 
is available on the phase diagram of the system Y-Cu-Ge. 
Some intermetallics of yttrium with copper and ger-
manium as representatives of isostructural series have 
been studied only [1]. 

In this paper we present for the first time the results 
of X-ray and EPM analyses of the phase equilibria in the 
Y-Cu-Ge ternary system at 870 K over the whole 
concentration range and the crystal structure data for the 
ternary compounds. 

The data of the Y-Ge, Y-Cu and Cu-Ge binary 
systems that delimit the studied Y-Cu-Ge system were 
taken from Refs. [13-15]. Six binary phases exist in the Y-
Ge system at 870 K: Y5Ge3 (Mn5Si3-type), Y5Ge4 
(Sm5Ge4-type), Y11Ge10 (Ho11Ge10-type), YGe (TlJ-type), 
YGe1.67 (own type), Y3Ge5 (own type). Additionally, 
compound Y3Ge4 (870 K, 1070 K) with Er3Ge4-type was 
reported in Ref. [16]. The Y-Cu binary system is 
characterized by the formation of five compounds: YCu5 
(CaCu5-type), Y0.8Cu5.4 (Tb0.78Cu5.44-type), YCu2 (KHg2-
type), YCu (CsCl-type), and Y2Cu7 with unknown 
structure. Three phases have been observed in the binary 
system Cu-Ge [13], for Cu3Ge germanide polymorphic 
transition occurs near 923 K from the low-temperature 
modification with TiCu3-type to the high-temperature one 
with the IrAl3-type. Differently from the compounds in the 
Y-Ge and Y-Cu systems (except Y0.8Cu5.4 and YCu5), the 
copper germanides have significant homogeneity ranges. 

2. Experimental  

The polycrystalline samples were prepared by an 
arc-melting of the constituent elements (yttrium, purity of 
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99.9 wt %; copper, purity of 99.99 wt %; and germanium, 
purity of 99.999 wt %) under protected argon atmosphere 
(Ti as getter) on a water-cooled copper bottom. For better 
homogenization the samples were melted twice. The 
weight losses of the initial total mass were lower than 
1 wt %. The pieces of the as-cast buttons were annealed 
for one month at 870 K in evacuated silica tubes and then 
water quenched. Annealed samples were characterized 
through their X-ray powder patterns. Phase analysis was 
performed using X-ray powder diffractions of the syn-
thesized samples (DRON-4.0, Fe Kα  radiation). The 
observed diffraction intensities were compared with 
reference powder patterns of the pure elements, binary 
and known ternary phases. The chemical compositions of 
the obtained samples were examined by scanning electron 
microscopy (SEM). For the microstructural studies the 
specimens were prepared by standard metallographic 
procedures (automatic grinding and polishing) followed 
by colloidal silica polishing for 5 min. The microstruc-
tures were examined by Schotky field emission scanning 
electron microscope (SEM: JEOL JSM-7600F) equipped 
with an energy-dispersive spectroscopy (EDS) X-ray 
analyser: Oxford Instruments X-max 50 mm2. Microscope 
parameters for sample observation in (COMPO mode) 
and EDS chemical analysis was set at 15 kV. 

XRPD data for structure refinements were col-
lected in the transmission mode on a STOE STADI P 
diffractometer (linear PSD detector, 2θ/ω-scan; Cu Kα1 
radiation, curved germanium (1 1 1) monochromator). 
Calculations of the crystallographic parameters were 
performed using Fullprof Suite program package [17].  

The microhardness was measured using a Micro-
hardness Tester (FM-100, Future-Tech Corporation). The 
square-based pyramidal diamond was pressed using a 
force of 44.5 N for a loading time of 10 s; at least eight 
areas across each joint were tested in our measurements to 
obtain an average value. 

3. Results and Discussion 

3.1. Isothermal Section of the Y-Cu-Ge 
System 

To establish the phase relations in the Y-Cu-Ge 
ternary system 38 binary and ternary alloys were 
prepared, annealed and examined by X-ray powder 
diffraction and Electron probe microanalysis (EPMA). 
Constructed isothermal section of the Y-Cu-Ge system at 
870 K over the whole concentration range is presented in 
Fig. 1. The phase composition and EPMA data for 
selected alloys are summarized in Table 1, micropho-
tographs are shown in Fig. 2. The measured overall 

compositions of the alloys are close to the nominal ones 
within 1–2 at %. 

