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Abstract: Phase equilibria of the Zr—Co—Ge ternary system at 1023, 1173 and 1373 K were precisely measured via
alloy sampling associated with electron probe microanalysis (EPMA) and X-ray diffraction (XRD) techniques. The
isothermal sections in the Zr—Co—Ge system were appropriately constructed, containing 29, 28, and 26 three-phase
regions at 1023, 1173, and 1373 K, respectively. Except for confirming the five ternary compounds previously reported
in the literature, a new ternary phase t was detected with a remarkable homogeneity range, consisting of 13.8—19.4 at.%
Co at 1023 K, 12.9-19.0 at.% Co at 1173 K and 12.3—14.9 at.% Co at 1373 K. And, an invariant reaction was deduced
to occur at a temperature between 1023 and 1173 K, i.e., t+r1==t4+ZrGe,. Besides, the third element Ge can partly
substitute Co in some Co—Zr intermediate phases, e.g., CoZr; and Co23Zrs where the maximum solubility of Ge can

separately reach up to 22.8 at.% and 20.3 at.%, respectively.
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1 Introduction

Cobalt—zirconium-based (Co—Zr based) rare
earth (RE) free alloys are of great scientific and
applied values to serve as a permanent magnet
material owing to their high Curie temperature and
coercivity, remarkable oxidation and corrosion
resistance, and large magneto-crystalline anisotropy
energy (MAE) [1-4]. However, how to balance the
coexistence of high coercivity and high magnetic
energy product, explore the origin and mechanism
of high coercivity in such alloys, and study the
stability of magnetic phases are still rarely known
and urgently needed to be solved, which hinder
the development of practical applications more
difficulty [5—7]. Therefore, a class of suitable
alloying elements and optimized preparation
techniques need to be utilized to enhance the
comprehensive performance of such magnetic
materials [8—10]. For example, by employing the

alloying RE-free element Ge, not only the stability
of magnetic phases is improved, e.g., Co23Zrs and
Co11Zr2, but several new ternary compounds are as
well-formed potentially, e.g., Zr,CoGe, ZrsCosGe,
in the Zr—Co—Ge ternary system. In the meantime,
a product with high coercivity and magnetic energy
applications can be obtained [11-31]. Nevertheless,
the stability of temperature and composition regions
of the intermediate phases and their related phase
equilibria in the Zr—Co—Ge ternary system were
hardly reported. Even so, phase relations in the
Zr—Co—Ge system are necessary to be accurately
acquired. The influence of alloying element Ge can
thus be further studied, which shows the potential to
assist the application of Co—Zr-based RE-free
permanent magnet materials in the future. In this
work, a measurement of phase equilibria in the
Zr—Co—Ge ternary system is implemented.
Heretofore, the relative binary phase diagrams
of the Zr—Co—Ge system have been widely studied
through experimental determination and crucial
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thermodynamic assessments in Table 1. Besides the
terminal solution phases (a-Zr), (f-Zr), (a-Co), and
(e-Co), there are six intermetallic compounds, CoZr3,
CoZr,, CoZr, CoxZr, CoxZrs and CoyZr,,
regardless of the metastable CosZr, in the Co—Zr
binary system [13—15]. As for the Zr—Ge binary
system, phase equilibria and crystal structure data
of intermediate phases have been strictly identified
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and accepted, which contains five intermetallic
compounds, Zr;Ge, ZrsGes, ZrsGes, ZrGe and
ZrGe,, and the terminal solution phases (a-Zr),
(B-Zr) and (Ge) [16—19]. Recently, the stability of
intermediate phases and solid solution phases in the
Co—Ge system was experimentally and theoretically
investigated, covering Co3Ge, Co0:Ge, CosGe,,
CosGes, CoGe, CosGer and CoGes, together with

Table 1 Crystallographic data of solid solution phases, intermetallic phases, and pure elements in Zr—Co—Ge ternary

