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Abstract The Ge-Zr system is assessed by means of
calculation of phase diagram (CALPHAD) approach, sup-
plemented with decisive experiments and enthalpies of
formation computed via Vienna ab initio simulation
package (VASP) code. Nine Ge-Zr alloys were prepared
by arc melting the pure elements. The annealed samples
were analyzed by means of XRD, optical microscopy, and
SEM/EDX. Five compounds are observed in the equilib-
rium condition. The enthalpies of formation for ZrsGes,
Zr5Gey, and ZrGe, are computed via first-principles cal-
culations. These enthalpies of formation are used as key
“experimental data” in the CALPHAD approach in order
to obtain the thermodynamic parameters with sound
physical meaning. A consistent thermodynamic data set for
the Ge—Zr system is finally obtained based on the present
work and the literature data. Comparisons between the
calculated and measured phase diagram and thermody-
namic quantities show that the accurate experimental
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information 1is satisfactorily accounted for by the present
thermodynamic description.

Introduction

Zirconium alloys are widely used in many fields of modern
technology, such as the production of special steels, elec-
trical engineering, nuclear power, etc. Interaction between
zirconium and germanium results in the formation of
intermetallic compounds with good fabrication properties,
such as high-hardness and corrosion resistance [1]. The
design and development of high quality Ge—Zr materials
need information about the phase equilibria and thermo-
dynamic properties of the Ge—Zr system.

No thermodynamic assessment of the Ge—Zr system has
been reported in the literature. A thorough assessment of
the Ge—Zr system is necessary in order to provide a reliable
set of thermodynamic parameters for thermodynamic
extrapolations to related ternary systems. The present work
is devoted to obtain an optimized data set for the Ge—Zr
system via a combined approach of CALPHAD, experi-
ments and ab initio calculations for enthalpy of formation.

Evaluation of experimental data

This system has been previously evaluated by Abriata et al.
[2]. The Ge-Zr system contains five intermetallic com-
pounds (Zr;Ge, ZrsGes, ZrsGey, ZrGe, and ZrGe,). Several
groups of authors [1, 3—6] have contributed to the identi-
fication of the compounds in the Ge-Zr system. Their
recommended crystal structure and stoichiometries are
accepted in the present modeling. The crystal structural
data of Ge—Zr compounds are listed in Table 1.
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Table 1 Crystal structure and lattice parameters of the compounds in the Ge—Zr system

Phase Structure type Pearson symbol Space group Lattice parameters (nm) Reference
Zr;Ge TisP tP32 P4y/n a =1.108, ¢ = 0.548 [1]
ZrsGes Mn;Sis hP16 P63/mcm a = 0.7993, ¢ = 0.5594 [1]
ZrsGey ZrsSiy tP36 P4,2,2 a =0.7238, c = 1.3154 [1]
ZrGe FeB oP8 Pnma a = 0.7068, b = 0.3904, ¢ = 0.5396 [1]
ZrGe, ZrSi, oCl12 Cmcm a = 0.3789, b = 1.4975, ¢ = 0.3761 [1]

In this section, all of the experimental phase diagram
and thermodynamic data available for the Ge—Zr system
are briefly evaluated. Table 2 presents the phase diagram
and thermodynamic data, which are considered in the
present thermodynamic modeling.

Table 2 Summary of the literature data included in the optimization

Type of data Experimental technique Reference
Solubility of Ge in XRD and MA [3]
(Zr)
Solubility of Zr in XRD and MA [3]
Ge
Cooling curve DTA [3]
arrest

Liquid phase MA, incipient melting, and DTA [3]

The enthalpies of = High-temperature calorimetry [10]

mixing
Zr;Ge phase XRD and MA 2]
Crystal structure  XRD [1]
Zr5Ge; phase XRD and MA [3]
XRD and EDX This work

Enthalpy of High-temperature calorimetry [11]

formation Ab initio calculation This work
ZrsGe, phase XRD [1]
XRD and EPMA [8]
XRD and EDX This work
Enthalpy of Ab initio calculation [21]
formation Ab initio calculation This work
ZrGe phase XRD and MA [3]
XRD and EDX This work
ZrGe, phase XRD and MA [3]
XRD and EDX This work
Enthalpy of Ab initio calculation This work
formation
Congruent Incipient melting [3]
temperature
Eutectic Incipient melting, DTA, and optical [3]
temperature pyrometry
Peritectic Incipient melting and optical [3]
temperature pyrometry
Peritectoid DTA [3]
temperature