In the Y-Cu, Y-Ge and Cu-Ge binary systems the 
presence of all binary compounds corresponding to the 
reference data [13-16] was confirmed at the temperature 
of investigation (Fig. 1). However, Y2Cu7 phase was not 
identified at the annealing temperature; corresponding 
sample contained the YCu5 and YCu2 binaries in 
equilibrium. To check the formation of a solid solution 
based on the Y5Ge3 (Mn5Si3-type) binary compound the 
alloys up to composition Y56Cu11Ge33 were prepared. 
Phase analysis of the corresponding samples and the sys-
tematic analysis of their cell parameters did not indicate a 
solubility of Cu in the Y5Ge3 compound at investigated 
temperature. EPMA data showed that corresponding 
samples belong to two- or three-phase fields (Table 1,  
Fig. 2). The solubility of the third component in all binary 
compounds is less than 1.5–2 at % under applied 
conditions.  

In the course of our studies the existence of the 
previously known YCuGe, YCu2Ge2, Y3Cu4Ge4, and 
Y2CuGe6 compounds was confirmed at 870 K. An 
analysis of the alloys along isoconcentrate of 33 at % Y 
showed that the YCuGe compound was realized at 
equiatomic composition, and the ternary phase with AlB2-
type was identified in the sample at ∼Y33Cu22Ge45 com-
position (YCu0.67Ge1.33). No homogeneity range was 
observed for this phase. By the results of the X-ray phase 
and EPM analyzes of the samples in the Ge-rich part of 
the Y-Cu-Ge system the new ternary compound at com-
position Y30Cu10Ge60 was found. The crystallographic 
parameters of the formed ternary compounds are given in 
Table 2. 

 

 
 

Fig. 1. Isothermal section  
of the Y-Cu-Ge system at 870 K 
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Table 1 

Phase composition of the selected Y-Cu-Ge alloys 
Composition from EPMA data, at % Nominal alloy composition, 

at % Y Cu Ge Phases 

(a)Y62.5Cu7Ge30.5 62.26 6.94 29.80 
Y5Ge3 (light grey,Y65.22Ge34.78) 

YCu (grey, Y51.74Cu48.26) 
(Y) (dark) 

(b)Y62.5Cu3Ge34.5 63.55 3.25 33.20 Y5Ge3 (light, Y65.05Ge34.95) 
YCu (grey, Y50.18Cu49.82) 

(f)Y62.5Cu10Ge27.5 59.61 9.76 30.63 Y5Ge3(light, Y64.11Ge35.89) 
YCu (grey, Y46.01Cu53.99) 

(e)Y62Cu15Ge23 61.73 12.08 26.19 
Y5Ge3(light, Y64.81Ge35.19) 
YCu (grey, Y46.01Cu53.99) 

(Y) (dark) 

(c)Y50Cu30Ge20 47.10 29.65 23.25 Y5Ge3(light, Y64.28Ge35.71) 
YCu2 (grey, Y33.44Cu66.56) 

(d)Y50Cu40Ge10 48.91 38.96 12.13 
Y5Ge3(light, Y64.02Ge36.98) 
YCu (grey, Y50.25Cu49.75) 

YCu2 (dark grey, Y33.64Cu66.36) 
 

 
 

Fig. 2. Electron microphotographs of the alloys: Y62.5Cu7Ge30.5 (а);  
Y62.5Cu3Ge34.5 (b); Y50Cu30Ge20 (c); Y50Cu40Ge10 (d); Y62Cu15Ge23 (e)  

and Y62.5Cu10Ge27.5 (f)

d) 

а) b) 

с) 

f) e) 
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Table 2  
Crystallographic characteristics of the ternary compounds in the Y-Cu-Ge system 

Lattice parameters, nm *No Compound Space group Structure type 
a b c 

1 YCuGe P63mc LiGaGe 0.42223(1) - 0.73306(3) 

2 Y3Cu4Ge4 Immm Gd3Cu4Ge4 0.4183(2) 0.6639(1) 1.3932(8) 

3 YCu2Ge2 I4/mmm CeAl2Ga2 0.4025(4) - 1.0282(9) 

4 YCu0.67Ge1.33 P6/mmm AlB2 0.40878(3) - 0.40028(5) 

5 YCu0.3Ge2 Cmcm CeNiSi2 0.40935(1) 1.63018(7) 0.39630(1) 

6 Y2CuGe6 Amm2 Ce2CuGe6 0.41071(2) 0.39955(2) 2.0937(1) 

 
Note: * The compounds number corresponds to the figure in the phase diagram (Fig. 1) 
 

