o’ .
veel materials
ve w

Article

Experimental Investigation of Phase Equilibria in the Co-Ta-Si

Ternary System

Cuiping Wang "2, Xiang Huang 12, Liangfeng Huang ', Mujin Yang 3-*(%, Peng Yang "2, Yunrui Cui 12,

Jinbin Zhang 12, Shuiyuan Yang ? and Xingjun Liu

check for
updates

Citation: Wang, C.; Huang, X.;
Huang, L.; Yang, M.; Yang, P.; Cui, Y.;
Zhang, ].; Yang, S.; Liu, X.
Experimental Investigation of Phase
Equilibria in the Co-Ta-Si Ternary
System. Materials 2022, 15, 3097.
https://doi.org/10.3390/mal5093097

Academic Editor: Hideki Hosoda

Received: 27 March 2022
Accepted: 22 April 2022
Published: 25 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,4,%

College of Materials and Fujian Provincial Key Laboratory of Materials Genome, Xiamen University,
Xiamen 361005, China; wangcp@xmu.edu.cn (C.W.); hx850024430@163.com (X.H.);

Ifhuang123@163.com (L.H.); 20720191150042@stu.xmu.edu.cn (P.Y.); 13666090301@139.com (Y.C.);
jpbzhang@xmu.edu.cn (J.Z.); yangshuiyuan@xmu.edu.cn (S.Y.)

Xiamen Key Laboratory of High Performance Metals and Materials, Xiamen University, Xiamen 361005, China
Department of Mechanical and Energy Engineering, Southern University of Science and Technology,
Shenzhen 518055, China

School of Materials Science and Engineering, Institute of Materials Genome & Big Data, Harbin Institute of
Technology, Shenzhen 518055, China

*  Correspondence: yangmj@sustech.edu.cn (M.Y.); xjliu@hit.edu.cn (X.L.)

Abstract: In this work, two isothermal sections of the Co-Ta-Si ternary system at 900 °C and 1100 °C
are constructed in the whole composition range via phase equilibrium determination with the help
of electron probe microanalysis (EPMA) and X-ray diffraction (XRD) techniques. Firstly, several
reported ternary phases G (Coy6TagSiy), G” (CoyTaSiz), E (CoTaSi), L (CozTa,Si) and V (CoyTaySiy)
are all re-confirmed again. The G” phase is found to be a kind of high-temperature compound,
which is unstable at less than 1100 °C. Additionally, the L phase with a large composition range
(Coso_g2Tane36Si10-30) crystallizes with a hexagonal crystal structure (space group: P63 /mmc, C14),
which is the same as that of the binary high-temperature A;-CopTa phase. It can be reasonably
speculated that the ternary L phase results from the stabilization toward low-temperature of the
binary A1-Co;Ta through adding Si. Secondly, the binary CoTa, and SiTa, phases are found to form
a continuous solid solution phase (Co, Si)Tap with a body-centered tetragonal structure. Thirdly,
the elemental Si shows a large solid solubility for Co-Ta binary compounds while the Ta and Co are
hardly dissolved in Co-5i and Ta-Si binary phases, respectively.

Keywords: Co-based superalloy; phase equilibria; Co-Ta-Si ternary system

1. Introduction

The v'-Cos(Al, W) phase was found to be highly coherent orientation with the y-Co
matrix in the Co-based superalloys similar to the Ni-based superalloys, thus making Co-
based superalloys expected to become the next generation of high-temperature structural
materials such as aero-engine blades and turbine disk [1,2]. However, the novel Co-based
superalloys have severe problems, such as high density and poor stability of v’ phase at
high temperatures, which limit their further development [3-5]. Previous studies have
shown that the addition of alloying elements such as Ni, Si, Cr, V, Ta, Nb, and Ru can
effectively improve the above-mentioned problems and enhance the overall mechanical
properties [6-12]. The addition of Ta can improve the stability, volume fraction and solu-
tion temperature of the y’ phase, and increase the stress required for the internal slip of
the v/ phase to improve the high-temperature mechanical properties of the cobalt-based
superalloys [6,9,12]. The addition of Si can improve the oxidation resistance and reduce
the density of the Co-based superalloys while maintaining the stability of y’-phase and
high-temperature mechanical properties of the superalloys [10,11]. However, interactions
between alloying elements may also cause negative effects. For instance, the excessive
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addition of Si and Ta in Co-based superalloys promotes the formation of detrimental topo-
logical close-packed (TCP) phases that reduce the strength and ductility [13]. Therefore,
theoretical and experimental research on the sub-systems of Co-based superalloy is needed
to understand the interrelationship between composition and crystal structure, the related
work has achieved considerable achievements [14-21]. Among them, the phase diagram is
the theoretical fundamental to guiding the composition design and microstructure control
of Co-based superalloys [22,23]. In order to better understand the relationship between
the composition and microstructure of the critical Co-based superalloy system Co-Ni-
Al-W-Ta-Ti-Hf-Cr-Si [24,25], the phase equilibria of the related sub-system Co-Ta-5i is of
great importance.