system
Lattice parameter/nm
Phase Pearson symbol  Space group  Prototype a ) . Comment Ref.
(p-Zr) cl2 Im3m w 0.3120 0.3120 0.3120 [18]
(a-Zr) hP2 P63/mmc Mg 0.3234 0.3234 0.5153 [19]
(a-Co) cF4 Fmsm Cu 0.3544 0.3544 0.3544 [32]
(e-Co) hP2 P63/mmc Mg 0.2506 0.2506 0.4080 [32]
(Ge) cF8 Fd3m C 0.5651 0.5651 0.5651 [33]
CoZrs oS16 Cmcm Re;B 0.3270 1.0840 0.8950 [34]
CoZr, Zr12 14/mem AlLCu 0.6363 0.6363 0.5469 [35]
CoZr cP2 Pm3m CsCl 0.3163 0.3163 0.3163 [34]
CoxZr cF24 Fd3m MgCu,  0.6923 0.6923 0.6923 [36]
Co23Zrs cF116 Fm3m Mny3The  11.480 11.480 11.480 [34]
ConZr; oP Pcna Zr,Co;p 04710 1.6700 2.4200 [37]
Zr;Ge tP32 P4y/n Zr3P 1.1080 1.1080 0.5480 [16]
ZrsGes hP16 P63/mem MnsSi;  0.7993  0.7993  0.5594 [16]
ZrsGey tP36 P4,2,2 Zr5Sia 0.7238 0.7238 1.3154 [16]
ZrGe oP8 Pnma FeB 0.7068 0.3904 0.5396 p=101.1° [16]
ZrGe; oS12 Cmcm ZrSip 0.3789 1.4975 0.3761 [16]
CosGe cF4 Pm3m CosZr - - - [20]
CoGe» 0C24 Aba2 PdSn; 0.5670 0.5670 1.0796 [33]
CosGey Zr24 I4mm CosGe;  0.7641 0.7641 0.5814 [33]
CoGe mS16 C2/ml CoGe 1.1650 0.3807 0.4945 [23]
S-CosGes hP6 P63/mmc NizIn - - - [33]
CoxGe oP12 Pnma Co2Si 0.5020 0.3820 7.2600 [22]
Zr4Co04Ger (z1) Zr60 14/mmm ZrsCo4Ge; 13.2280 13.2280 5.2290 [24]
ZrsCo16Ge7 (72) cF116 Fm3m Mny3The  11.6200 11.6200 11.6200 [25]
ZrCosGes (73) hP13 Ps/mmm FesGesMg 5.0610 5.0610 7.8080 [26]
ZrCoGe (4) oP12 Pnma MgSrSi 6.5260 3.9300 7.2780 [27]
Zr4Co7Geg (15) cl34 Im3m ResUsSis 7.8860  7.8860  7.8860 [28]
Zr,CoGe cFl16 F43m LibAgSb  6.7880 6.7880 6.7880 [30]
T - - - - - - This work

f is the angle between lattice parameters a and ¢
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(a-Co), (¢-Co) and (Ge) [20—23]. In consideration
of the phase relations and boundary of these
constituting related binary systems that have
been adequately accepted, phase diagrams of the
related Co—Zr [13], Zr—Ge [16] and Co—Ge [20]
binary systems are presented in Fig. 1 [20].
However, phase equilibria of the Zr—-Co—Ge
ternary system have barely been reported. Thus
far, only five existed ternary compounds, i.e.,
Z14Co04Ger [24], ZreCoi6Ger [25], ZrCosGes [26],
ZrCoGe [27], Zr4Co7Ges [28], and one predicted
Heusler Zr,CoGe phase [29-31], with their
crystal structure, have been experimentally and
theoretically confirmed, respectively. But referring
to the stability along with the temperature
changes and composition regions of such ternary
compounds, the corresponding phase equilibria in
the Zr—Co—Ge ternary system were barely studied.
As was previously discussed, our present work
was mainly focused on systematic measurement of
the phase equilibria in the Zr—Co—Ge ternary
system at 1023, 1173, and 1373 K with the help of
alloy sampling. The present work can be interesting

x(Ge)/at.%
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and adopted to not only the professional researchers
who focused on the investigation of phase diagram
field but also experts who concerned in developing
specialized composition design of alloys and related
technically valuable in the thermodynamic study.

2 Experimental

Fine metal particles with high purity (Zr:
99.99%; Co:99.99%; Ge: 99.999%, China New
Metal Materials Technology Co., Ltd.) were
employed to prepare a series of alloy buttons with
different compositions, each with a mass of 8 g. The
pre-determined amount of the alloy sample was
placed in a vacuum chamber utilizing arc melting
on a water-cooled copper plate. To ensure preferable
homogeneity and a much less mass deviation (not
exceeding 1%) in the alloys, those samples were
turned over at least three times before each melting
and remelted under the protection of titanium
sponge and argon atmosphere. Straight after that, no
less than 30 cut as-cast samples were uniformly
sealed in evacuated quartz capsules and followed by
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Fig. 1 Binary phase diagrams of Zr—Co—Ge ternary system: Zr—Co (a) [13], Zr—Ge (b) [16] and Co—Ge (c) [20]
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heat-treatment at 1023, 1173, and 1373 K (with the
error of £3 K) for 90, 60, and 10 d, respectively.
The annealed alloys in quartz tubes were taken out
of the furnace and immediately broken and
quenched in ice water to assure the phase equilibria
at high temperature to be preserved entirely.

The constituent phases of the equilibrated
alloys and their compositions were evaluated by
electron probe microanalysis (EPMA) (JXA-
8800R, JEOL, Japan) with OXFORD INCA 500
wavelength dispersive X-ray spectrometer (WDS).
To guarantee the accuracy and reliability of
experimental data, the total molar fraction of Zr, Co,
and Ge in each phase is in the range of 97%—103%
with the standard deviations of the verified
concentration 0.6 at.%. In the meanwhile, X-ray
diffraction (XRD) was implemented to discern the
phase character and differentiate the co-existing
phases, using CukK, radiation on an X-ray
diffractometer (Rigaku D-max/2550 VB+) in the
continuous mode with a step size of 0.02° at a speed
of 8 (°)/min, 40 kV, and 250 mA.