Table 3 
Experimental details and crystallographic data for YcuGe and YСu0.30Ge2 

Alloy composition Y34Cu33Ge33 Y30Cu10Ge60 
Refined composition YCuGe YCu0.30(4)Ge2 
EPMA composition Y32.96Cu33.37Ge33.67 Y31.86Cu9.07Ge59.07 

Space group P63mc (No. 186) Cmcm (No. 63) 
Pearson symbol hP6 oS16 

Mr/Z 149.3/2 253.15/4 
Unit-cell parameters:                  a, nm 
                                                    b, nm 
                                                    c, nm 

0.42223(1) 
– 

0.73306(3) 

0.40935(1) 
1.63018(7) 
0.39630(1) 

Calculated density Dx, g/cm3 6.577 6.365 

Diffractometer STOESTADIP (transmission mode, curved Ge(111) monochromator on 
primary beam) 

Radiation, wavelength λ, Å Cu Kα1, 1.540598 
Angular range for data collection / increment 

(°2θ) 6.000 ≤ 2θ ≤ 110.625/0.015 6.000 ≤ 2θ ≤ 120.585/0.015 

Half width parameters:               U 
                                                    V 
                                                    W 
                                                    η 

0.144(5) 
-0.012(9) 
0.014(2) 
0.567(7) 

0.223(8) 
-0.098(8) 
0.032(2) 
0.377(7) 

Asymmetry parameters               P1 
                                                    P2 

0.021(1) 
0.009(1) 

0.029(6) 
-0.005(1) 

Reliability factors:                          RBragg 
                                                  Rf 

0.0449 
0.0419 

0.0479 
0.0349 

Content of YCuGe/Y(Cu,Ge)2 phases, wt % 95.4(8)/4.6(2)  
Content of YCu0.30Ge2 /Y2CuGe6 phases, wt %  80.2(4)/19.8(2) 

 

3.2. Crystal Structure 
According to the literature data compounds  

RCu1-xGe2 with a defect CeNiSi2-type have been found 
previously for the most rare earths [10] except Eu, Yb and 
Y. In our work at high Ge content we have confirmed  the 

existence of the Y2CuGe6 compound [1] and identified a 
new ternary phase with ∼Y30Cu10Ge60 composition. The 
powder pattern of the Y30Cu10Ge60 sample was indexed 
well on the basis of the orthorhombic lattice with  
cell  parameters   a = 0.40935(1) nm,   b = 1.63018(7) nm, 
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c = 0.39630(1) nm. An analysis of the intensities and 
calculated lattice parameters indicated that this compound 
belongs to the CeNiSi2 type structure (space group 
Cmcm). Experimental details of the structure refinements 
are gathered in Table 3.  

During the structure calculations the presence of 
the second phase Y2CuGe6 (Ce2CuGe6-type) was taken 
into account. The refined atomic and isotropic 
displacement parameters are listed in Table 4. The 
observed, calculated and difference in X-ray diffraction 
patterns for the Y30Cu10Ge60 sample are shown in Fig. 3. 
The data of the crystal structure refinements indicated 
partial occupation of the 4c crystallographic site by Cu 
atoms and the chemical formula of the compound can be 
expressed as YCu0.3Ge2. 

The first results concerning YCuGe compound 
were reported by Rieger et al. [18]. The authors identified 
YCuGe compound with the AlB2 structure type in arc-
melted alloys and established its homogeneity range 
(YCu1-0.67Ge1-1.33).  Later  for the YCuGe   germanide pre- 

pared by induction melting and annealed at 1023 K the 
CaIn2-type was reported by Jandelli et al. [2]. To clarify 
this situation, we performed crystal structure refinements 
of the YCuGe compound identified in our work at 
equiatomic composition. Detailed crystal structure investi-
gation performed on the Y33Cu33Ge34 sample (annealed at 
870 K) showed that this structure belongs to the LiGaGe 
structure type (space group P63mc) [19] which is a ternary 
ordered variant of the CaIn2 structure. The refined atomic 
and isotropic displacement parameters are listed in Table 
4. In the course of structure refinements, the presence of 
the second phase YCu0.67Ge1.33 (AlB2-type) was taken into 
account. The observed, calculated and difference in X-ray 
diffraction patterns for the Y33Cu33Ge34 sample are shown 
in Fig. 4. 