The Co-Ta-Si ternary system is constituted by three sub-binary systems: Co-Si [26],
Co-Ta [27] and Ta-Si [28], as shown in Figure 1. The crystal structure information of each
equilibrium phases in the Co-Ta-Si ternary system and three sub-binary systems are shown
in Table 1. Firstly, there are five intermediate phases in the Co-5i binary system, namely
Co35i, xCo;Si, FC0,5i, CoSi and CoSiy and six intermediate phases in the Co-Ta binary
system: CoyTay, CogTay, CoTay, A1-CoyTa, Ay-Co,Ta and A3-CopTa. Among them, the A;-
CoyTa is a high-temperature MnZn,-type Laves phase, which decomposes into the CoTa
and A»-Co,Ta phases by an eutectic reaction at 1294 °C. Additionally, the A;-CoyTa and As-
Co,Ta phases are the MnCu,- and MgNi,-type Laves phases, respectively. The CoTa, Laves
phase is a kind of Al,Cu-type, which is the same as that of the Ta,Si. Besides, there are six
intermediate compounds in the Ta-Si binary system, namely Ta3S5i, TapSi, oTasSi3, 3 TasSis,
YTasSi3, and TaSiy. The conversion among oTasSis, 3TasSi3 and yTasSis are completed
through crystal transformation.
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Figure 1. The sub-binary phase diagrams of Co-Si [26], Co-Ta [27] and Ta-Si [28] systems.
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Previous studies have reported five ternary compounds in the Co-Ta-Si ternary system:
G (Co16TagSiy) [29], G (Co4TaSiz) [30,31], L (CosTaySi) [32,33], E (CoTaSi) [29,34] and V
(Co4TaySiy) [34-36]. The G phase was first reported in 1956 by Beattie [37] in A-286 alloy. It
is a kind of ternary silicide with a cubic crystal system (space group: Fm3m) [38], which
was named because it is easy to precipitate at the grain boundaries. Later studies found
that there is a special cube-on-cube orientation relationship between the G phase and
ferrite, which results in low interfacial energy, and thus makes it a potential strengthening
phase of ferritic steel [39]. Additionally, the L phase was detected as a ternary MnZn,-
type Laves phase [32]. Mittal et al. [33] design an alloy with a composition of Co3Ta,5i,
which detected L and an unknown phase. In addition, the E, G’ and V phases can be
treated as stoichiometric compounds and these phases are also detected in Co-Ti-Si [40]
and Co-Nb-5i [41] systems.

However, as far as we know, the phase equilibrium of the Co-Ta-Si ternary system has
not been reported as far. To better understand the interaction between composition and
crystal structure in Co-based superalloys, also to construct the thermodynamic database
of the Co-V-Al-Ta-Ti-Ni-Cr-Si multisystem, we devote ourselves to systematically ex-
ploring the phase equilibrium relationships in ternary Co-Ta-5i alloys, a sub-system of
Co-based superalloys.

Table 1. The stable solid phases in the Co-Ta-Si ternary systems.

System Phase IS);?;?)OOI; Prototype (S;Ir)g;; S;:::;utr Refs.
Co-Si (xCo) cF4 Cu Fm-3m Al [26]
(eCo) hP2 Mg P63 /mmc A3 [26]
CosSi hP8 MgzCd P63 /mmc - [26]
«Co,Si oP12 Co,Si Pnma C23 [26]
BCo,Si - - - - [26]
CoSi cP8 FeSi P23 B20 [26]
CoSiy cF12 CaF, Fm-3m C1 [26]
(Si) cF8 C(diamond) Fd-3m Ad [26]
Co-Ta CoyTay hR36 BaPbsg R-3m - [27]
A-CorTa hP12 ZnyMg P63 /mmc Cl4 [27]
A-Co,Ta cF24 Cup,Mg Fd-3m C15 [27]
A3-CopTa hP24 MgNi, P63 /mmc C36 [27]
C06Ta7 hR13 Fe7W6 R-3m D85 [27]
CoTa, t12 AlL,Cu I4/mem C16 [27]
(Ta) cl2 W Im-3m A2 [27]
Ta-Si TasSi tP32 TizP P63 /mcm - [28]
TaySi t112 Al,Cu I4/mcem Cl6 [28]
«TasSis 132 CrsB3 I4/mcem D8, [28]
BTa5Si3 hP16 Mn5Si3 P63 /mcm Dgg [28]
yTa5Si3 132 W5Si3 I4/mem D8, [28]
TaSi, hP9 CrSip P6,22 C40 [28]
(Si) cF8 C(diamond) Fd-3m Ad [28]
Co-Ta-Si CoTaSi (E) oP12 TiNiSi Pnma C23 [34]
C016Ta65i7 (G) cF116 Mg6CU16Si7 Fm3m Al [29]
C04TaSi3 (GN) hP168 Y13Pd4051’131 P6/mmm - [ ]
CozTa,Si (L) hP12 MgZn; P63 /mmc Cl4 [32]
Co4TaySiy (V) t160 ZryCoyGey - - [34]