@ Springer

Phase diagram data

Carlson et al. [3] was the first to make the phase diagram
measurements for the Ge—Zr system, using optical
microscopy (OM), X-ray diffraction (XRD), thermal
analysis, and melting observations. Four intermediate
phases, Zr;Ge, ZrsGes;, ZrGe, and ZrGe, were proposed by
Carlson et al. [3]. Using XRD method, Rossteutscher and
Schubert [4] and Pfeifer and Schubert [5] identified the
Zr5;Ge, phase as the tetragonal ZrsSiy-type structure, when
they investigated the samples previously heated to
1620 °C. Seropegin et al. [6] also observed this phase in
the ternary system Nb—Zr—Ge at 900 °C. Based on these
authors’ work, an assessed version of the phase diagram was
given by Abriata et al. [2]. However, the region between
ZrsGe; and ZrGe of this assessed phase diagram remains
uncertain. Based on the work of Seropegin et al. [6],

Table 3 Summary of identified phase and their compositions for the
Ge—Zr alloys annealed at 1123 K for 3 weeks

No. Comp. (at.%) Nom" Phase analysis XRD EDX results (at.%)

Ge Zr Ge Zr
1# 2553 74.47 Zr;Ge 24.5 75.5
ZrsGes 37.7 62.3
2#  30.76 69.24 Zr;Ge 26.5 73.5
Zr5sGes 37.1 62.9
3#  38.23 61.77 ZrsGe; 38.4 61.6
4#  40.98 59.02 Zr5Ge; 40.4 59.6
ZrsGey 46.4 53.6
S#  44.61 55.39 ZrsGey 44.4 55.6
ZrGe 49.6 50.4
6# 49.10 50.90 ZrsGey 45.9 54.1
ZrGe 49.4 50.6
7#  60.23 39.77 ZrGe 50.8 49.2
ZrGe, 66.4 33.6
8# 66.05 33.95 ZrGe, 66.4 33.6
9# 80.03 19.97 ZrGe, 66.9 30.1
Ge 99.9 0.1

? The nominal sample composition was calculated under the
assumption that all weight losses during sample preparation are due to
loss of Ge
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Rudometkina et al. [1] confirmed that there are five com-
pounds in the Ge—Zr system: Zr3Ge, ZrsGes, ZrsGe,, Z1Ge,
and ZrGe,, and they believed that ZrsGe; melts with a
congruent melting and other intermetallic compounds are
formed by peritectic reactions. Recent works by Zatorska
et al. [7], Ponweiser et al. [8], and Marker et al. [9] reported
that the homogeneity regions of the compounds in the
Ge—Zr system are quite narrow except for ZrsGes, which
reaches 2-3 at.% germanium.

Thermodynamic data

By means of a high-temperature isoperibolic calorimeter,
the enthalpy of mixing in the liquid phase has been
determined at 1700 °C by Beloborodova [10] in the com-
position range from 0 to 22 at.% Ge. The enthalpy of

formation for compound ZrsGe; was determined by Jung
and Kleppa [11] using high-temperature calorimetry. These
experimental thermodynamic data are considered to be
reliable and thus utilized in the present optimization.

Experimental procedure

All samples were prepared from 99.5% Zr chips and
99.999% Ge pieces (both supplied by Huizhou hi-purity
rare earth metal material Co., LTD, China). Calculated
amounts of metals were weighed to an accuracy of 0.1 mg
and arc melted on a water-cooled copper plate under an
argon atmosphere. Each alloy was remelted four times to
ensure homogeneity. Because of the relatively high vapor
pressure of Ge it was not possible to melt the metals
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without a considerable mass loss due to evaporisation of
Ge. In view of the compensation for this loss, some extra
Ge was added before the subsequent melting process. It is
assumed that the weight loss during the arc melting is
derived only from the loss of Ge. The compositions of the
prepared alloys are shown in Table 3. All the alloys pre-
pared by the above procedure were annealed at 1023 K for
3 weeks in an L4514-type diffusion furnace, and then
quenched in cold water.