Therefore, performed studies have established the 
formation of the two separated hexagonal phases along 
isoconcentrate of 33 at % Y-YCuGe compound (LiGaGe-
type) with stoichiometry 1:1:1, and the YCu0.67Ge1.33 
phase (AlB2-type) at higher Ge-content. 

 

  
 

Fig. 3. The observed, calculated and difference in X-ray 
diffraction patterns for Y30Cu10Ge60 sample 

 
Fig. 4. The observed, calculated and difference in X-ray 

diffraction patterns for theY33Cu33Ge34 sample 
 

Table 4 

Fractional atomic coordinates, site occupations (G)  
and isotropic displacement parameters Biso for YcuGe and YCu0.30Ge2 

Atom Wyckoff position x y z G Biso, Å2 
YCuGe 

Y 2a 0 0 0.25 1 0.78(3) 
Cu 2b 1/3 2/3 0.0023(7) 1 1.47(9) 
Ge 2b 1/3 2/3 0.4767(6) 1 0.48(6) 

YCu0.30Ge2 
Y 4c 0 0.1042(1) 1/4 1 0.19(3) 
Cu 4c 0 0.3127(4) 1/4 0.30(4) 0.57(5) 
Ge1 4c 0 0.4516(1) 1/4 1 0.89(6) 
Ge2 4c 0 0.7478(1) 1/4 1 1.43(6) 
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Table 5 

Experimental data of microhardness measurement of selected phases in the Y-Cu-Ge system 

Alloy composition/phase/structure type Microhardness, GPa 

Y62Cu15Ge23/Y5Ge3/Mn5Si3 
Y62.5Cu3Ge34.5/Y5Ge3/Mn5Si3 

Y50Cu30Ge20/YCu2/KHg2 

Y50Cu40Ge10/YCu/CsCl 

6.32 
6.83 
5.89 
3.57 

 

3.3. Microhardness Measurements 

Based on the results of the microstructural studies, 
the microhardness of individual phases of the alloys with 
different compositions corresponding to a binary or 
ternary compound was measured. Eight indents were 
performed on each phase to verify the accuracy of the 
indentation data. The Vickers hardness measurements 
showed that the microhardness values decrease with 
decreasing Ge-content in the alloys (Table 5). Higher 
microhardness value was observed for Ge-containing 
phase Y5Ge3 as compared with YCu and YCu2 phases.  

The hardness of the intermetallic compounds is 
usually higher than that of the individual components. 
Experimental microhardness values for both YCu and 
YCu2 compounds are much higher (Table 5) in 
comparison with elemental copper and yttrium (0.34 and 
0.97–0.98 GPa, respectively) [20]. As reported in [21], the 
measured microhardness value for Y3Ge4 binary 
(9.42 GPa) is higher than elemental Ge (8.99 GPa), but 
increased Y content in the Y5Ge3 phase results in lower 
microhardness value (∼6.77 GPa) in comparison with Ge. 
Microhardness measurements of some Cr-containing 
compounds, Cr3Ge (9.47 GPa), YCr6Ge6 (10.04 GPa) 
[21], showed much higher values (microhardness values 
for chromium are 0.66–0.69 GPa) compared to Cu-
containing phases. Analyzed data illustrate the influence 

of both nature of the transition metal and the germanium 
content on microhardness of the studied intermetallics. 

3.4. Comparison of the Component 
Interaction in the R-Cu-Ge Systems 

Similar to the Er-Cu-Ge system [11], in the Y-Cu-
Ge system equiatomic YCuGe compound belongs to the 
LiGaGe-type, while YCu0.67Ge1.33 germanide with AlB2-
type was realized at higher Ge content. LiGaGe structure 
type (space group P63mc) represents a ternary non-
centrosymmetric ordered variant of the CaIn2-type (space 
group P63/mmc) with splitting of the 4f position in two 2b 
positions and consequent change of the space group 
P63/mmc→P63mc. Both structure types are derivative 
form of the AlB2-type (space group P6/mmm) [22]. In 
comparison with the AlB2-type the LiGaGe and CaIn2 
structures are characterized by a nearly doublet parameter 
c. Structural analysis showed that the most structures of 
the ternary compounds realized in the Y-Cu-Ge system 
contain the fragment of the AlB2-type (Fig. 5).  