2. Experimental Procedures

High-purity cobalt (>99.9 wt.%, bulk, Beijing Trillion Metals Co., Ltd., Beijing, China),
tantalum (>99.9 wt.%, flake, Beijing Trillion Metals Co., Ltd., Beijing, China) and silicon
(>99.9 wt.%, block, Beijing Trillion Metals Co., Ltd., Beijing, China) were adopted as starting
materials. The samples were prepared by arc-melting using a water-cooled copper crucible
with a non-consumable tungsten electrode under the high purity Ar atmosphere (DHL-1250,
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Sky Technology Development Co, Ltd., Shenyang, China). The weight of each sample
was about 20 g and they were arc-melted at least five times to achieve the compositional
uniformity. The overall weight loss after arc-melting was no more than 0.5 wt.%. Then,
these samples were sealed in capsules via backfilling with Ar and annealed at 900 °C and
1100 °C, respectively. Considering the high melting point for the elemental Ta, the time of
annealing was set as 90 days for 900 °C and 60 days for 1100 °C, respectively. To prevent
contamination of samples, the capsules were inserted with Ti scrap and the samples were
wrapped with a Ta sheet. After reaching the preset annealing time, the samples were
quenched into ice water and prepared by standard metallographic methods.

The equilibrium composition of each phase was investigated by EPMA (electron probe
microanalyzer) (JAX-8100R, JEOL, Tokyo, Japan) with WDS (wavelength dispersive X-ray
spectroscopy) and BSE (backscattered electrons). Crystal structure analysis was carried out
through XRD (X-ray diffractometer) (D8 Advance, Bruker, Karlsruhe, Germany) using Cu
K« radiation at 40.0 kV and 40 mA, and the data were collected in the range of 26 from 10°
to 90° at a step size of 0.0167°.

3. Results and Discussion
3.1. Microstructure and Phase Equilibrium

In Figure 1, the Co-Ta-Si ternary system is divided into four regions (zone 1-4), phase
equilibrium from each region is carefully discussed below. The following composition of
each phase and alloy is described by the atomic ratio (at.%). The representative micrograph
images and corresponding XRD indexing results are given below to indicate the phase equi-
libria relationship of the alloy. The nominal composition, annealing time and equilibrium
composition of each phase measured by WDS are all listed in Tables 2 and 3.

3.1.1. Equilibria at Zone 1

Zone 1 mainly contains the phase equilibria at the Si-rich corner (Si > 50 at.%). For
the CozsTapeSisg alloy that was annealed at 1100 °C, a distinct three-phase equilibrium of
E + V + CoSi was observed in Figure 2a and their crystal structures could be confirmed
by the corresponding XRD pattern in Figure 3a. As shown in Figure 2b, the CoyTa;Sig;
alloy is located in a three-phase equilibria region after being annealed at 1100 °C. The
white and light gray phases correspond to the TaSi; and CoSi; phases, respectively, while
the dark gray phase is presumed to be the solid solution phase of Si (signed as (Si)). The
corresponding XRD pattern indexing result in Figure 3b further confirmed this speculation.

]

Figure 2. Typical ternary micrograph images obtained of (a) CozsTaysSigg alloy annealed at 1100 °C
for 60 days and (b) CopsTa;Sig; alloy annealed at 1100 °C for 60 days.



Materials 2022, 15, 3097

5o0f 14

(a)

Intensity / a.u.