3 Results and discussion

After the adequate annealing duration, more
than 30 typical equilibrated alloys covering almost
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the whole composition area have been adopted to
estimate the phase equilibria of the Zr—Co—Ge
ternary system at 1023, 1173, and 1373 K. What’s
more, the alloys which repeated the already existing
two-phase or three-phase regions would not be
presented in this manuscript. Strictly speaking, each
alloy sample only occurs in one three-phase or two-
phase microstructure, indicating the approaching or
nearby approaching full equilibrium, except for
alloys comprising the liquid phase. Moreover, in
this work, five ternary compounds, i.e., ZrsCosGe;
(zl), ZrsCo16Ger (72), ZrCosGes (73), ZrCoGe (4)
and Zr4Co7,Ges (z5), have been further ascertained
with a specific range of compositions.

3.1 Phase equilibria at 1023 K

Phase equilibria of the constituent phases in
the Zr—-Co—Ge ternary alloys annealed at 1023 K
for 90 d were analyzed. The microstructure of Alloy
A2 with a nominal composition of ZrsCoi4Ge
was outlined in Fig. 2(a). As the backscattered
electron image (BSE) illustrated, three phases,
including the white ZrsGes, gray CoZr,, and black
CoZr coexist. It is thus deduced that Alloy A2
should locate in the three-phase region of ZrsGes+
CoZr,+CoZr, in accordance with its XRD pattern as
displayed in Fig. 2(b). Likewise, Fig. 2(c) presents
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Fig. 2 BSE images (a, ¢c) and XRD patterns (b, d) of typical alloys annealed at 1023 K for 90 d: (a, b) Alloy A2;

(¢, d) Alloy A6
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a BSE image of Alloy A6, which encompasses white
ZrsGes, black Co.Zr, and the dark gray 4 phase
with the composition of 33.5Zr-35.6Co—30.9Ge
(at.%). Combining with the XRD analyses (see
Fig. 2(d)), it is apparent that alloy A6 locates in the
three-phase area of ZrsGes+Co,Zr+74.

Figures 3(a) and (b) revealed the coexisting
phases in Alloy A16 of the nominal composition
of ZroCoi5sGes. The dark gray CoGe, and matrix
gray (Ge) phases could be distinguished, and a
significant rod-like white 71 phase was observed,
hinting at a three-phase equilibrium CoGe,+(Ge)+
7l. Although some tiny dispersive holes in this
alloy due to Ge content led to brittleness, they exert
little effect on the measurement of the composition
of the equilibrated phases.

Figure 3(c) presents the microstructure of
Alloy A20, which contains black gray 1, gray
ZrGe,, and an unknown white phase with the
composition of 44.1Zr—13.8Co—42.1Ge (at.%). The
presence of holes does not affect the analysis of the
composition of constituent phases. After excluding
the diffraction peaks of the detected 71 and
ZrGe, phases, some characteristic peaks remain
unidentified, which should belong to the unknown

Kun HU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1492-1506

phase. So, the unidentified phase in A20 was
considered a ternary phase and named 7 phase
hereafter. The 7 phase was also detected in Alloys
A7, A8, and A19.

Detected phases and their matching
compositions in various annealed alloys at 1023 K
are manifested in Table 2. Associating the phase
equilibria obtained through alloy sampling with the
relevant binary systems in literature, the isothermal
section of the Zr—Co—Ge ternary system at 1023 K
was established as characterized in Fig. 4, which
consists of 29 three-phase regions. Specifically, the
composition range of 6 ternary phases has been
determined, of which the composition range of the
new ternary phase 7 has been roughly deduced,
accompanied by 41.0—44.1 at.% Zr, 13.8—19.4 at.%
Co and 39.6-42.1 at.% Ge at 1023 K. Besides,
magnetic phase Co2:Zrs is stable with the third
element Ge solubility about 12.0 at.%. It should be
admitted that, although the three-phase regions,
e.g., Zr3;Ge+CoZr+ZrsGes, t+ZrsGest+ZrGe, t+rl+
™, CoGe+3+CoGe,, 12+75+f-CosGes, CoiiZrr+
Co23Zrs+(a-Co), were not determined directly, they
could be reasonably deduced in light of their
adjacent two-phase regions.

o — CoGe,
A —(Ge)

(Ge)

PO VR zl

20 30 40 50 60 70 80 90

@

o—rl
A — ZI‘G62
Unidentified 7

Fig. 3 BSE images (a, ¢) and XRD patterns (b, d) of typical alloys annealed at 1023 K for 90 d: (a, b) Alloy Al6;