Comparing now the investigated Y-Cu-Ge and 
previously studied R-Cu-Ge systems with heavy rare 
earths [1, 11, 12], a close analogy in the stoichiometry and 
crystal structure of the most formed compounds should be 
noted. Similarity in the interaction of the elements in all 
investigated systems is illustrated by the formation of the 
compounds RCuGe, R3Cu4Ge4, RCu2Ge2 and R2CuGe6.  

 
Fig. 5. Fragment of the AlB2 structure type  

in the Y3Cu4Ge4, YCu0.3Ge2 and Y2CuGe6 compounds 
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The feature of the R-Cu-Ge systems concerns the 
RCuGe and R(Сu,Ge)2 ternary phases. RCuGe 
germanides, where R are light rare earths, crystallize in 
the AlB2-type whereas for rare earths of Yttrium group 
equiatomic compounds belong to the CaIn2 (or ordered 
LiGaGe) type structure and the ternary phases R(Сu,Ge)2 

with AlB2-type were realized at deviated composition 
along 33 at % of R. Contrary to the AlB2-type equiatomic 
compounds with Ce and Eu, the existence of the 
equiatomic CeCuGe and EuCuGe germanides with CaIn2-
type was found at higher annealing temperature (1073 K) 
[23]. The EuCuGe compound with the orthorhombic 
HoNiGa-type was realized in the Eu-Cu-Ge system at 
670 K [24]. As a conclusion, the formation of the 
R(Сu,Ge)2 and RСuGe compounds depends on both the 
nature of the rare earths and the temperature of annealing.  

Analysis of the studied Y-{V, Cr, Mn, Fe, Ni, Cu}-
Ge ternary systems [1, 21, 25, 26] showed a significant 
influence of the transition metal (filling its d-level) on 
interaction between the components. Passing from V to Ni 
leads to complication of the phase equilibrium diagrams 
and increasing the number of the ternary compounds 
(from one ternary compounds in the Y-V-Ge system [25] 
to 12 compounds in the Y-Ni-Ge system [1]). The number 
of intermediate phases is reduced to six in the Y-Cu-Ge 
system, which agrees well with the electronic configura-
tion of the transition metal atoms. 

 

4. Conclusions 

Phase equilibria of the Y-Cu-Ge system were 
established by XRPD and EPM analyses in the whole 
concentration range and isothermal section at 870 K was 
constructed. Six ternary phases were formed under 
applied conditions. The crystal structure of the new 
ternary compound YCu0.3Ge2 with CeNiSi2 structure type 
was determined by powder diffraction method. 

It was established that equiatomic YCuGe com-
pound belongs to the LiGaGe-type, while YCu0.67Ge1.33 
germanide with AlB2-type exists at higher Ge content. 

The Vickers hardness measurements showed that 
the microhardness values decrease with decreasing Ge-
content in the alloys. 
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ЕКСПЕРИМЕНТАЛЬНЕ ДОСЛІДЖЕННЯ 
СИСТЕМИ Y-CU-GE ЗА 870 K 

 
Анотація. Діаграма фазових рівноваг потрійної 

системи Y-Cu-Ge побудована за 870 К методами рентге-
нівської дифракції, металографічного аналізу і енергодиспер-
сійної рентгенівської спектроскопії в повному концентра-
ційному інтервалі. Встановлено утворення шести тернарних 

сполук YCuGe (структурний тип LiGaGe), YCu2Ge2 (струк-
турний тип CeAl2Ga2), Y3Cu4Ge4 (структурний тип 
Gd3Cu4Ge4), Y2CuGe6 (структурний тип Ce2CuGe6), 
YCu0.67Ge1.33 (структурний тип AlB2) і YCu0.3Ge2 (струк-
турний тип CeNiSi2).  

 
Ключові слова: інтерметаліди, фазова діаграма, 

рентгенівська дифракція, кристалічна структура. 
 
 