After being quenched by rapidly submersing the cap-
sules in water, the samples were investigated by means of
XRD (Rigaku D-max/2550 VB™, Japan), OM (Leica
DMLP, Germany), and SEM/EDX (JSM-6360LV, JEOL,
Japan). The phase identification was performed by means
of XRD at 40 kV and 300 mA with Cu K, radiation.
Microstructure of the solidified and annealed alloys was
observed by OM. The compositions of the phases were
measured by SEM/EDX.

Fig. 2 The backscattered electron image (BEI) of alloy 4# (a) and the
backscattered electron image of alloy 7# (b)

@ Springer

Ab initio calculation for enthalpy of formation

In the present work, first-principles calculation is employed
to obtain AgH for the compounds ZrsGes, ZrGe,, ZrsGe,.
The total energies of the ZrsGes, ZrGe,, ZrsGe,, Zr, and Ge
were calculated by using density functional theory (DFT)
[12] within a generalized gradient approximation (GGA)
[13] as well with projector augmented-wave (PAW) pseudo-
potentials [14], as implemented in the Vienna ab initio
simulation package (VASP) [15, 16]. The GGA proposed by
Perdew, Burke and Ernzerh of (PBE) [17] was used in the
calculation. Brillouin zone integrations were performed
using a Monkhorst-Pack mesh [18], i.e., 11¥11*13 for
ZrsGe; and 9%9*5 for ZrGe,, ZrsGe,. The energy cut off
400 eV was used to converge total energy to less than
1 mev/atom. The structure was fully relaxed using the
Methfessel-Paxton smearing method [19] and a final self-
consistent static calculation via the tetrahedron smearing
method with Blochl corrections [20] was performed.

The enthalpy of formation of a compound can be defined
as the difference in total energy of the compound and the
energies of its constituent elements in their stable states:

A/H = EZ0o — x

Zr-h .
total 10rta1 P _ (1 _ x)EGe Diamond (l)

total

where EZx®~« is the total energy of the compound

Zr,Ge,_,, and EZ5P and EQe:Pamond gre the total energies
of Zr and Ge in their stable structures, respectively. Since
the influence of pressure on the condensed phases was
ignored and the energy was calculated at 0 K without any
entropic contributions, the calculated energy of formation
was taken to be equivalent to the enthalpy of formation at
298 K. It should be mentioned that the enthalpy of for-
mation of the compound ZrsGe, has also been calculated
by Ponweiser et al. [21] using ab initio method. The
ab initio method is not employed to calculate the enthalpy
of formation for compounds Zr;Ge and ZrGe, because the
crystallographic positions of the atoms in these compounds
are not determined.

Thermodynamic model

The Gibbs energy function °GY(T) = G (T) — H?*R for
the pure element i (i = Zr, Ge) is expressed as
%G/ (T)=a+b-T+c- T+InT+d-T*+e- T

+f T +g- T +h- T (2)
where HSER is the molar enthalpy of the element i at
298.15 K and 1 bar in its stable element reference (SER)
state, and 7 is the absolute temperature. In the present

modeling, the Gibbs energies as a function of temperature
are taken from the SGTE compilation by Dinsdale [22].
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Fig. 3 The XRD patterns of
alloy 1# (a), alloy 5# (b), and
alloy 9# (c)
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The Gibbs energy for the solution phase (liquid («Zr) and

(PZr)) is described by the Redlich—Kister polynomial [23]:
S

G- — HR
= (1 _x) .OGée +x- OG]ir

+R-T-[(1—x) In(1 —x)+x-Inx]

+x-(1=x)jao+bo-T+(1—=2x)-(a;+b-T)+ -]

(3)

in which H3®® denotes (1 — x) - HSER 4 x - HSER R is the
gas constant, and x represents the mole fraction of Zr. The
interaction coefficients a; and b; (j =0, 1, 2) are to be
evaluated in the optimization process.