(c, d) Alloy A20
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Table 2 Constituent phases in Zr—Co—Ge alloys after annealing at 1023 K for 90 d
Phase equilibrium Phase composition/at.%
Alloy Composition Phase 1 Phase 2 Phase 3
No. Phase 1/Phase 2/Phase 3
Zr Co Ge Zr Co Ge Zr  Co Ge
Al Zr51Co3sGeus CoZr/ZrsGes/CorZr 50.1 492 0.7 623 3.1 34.6 344 623 33
A2 ZrsCo1sGeay CoZr/CoZry/ZrsGes 49.7 50.0 03 66.7 304 29 63.0 2.1 349
A3 Zrs5CosGesy 11/ZrsGes/ZrsGes 33.8 341 32.1 60.8 0.8 384 57.0 0.6 424
A4 Zr»nCoxsGes Zr3Ge/CoZr3/CoZr 7477 2.1 232 739 260 0.1 66.6 31.8 1.6
A5 ZrgoCoioGero (a-Zr)/CoZrs/Z13Ge 99.6 03 0.1 745 254 0.1 759 15 225
A6 Zr3;CosGes CoxZr/t4/ZrsGes 333 625 42 335 356 309 62.1 2.0 359
A7 ZrgiCosGesy ©/ZrGey/ZrGe 44.1 147 412 334 05 66.0 505 03 492
A8 Zrs0CooGesqr 7/t4/Z1r5Gey 410 194 39.6 33.8 338 324 553 15 432
A9 ZI’27C067GC6 COzzZI’s/COzZI’ 21.1 71.0 7.9 27.6 68.7 3.7 - - -
A10  ZrCo4sGerg 72/74/75 189 564 247 340 345 315 242 428 33.0
All  ZrCos1Gea 75/74/71 275 37.6 349 334 343 323 27.6 29.0 434
Al12  ZryCossGes 3/71/75 7.6 479 445 266 284 45.0 264 38.6 35.0
Al13  Zri5CossGezy  (a-Co)/CoxZre/(e-Co) 03 967 3.0 198 599 203 0.1 899 10.0
Al4  Zr;5Co47Gesg 75/73/4-CosGes 234 432 334 6.6 499 435 0.1 64.7 352
Al5  ZrsCoosGer  ConZrs/(a-Co)/ConZr,  20.6 67.5 12.0 02 994 04 129 81.8 53
Al6  ZryCoi5Gers CoGey/(Ge)/rl 0.1 34.0 659 0.0 1.3 98.7 255 263 482
Al7  Zr;7CosGers 71/(Ge)/ZrGe, 256 254 49.0 0.1 1.0 98.9 327 0.8 66.5
Al18  Zr;CosxGess 73/4-CosGes/CoGe 55 485 46.0 0.0 596 404 1.0 51.8 472
Al19  Zr»CoiyGesy t1/ZrGey/t 285 27.6 44.0 333 1.0 65.7 439 139 422
A20 Zr33CoioGesz t1/ZrGey/t 283 279 437 33.6 1.7 64.7 44.1 138 42.1
A21  ZrgCos3Geog S-CosGes/72/(e-Co) 1.0 65.0 340 175 563 26.2 0.1 824 175
A22  ZrgCossGesy 71/73/CoGe, 252 275 473 6.8 47.1 46.1 1.0 344 64.6
Ternary phases: 71 (ZrsCosGer), 72 (ZrsCo16Ge7), 13 (ZrCosGes), t4 (ZrCoGe), and 75 (ZrsCo7Ges)
Zr o———o Measured tie line

(a_Zr)O Al-0 Estimated tie line

O — Zr,Co,Ge,

@ — ZrsCo,Ge,

@ — ZrCocGeg

@ — ZrCoGe

® — Zr,Co,Ge

7 — New ternary phase

_______

1.0
(a-Co)
Co

Fig. 4 Isothermal section of Zr—Co—Ge ternary system at 1023 K

Nominal composition
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3.2 Phase equilibria at 1173 K

The isothermal section of the Zr—Co—Ge
system at 1173 K was further measured. Different
annealed samples (B1-B24) have been supplied
to determine the coexisting phases, which are
summarized in Table 3. The microstructure of
Alloy B9 with a nominal composition of
Zr37Co04,Gez; in BSE is elucidated in Fig. 5(a) along
with XRD analyses (see Fig. 5(b)). It is noted that
Alloy B9 comprises white ZrsGes, dark gray Co.Zr,
and gray 4. Based on the EPMA—-WDS analysis
in Fig. 5(c), Alloy B21 contains three phases, i.e.,
p-CosGes, (e-Co), and 72, in conformity with the

Kun HU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1492—1506

result of XRD. Therefore, considering the alloy’s
nominal composition, Alloy B9 should lie in a
three-phase area, ZrsGes+Co,Zr+74, while Alloy
B21 lies in f-CosGes+(e-Co)+12 instead.

In regards to Figs. 6(a) and (b) for Alloy B16,
the ternary compounds, i.e., grey 73 and white 71,
can be easily recognized, and eutectic structure
consisting of solution phases (CoGe;) and (Ge)
could be further distinguished in the magnified
image area. It should be noticed that this eutectic
structure was the product of the liquid. According
to the Co—Ge binary system [20], the eutectic
reaction Liquid—(CoGe:)+(Ge) may happen when

Table 3 Constituent phases in Zr—Co—Ge alloys after annealing at 1173 K for 60 d

Phase equilibrium

Phase composition/at.%

AI\llloo'y Composition Phase 1/Phase 2/ Phase 1 Phase 2 Phase 3
Phase 3 Zr  Co  Ge Zr  Co Ge Zr  Co Ge
Bl Zr»3Cos50Gerr Zr3Ge/CoZrs/(B-Zr) 752 1.0 238 740 258 0.2 976 19 05
B2 Zrs3CosGesy ©/ZrGe/ZrGe; 422 129 449 470 04 526 316 1.0 673
B3 ZrsCo14Gens ZrsGes/CoZry/CoZr 612 28 360 657 258 85 49.1 505 04
B4  Zr»nConGes Z13Ge/CoZry/CoZrs 740 246 14 653 182 164 737 09 254
B5  Zrs51Co35Geis ZrsGes/CorZr/CoZr 60.6 25 369 343 61.6 42 49.1 473 3.5
B6  ZrssCosGesr t4/ZrsGes/ZrsGes 334 322 344 545 0.5 450 575 1.5 41.0
B7  Zr3Co14Gess ©/ZrGey/t4 39.5 19.0 415 63.8 39 332 33.0 332 338
B8  Zrs50Co4Gess ZrsGes/t/ZrGe 53.6 03 46.1 42.1 13.6 443 479 02 519
B9 Zr31Co4Ger ZrsGes/t4/CorZr 584 27 389 324 339 337 323 63.0 4.7
B10  ZrsCossGes C02Zr/CoZrs 205 704 9.1 266 69.0 44 - - -
Bll  ZrCossGes 3/71/75 7.0 46.6 464 254 274 472 224 415 36.1
B12  Zr1Co30Geso 71/73 242 255 503 6.7 46.7 46.6 - - -
B13  Zr15Co47Gess 75/p-CosGes/13 22.1 425 353 0.0 623 376 73 474 452
B14  Zri7CosGess t1/ZrGeo/(Ge) 234 253 513 312 13 675 00 25 975
B15  Zr19Cos9Ges 71/75/4-CosGes 18.7 544 269 219 424 357 0.1 652 347
B16* ZrsCossGesr 73/71/Liquid 6.8 47.0 462 232 26.1 50.7 0.0 339 66.1
B17  Zr10CosoGeio (8-Co)/Co23Zre/74 0.0 974 2.6 20.0 61.7 183 325 345 330
B18  Zr3CosiGess S-CosGes/13/CoGe 0.0 577 423 47 483 470 0.0 503 496
B19  ZrsCoosGes Co23Zrs/(a-Co) 21.1 728 6.1 0.0 99.1 09 - - -
B20  Zr19Cos1Geao 4/12/(¢-Co) 33.1 342 327 193 575 232 1.2 927 6.1
B21  ZrgCogGeng 72/f-Cos5Ges/(a-Co) 18.5 543 272 0.0 658 342 00 826 174
B22  Zr30Co2sGesr ZrGes/t4/71 321 3.8 641 32.7 335 338 26.8 27.5 457
B23  Zr33Co23Geso ZrsGes/t4/T 546 08 446 331 33.0 339 435 13.1 434
B24  ZrxsCo31Gear 4/t1/75 314 346 340 259 28.6 455 247 39.6 35.7

Ternary phases: 71 (ZrsCos4Ger), 12 (ZrsCo16Ge7), 13 (ZrCosGes), 4 (ZrCoGe), and 75 (ZrsCo7Ges).

* The composition of the Liquid phase can be reasonably estimated
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Fig. 5 BSE images (a, ¢c) and XRD patterns (b, d) of typical alloys annealed at 1173 K for 60 d: (a, b) Alloy B9;

(c, d) Alloy B21
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Fig. 6 BSE images (a, ¢) and XRD patterns (b, d) of typical alloys annealed at 1173 K for 60 d: (a, b) Alloy B16;

(c, d) Alloy B7

the liquid with composition close to the binary liquid should be formed as a phase in equilibrium
eutectic reaction was cooled. When the ternary with other phases and transformed into (CoGe:) and
alloy such as B16 was homogenized at 1173 K, the (Ge) during cooling later. Briefly, the actual phase
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equilibrium in Alloy B16 should be 73+z1+Liquid.
By the way, the composition of the liquid phase in
Alloy B16 was reasonably regarded as the average
of the eutectic structure (CoGez)+(Ge).

As illustrated in Figs. 6(c) and (d), Alloy B7
involved 3 phases, i.e., ZrGe,, 74, and another new
phase with the composition of 39.5Zr—19.0Co—
41.5Ge (at.%). The composition of this new phase
in Alloy B7 was close to that of the 7 phase in Alloy
A20. By further comparing the characteristic
diffraction peaks of this new phase in Alloy B7
with those of the 7 phase in Alloy A20, it was
considered that the unidentified phases in Alloys B7
and A20 were the same phase. Therefore, the
significant three-phase equilibrium ZrGe;+r4+7 was
reasonably determined.