In order to reduce the number of adjustable parameters, for

the solution phases ((¢Zr) and (fZr)) the following approxi-
mate equation reported in Refs. [24] and [25] is adopted

@ Springer
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14.0 % AS5® = AHp * (1/Ta + 1/Twp) (4)

in which the relationship between the partial enthalpy AHp

and the partial excess entropy AEEX depends on the melting
points 7, o and Ty, g of the components A and B. Conse-
quently, for the solution phase ((oZr) and (fZr)) the ay/bg
in Eq. 3 is a constant. For the Ge—Zr system the constant is
—10796.1.

The compounds Zr;Ge, ZrsGes, ZrsGey, ZrGe, and
ZrGe, are modeled as stoichiometric phases. The Gibbs
energy is given by the following expression:

G(erGey) —x-H3ER —y. HSER
:x~OG§GC +y’OGI()}ieamond+A+B'T (5)

where A and B are to be optimized.
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Results and discussion

Detailed experimental results from XRD and SEM/EDX
are presented in Table 3. The lattice parameters of identi-
fied phases were refined with the Jade.5 software [26].
Figure 1a, b shows the XRD patterns of alloys 4# and 7#,

Table 4 Summary of the thermodynamic parameters in the Ge—Zr
system

Liquid: (Ge,Zr),

OLg(z:.Zr = —215873.63 +28.39385- T

li

ILqu,Zr = 438747.4 — 1570641 - T
i

QLG‘%.Zr = +17000
Bee_A2: (Zr,Ge) (Va);

OLE":ZT:W = —129330.87 4 12.03498 - T
Hep_A3: (Zr,Ge) (Va)os

he;

LG zmva = —185318.75 + 17.16534 - T
Zr3Ge: (Zr)34(Ge) 4

Ongg: —0.75- Gl%Crp —025- GdGi: = —54155.9 +3.9848 - T
ZrsGes. (Zr)s;3(Ge)s/s

0GZiGe _ 0625 ,G‘ZILr‘P —0.375 -Gl = 7377424 +2.75-T
ZrsGey. (Zr)si9(Ge)ao

OG%SS:A —(5/9) ,G‘ZIL;P —(4/9)-Glis = _85535.454+5.91126-T
ZrGe : (Zr)12(Ge)y 2

OG%LGGee —-0.5 -G;crp —-05- Ggif;‘ = —84427.18 +4.80111 - T
ZrGes: (Zr)15(Ge)ass

OG%:%; —(1/3) 'G;ip —(2/3) - GdGié‘ = —62260.8 +1.78932-T

InJ mol-atoms_l, temperature (7) in K
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Fig. 5 Calculated Ge—Zr phase diagram along with the experimental
data

respectively. The corresponding backscattered electron
images (BEI) are presented in Fig. 2a, b, respectively. The
results of XRD and compositional analysis from EDX are
in agreement. Both indicate that alloy 4# is located in a
two-phase region of ZrsGe; + ZrsGey and alloy 7# is
located in a two-phase region of ZrGe + ZrGe,.

Figure 3a—c shows the XRD patterns of alloys 1#, 5#,
and 9#, respectively. The results of XRD show that alloys
1#, 5#, and 9# are located in the two-phase regions of
Zr3Ge + ZrsGes, ZrsGey + ZrGe, and ZrGe, + Ge,
respectively. Figure 4a, b shows the XRD patterns of alloys
3# and 8#, respectively. The results of XRD indicate that
alloys 3# and 8# are located in the single-phase regions of
ZrsGe; and ZrGe,, respectively. The compositional anal-
ysis also confirmed the XRD results.

The XRD data confirmed all of the established Ge—Zr
intermetallic phases and their crystal structures. The
observed lattice parameters match closely those reported in
Ref. [1]. The homogeneity regions for most of the Ge—Zr
compounds are quite narrow. It should be mentioned that
the composition of the ZrsGe; phase measured in this work
is from about 37 to 40 at.% Ge. However, the experimental
data about the homogeneity regions of ZrsGe; phase is
limited. Consequently, in present work this phase is treated
as a line compound.

The optimization of the thermodynamic parameters in
the Ge—Zr system was performed with the PARROT
module of the Thermo-calc software [27]. The step-by-step
optimization procedure described by Du et al. [28] was
adopted in the present assessment. In the optimization,
each piece of experimental information is given a certain
weight.