On the grounds of the experimental results
achieved in this study, the isothermal section of the
Zr—Co—Ge ternary system at 1173 K has been built,
as displayed in Fig. 7, where 28 three-phase regions
were discovered. Among several marked ternary
phases, a new ternary phase 7 was reliably
detected with the contents of 39.5—43.5 at.% Zr,
12.9-19.0 at.% Co and 41.5-44.9 at.% Ge at
1173 K. Besides, the third element shows limited
solubility in CoZr, Co:Zr, CoxZrs, and ZrsGes.

Kun HU, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1492—1506

3.3 Phase equilibria at 1373 K

Typical annealed alloys were prepared to
establish the isothermal section of the Zr—Co—Ge
ternary system at 1373 K. The phases coexisting in
the homogenized alloys were summarized in
Table 4. Figure 8(a) presented the BSE images
of Alloy C5 with the nominal composition of
Zr37C04,Gez;. Distinct coexistence of three phases,
i.e., the white ZrsGes, dark Co,Zr, and gray ternary
compound 74, were found, in synchronization with
the result of XRD shown in Fig. 8(b). Comparably,
through EPMA—-WDS assisted with XRD analysis
(see Figs. 8(c) and (d)), white CoxnZrs, gray
Co11Zr,, and dark (a-Co) were expressly discerned
in Alloy C19. Consequently, phase equilibria of
ZrsGest+CoxZr+t4  and  CoxZrstConZrrt+(a-Co)
were capable of being discriminated in Alloys C5
and C19 at 1373 K, respectively.

In light of the Co—Ge binary diagram, liquid
can be formed in the Co—Ge alloys at the estimated
composition of 49—-100 at.% Ge at 1373 K [20].
Notwithstanding, it is difficult to get the well-
equilibrated microstructure characteristic referring
to the alloy of the inclusive liquid phase after
annealing at a high temperature of 1373 K, the
correlative phase relations were still significant,

o——> Measured tie line
Zr e Estimated tie line
Nominal composition
@O — Zr,Co,Ge,
@ — Zr4Co,(Ge,
(3 — ZrCoyGeg
@ — ZrCoGe
® — Zr,Co,Ge;
7 — New ternary phase

C023Zr60 8

Co,Zr,
\\ (Ge)
1.0 7 A R -M\ 0
(a-Co) (6-C0) 0.2 04 CoGe 0.6 08 1.0
Co (B-CosGe;) Liquid Ge
X(Ge)

Fig. 7 Isothermal section of Zr—Co—Ge ternary system at 1173 K
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Table 4 Constituent phases in Zr—Co—Ge alloys after annealing at 1373 K for 10 d
Phase equilibrium Phase composition/at.%

Alloy Composition Phase 1 Phase 2 Phase 3

No. Phase 1/Phase 2/Phase 3
Zr  Co Ge Zr Co Ge Zr  Co Ge

Cl  ZrsxCoi4Geas CoZry/CoZr/ZrsGes 66.3 21.5 122 500 493 0.7 625 23 352
C2  Zrs5Co4Geyy ZrsGes/ZrsGes/t4 539 04 457 592 0.7 40.1 325 32.6 349
C3 Zr90Co,Ges Zr;Co/(f-Zr) 756 13 231 998 0.1 0.1 - - -
C4  Zrs51Cos35Geis CoZr/ZrsGes/CorZr 48.6 493 2.1 605 1.7 378 327 625 438
C5  Zr37Co4Ger ZrsGes/CorZr/t4 598 2.1 381 322 603 75 323 341 336
C6*  ZrgoCor0Gero Zr3Ge/CoZry/Liquid 741 1.5 244 653 119 228 73.6 240 24
C7*  Zr3CosoGear Zr3Ge/(p-Zr)/Liquid 73.8 1.6 246 748 237 15 884 103 1.3
C8  Zri9Cos1Geao (a-C0)/Co023Zr6 /72 0.0 957 43 19.8 627 175 20.1 573 226
C9*  Zr17CosGess ZrGe;/Liquid 31.6 08 67.6 0.1 167 832 - - -

C10*  ZroCo2.Gess r1/Liquid 239 259 502 03 19.1 80.6 - - -

Cl11*  ZrsCoi7Gess 71/ZrGe,/Liquid 245 264 49.1 315 23 662 2.1 18.1 80.8
Cl12  ZrsCos5Gers Co2Z1/74/CoxZrs 249 59.0 16.1 329 340 33.0 207 627 175
C13  Zri5Co47Gess 75/13/CosGes 21.9 424 357 72 478 450 0.0 629 370
Cl4  Zr3»Co1sGess 4/ZrGey/t 322 329 349 316 2.6 658 41.6 149 435

C15*  ZrgCossGesy Liquid/z1/73 05 303 692 232 273 495 7.0 452 478
Cl6  ZrsoCosGesr ZrsGes/ZrGe/t 522 0.1 476 482 02 516 412 133 455
C17  ZrsCosGesy ZrGey/1/ZrGe 312 2.0 668 42.0 123 457 487 0.0 513
C18  Zr»ConGes C02Z1/ConZrs 23.6 71.7 4.6 205 728 6.8 - - -
C19  Zr1oCos2Ges (a-C0)/Co11Z12/Co23Z1s 0.1 965 34 148 765 8.6 19.8 63.1 17.1
C20  ZrCossGea 71/73/75 224 41.8 358 72 46.1 467 247 278 475
C21  Zr5Co45Geso 5/12/74 23.0 413 357 20.1 551 248 314 340 3406
C22  ZryCossGes B-CosGes /75/12 02 63.6 362 221 424 355 19.8 558 244
C23  Zr30Co2Ges t1/ZrGey/v4 25.8 274 468 311 24 665 31.7 331 352

C24*  Zr;CosxGeys 73/Liquid/f-CosGe; 50 49.1 459 0.0 51.0 49.0 0.0 581 41.9
C25  Zr13Co73Gey Co11Zr2/Co23Zrs 15.6 772 7.3 19.6 654 15.0 - - -
C26  Z4Co11Gess ZrsGes/td/t 532 04 464 350 320 33.0 440 423 137
C27  ZrsCosGeno S-CosGes/(e-Co)/72 0.0 644 356 05 831 164 19.6 572 232
C28  Zri5Cos7Gers (a-Co)/12 0.1 90.1 98 20.1 573 226 - - -

Ternary phases: 71 (ZrsCosGer), 22 (ZreCo16Ger), 13 (ZrCosGes), 74 (ZrCoGe), and 5 (ZrsCo7Ges).

* The composition of the Liquid phase can be reasonably estimated

and thereby a portion of samples were further magnified micrograph. Like Alloy BI16, the

investigated, e.g., C9, C10, and C15. Figure 9(a)
offers a BSE micrograph of Alloy C9, of which the
shapes and colors of constituent phases can be
precisely detected. With the help of XRD, the white
stick-shaped phase was ZrGe,, and the typical
eutectic microstructure contained the solution
phase, i.e., gray (Ge) and dark gray (CoGe:), in the

regularly distributed (CoGe;) and matrix (Ge)
phases in Alloy C9 were most likely precipitated
from the liquid during the quenching after the
alloy was kept at 1373 K. Hence, the real phase
equilibrium in Alloy C9 at 1373 K should be
ZrGe; + Liquid, and another two-phase region, 1+
Liquid, occurred in Alloy C10 in similar manner.
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Y (b) o — Zr;Ge;

Fig. 8 BSE images (a, ¢c) and XRD patterns (b, d) of typical alloys annealed at 1373 K for 10 d: (a, b) Alloy C5;
(c, d) Alloy C19
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Fig. 9 BSE images (a, ¢c) and XRD patterns (b, d) of including liquid phase alloys annealed at 1373 K for 10 d:
(a, b) Alloy C9; (c, d) Alloy C15

Therefore, by combining Alloys C9 with C10, the phases in Alloy CI15, solution (Ge), ternary
three-phase region ZrGe,+rl+Liquid could be compounds 71 and 73, were identified by using
legitimately inferred. The coexistence of the three EPMA—-WDS and XRD (as illustrated in Figs. 9(c)
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and (d)). Differing from Alloy C9, the solution
phase (Ge) may primarily solidify from the liquid
phase and followed by the formation of the eutectic
microstructure (Ge)+z3 during cooling. So, the
corresponding phase equilibrium in Alloy C15 was
considered to be 1+ 73+Liquid.

Similar to the case of Alloy B7, the r phase
and the other two phases 4 and ZrGe, were also
detected in Alloy C14, as shown in Fig. 10. 7 in
Alloy Cl14 is with the composition of 41.6Zr—
14.9Co0—43.5Ge (at.%). Here, the three-phase field
of ZrGe;+t4+t was determined. Based on Table 4,
the isothermal section at 1373 K of the Zr—Co—Ge

1503

system was measured as stated in Fig. 11, where 26
three-phase regions were achieved, and the
composition of the reported ternary phases was
ulteriorly confirmed. Additionally, the new ternary
phase 7, revealed a specific composition range,
1.e., 41.2—42.0 at.% Zr and 12.3—14.9 at.% Co. It is
of the utmost importance to acquire the
crystallographic information and stability of the
new 7 phase. However, after trying many times, we
failed to prepare the single-phase sample by casting
and annealing methods and so failed to collect the
X-ray patterns of z further. The phase 7 could not be
synthesized via crystal growth from the liquid.