The optimization began with the liquid phase. First, the
experimental enthalpy of mixing in the liquid phase in
Ge-rich side was considered. Second, the intermetallic
phases were considered in the optimization. In the case of
the compounds, the compound ZrsGe; was taken into
account first. Then other intermetallic phases were intro-
duced in the modeling one by one. The first-principles
computed enthalpy of formation for each compound was
used as the good starting value for the parameter A in the
present modeling. Parameters A and B were adjusted to
describe the liquidus and invariant reactions. Then one
regular parameter was employed for each of the (oZr) and
(pZr) phases in order to account for the solubility data.
Finally, the thermodynamic parameters of all the phases
were optimized simultaneously based on all the reliable
experimental data. The optimized thermodynamic param-
eters are listed in Table 4.

The computed Ge—Zr phase diagram using the present
set of thermodynamic parameters is shown in Fig. 5. The
calculated invariant equilibria are compared with the
experimental ones in Table 5. It can be seen that the

@ Springer
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Table 5 Presently calculated

. . . Reaction Type Composition (at.% Ge) T (K) Reference
invariant reactions compared
with those in the literature for Liquid & (8Zr) + Zr;Ge Eutectic 9.5 0.9 25 1810 £ 20  [3]
the Ge—Zr binary system )
10.68 0.936 25 1799 This work
(BZr) + Zr;Ge & (oZr) Peritectoid ~0 25 0.6-1.2 1169 [3]
0.01 25 0.938 1169 This work
Liquid + ZrsGe; < Zr;Ge Peritectic 16-18 37.5 25 1860 + 20 [3]
12.44 37.5 25 1865 This work
Liquid & ZrsGe; Congruent 37.5 37.5 2603 £+ 50 [3]
37.5 37.5 2613 This work
Liquid + ZrsGe; < ZrsGey Peritectic 45.61 37.5 44.44 2538 This work
Liquid + ZrsGey < ZrGe Peritectic 2513 £ 35 [3]
51.21 44.44 50 2498 This work
Liquid + ZrGe < ZrGe, Peritectic 1793 £ 20 [3]
79.45 50 66.67 1793 This work
Liquid & (Ge) + ZrGe, Eutectic 98.7 100 66.67 1207 [2]
98.72 100 66.67 1207 This work
0 | | | 0 | |
-10 @ First-principles calculation -
— CALPHAD calculation -10 A Ref.[10] -
20 - L T=1973 K
A Experimental data[11]
-30 — -20 - _
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g £
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zr Mole fraction  Ge Ge Zr Mole fraction  Ge Ge

Fig. 6 Calculated enthalpies of formation at 298.15 K along with the
first-principles calculation and the experimental data [11]

present modeling agrees well with the experimental data
from Ref. [3]. The reaction temperatures of invariant reac-
tions Liquid + ZrsGe; < Zr3Ge and Liquid & fZr +
Zr3Ge reported in Ref. [3] are only 50-degree different,
but the composition of the peritectic point is noticeably
higher than the eutectic point. As a consequence it is dif-
ficult to model both reactions reasonably simultaneously.
The peritectic point of Liquid + ZrsGe; < Zr3Ge
according to at present modeling is 12.44 at.% Ge, the value
is different from the experimental one at about 17 at.% Ge
in Ref. [3].

@ Springer

Fig. 7 Calculated enthalpies of mixing for liquid at 1973 K,
compared with the experimental data [10]. The reference states are
liquid Ge and liquid Zr

Figure 6 presents the calculated enthalpies of formation
from CALPHAD modeling compared with those from first-
principles method and experimental data. The good
agreement demonstrates that first-principles calculations
can provide reliable values when the experimental data are
not available.

Figure 7 presents the calculated partial enthalpies of
mixing for liquid at 1973 K compared with the experi-
mental data. It can be clearly seen that the calculation can
satisfactorily account for these data.
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Conclusions

The phase diagram and thermodynamic data for the
Ge-Zr system have been critically reviewed. Nine
alloys were used to detect the phase stabilities of the
compounds. It is found that the compounds exist in the
stable phase diagram.

An optimum set of thermodynamic parameters for the
Ge—Zr system was obtained by considering the results
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