. —

Fig. 10 Constituent phases in Alloy C14 annealed at 1173 K for 60 d: (a) BSE; (b) XRD pattern
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Fig. 11 Isothermal section of Zr—Co—Ge ternary system at 1373 K
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3.4 Comparison of phase equilibria at 1023, 1173,
and 1373 K

Phase equilibria in the Zr—Co—Ge ternary
system at 1023, 1173, and 1373 K were compared
here. As illustrated in Figs.3, 5, and 8, some
distinct differences between these three isothermal
sections are presented.

Firstly, it is noteworthy that the three-phase
equilibria of t+rl+r4 and r+r1+ZrGe; at 1023 K
change to t+ZrGe,+r4 and t4+71+ZrGe,at 1173 K.
This implies that an invariant reaction, t+rl==t4+
ZrGe», occurs at a temperature between 1023 and
1173 K. To further check the phase transitions in
Alloys C14, B7 and Al9 of the same nominal
composition (Zr»»Co14Gess) concerning the 7, 71, 4,
and ZrGe, phases, a simple verification was
conducted and thus the phase transition was
demonstrated. As revealed in Figs. 12(a) and (b),
the annealed Alloy Cl14 re-annealed at 1073 and
1023 K for 5 d was carried out, denoted as Alloys
D1 and D2, respectively. Four distinct non-
equilibrated phases, i.e., white 7 of composition
38.9Zr-18.7Co—42.4Ge, gray 7l of composition
26.27r-26.7Co—47.1Ge, dark gray 4 of 32.4Zr—
32.5C0—35.1Ge and light gray ZrGe, of 31.1Zr—
2.8Co—66.1Ge (at.%) can be observed in Fig. 12(a),
in accordance with the XRD result in Fig. 12(c)
except for the unidentified new phase z. It is noted
that the amount of 74 in Alloy D1 decreases while
that of 7l increases, in comparison with Alloy D2
annealed at 1023 K for 5d in Fig. 12(b). In other
words, phase transition must happen in Alloy C14
specific temperature, and the relevant
verification will be done in future work.

Secondly, the new ternary phase 7 is initially
detected for the first time. t exhibits a wide
homogeneity range altering from 41.0—44.1 at.% Zr
and 13.8-19.4 at.% Co at 1023 K to 39.5-43.5 at.%
Zr and 12.9-19.0 at.% Co at 1173 K and to 41.2—
42.0at.% Zr and 12.3-14.9 at.% Co at 1373 K,
indicating that it can be tuned by changing Zr or Co
content in a relatively wide range. Measurement of
crystal structure and stability of 7 is in progress.

Thirdly, due to the appearance of liquid phase,
the phase relations among 71, 73, CoGe, and (Ge)

at a

have been respectively described, which transform
from 71+73+CoGe; and 71+CoGe;+(Ge) at 1023 K,
to rl+3+Liquid and zl+Liquid+(Ge) at 1173 K,
and to r1+73+Liquid and r1+Liquid at 1373 K.

A —ZrGe,
% —14
Unidentified ¢

. L m | In. LU Ll L
20 30 40 50 60 70 80 90
20/(°)

Fig. 12 BSE images of Alloy D1 annealed at 1073 K for
5d (a), BSE image of Alloy D2 annealed at 1023 K for
5 d (b), and XRD pattern of Alloy D1 annealed at 1073 K
for 5d (¢)

Last but not the least, alloy element Ge can
substitute Co for certain content in some Co—Zr
phases. For instance, Ge can substitute for about
22.8 at.%, 164 at.% and 2.9 at.% Co in CoZr
phase, and 20.3 at.%, 18.3 at.% and 17.5 at.% Co
in CoxZrs phase at 1023, 1173 and 1373 K,
respectively.

4 Conclusions

(1) Combined with the EPMA and XRD
techniques, 29, 28 and 26 three-phase regions have
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been respectively determined in the Zr—Co—Ge
ternary system at 1023, 1173 and 1373 K.

(2) Six ternary phases have been observed and
the related composition ranges have been identified,
of which a new ternary phase 7 is first detected with
a wide homogeneity area of 41.0—-44.1 at.% Zr and
13.8-19.4 at.% Co at 1023 K, to 39.5-43.5 at.% Zr
and 12.9-19.0 at.% Co at 1173 K, and to 41.2—
42.0 at.% Zr and 12.3—14.9 at.% Co at 1373 K.

(3) Between 1023 and 1173 K, the three-phase
regions t+rl+74 and t+71+ZrGe, at 1023 K change
to tt+7ZrGex+t4 and t4+r1+ZrGe, at 1173 K,
showing that an invariant transition of t+rl==
4+ZrGe; is deduced.
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B E: RASEEIE A BT IR BT (EPMA)RT X SR ATH (XRD)BAR, FE#IE Zr—Co—Ge =0l R AL
1023, 1173 F1 1373 K 24 FROAP#T. S FEMIE Zr-Co—Ge fR R 1E 1023, 1173 1 1373 K 44 F iR,

SIS 294 28 Al 26 N=AHIX . BR T UESESCERHIRIE ) 5 AN =Jeik S AN, BRI B — AN B B S MYa
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