20 30 40

50 60 70 80

20 / degree

Figure 3. XRD patterns obtained of (a) CozsTasSiag
(b) CopeTaySigy alloy annealed at 1100 °C for 60 days.
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alloy annealed at 1100 °C for 60 days and

Table 2. Equilibrium compositions of the Co-Ta-Si ternary system at 900 °C determined in the

present work.
Phase Equilibria Composition (at.%)
Alloy Annealed Time Phase 1 Phase 2 Phase 3
(at.%) Phase 1/Phase 2/Phase 3
Ta Si Ta Si Ta Si
C010T3105i80 90 days TaSiz / COSiz / (Sl) 30.3 68.6 0.1 70.3 0.1 99.7
C033Ta14Si53 90 days V / CoSi 24.8 484 0.1 51.6
C030Ta438i27 90 days (CO, Si)Ta2 / ?\1—C02Ta 62.6 30.8 32.2 29.5
CosyTargSiig 90 days M-Co,Ta / G 28.2 18.9 19.2 25.1
C016Ta188166 90 days TaSiz / CoSi / COSiz 30.4 67.8 0.2 51.8 0.2 67.2
CooyTay;Sis; 90 days TaSi, / V / CoSi 30.6 67.8 25.3 48.2 0.5 51.6
CopyTagpSiys 90 days (Co, Si)Tay / CogTay 63.7 22.8 49.6 6.7
CO34T&26Si4() 90 days E/V /CoSi 31.6 34.8 22.7 46.5 0.2 50.5
CoysTasgSizy 90 days oTasSis /E/ V 58.4 39.0 32.1 35.2 25.2 48.1
C064,5Ta22,55i13 90 days 7\3—C02Ta / G 23.5 11.5 19.9 254
CO36Ta54Si1() 90 days (CO, Si)Ta2 / COéTa7 64.0 20.6 49.7 9.2
Co,Tay5Sisg 90 days (Ta) / (Co, Si)Ta, / TasSi 923 5.4 63.8 28.6 71.0 28.6
CoygTasSigy 90 days CoSi, / TaSi, 0.1 67.5 29.5 67.1
C046T313Si41 90 days G / CoSi 18.2 25.8 0.1 51.2
CosgTaygSisn 90 days Co,Si / CoSi / G 0.1 34.6 0.1 50.6 18.0 26.2
CoygTay,Sizg 90 days E / G/ CoSi 30.2 35.1 18.3 26.1 0.1 51.1
C036Ta33Si31 90 days E/ ?\1-C02Ta 309 35.2 31.1 30.9
C059,5Ta22_55118 90 days ?\3-C02Ta / G 22.1 11.0 18.6 24.6
C059Ta318110 90 days )\1-C02Ta / )\2-C02Ta 29.7 13.0 28.8 8.5
C011Ta75Si14 90 days (Ta) / (CO, Si)Ta2 91.2 3.0 63.7 28.1
CosgTasgSiy 90 days CogTay / (Co, Si)Ta, 63.3 12.4 52.1 5.9
C025Ta33Si42 90 days ocTa5Si3 / E / v 57.2 39.6 324 35.6 244 48.9
C024Ta44Si31 90 days ocTa5Si3 /E 58.1 394 31.6 34.8
C065Ta27Sig 90 days G / ?\3-C02Ta 19.1 24.1 253 9.2
CosgTagSizs 90 days G / aCo;,5i / CoSi 19.0 25.0 0.4 33.6 0.3 49.2
CO44T325Si31 90 days E / G/ CoSi 30.7 33.6 19.3 24.6 0.7 474
Co19TaseSis; 90 days «TasSis3 / E / (Co, Si)Tay 58.8 39.4 32.0 29.7 63.4 33.2
C061Ta118128 90 days G / 0(C02Si 17.7 24.8 0.1 32.6
CoyoTagSip 90 days G / (¢Co) / aCosSi 57.7 243 0.1 14.4 0.2 29.7
C037Ta428i21 90 days (CO, Si)Ta2 / 7\1—C02Ta 62.0 24.7 443 22.2
CoypTay35iq4 90 days G / («Co) 18.8 244 0.5 6.7
C078Ta108i12 90 days )\3-C02Ta /G/ (OCCO) 20.6 8.5 18.7 23.7 0.7 4.0
C051Ta378i12 90 days C06Ta7 / 7\1-C02Ta 46.5 6.2 324 16.2
Couy TasrSiyo 90 days (Co, Sl;faé ({ 2$;6Ta7 / 62.9 223 47.6 8.9 36.8 135
CoygTay7Sis 90 days A3-Co,Ta / (xCo) 21.0 6.4 0.9 1.9
C057Ta385i5 90 days C06Ta7 / }\2-C02Ta 43.2 4.1 35.5 6.1
CopyTaggSis 90 days (Ta) / (Co, Si)Tay 91.7 29 63.5 6.2
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Table 3. Equilibrium compositions of the Co-Ta-Si ternary system at 1100 °C determined in the

present work.

Phase Equilibria Composition (at.%)
Alloy Annealed Time Phase 1 Phase 2 Phase 3
(at.%) Phase 1/Phase 2/Phase 3
Ta Si Ta Si Ta Si

CoyTai0Siso 60 days TaSi, / CoSiy / (Si) 31.0 67.3 0.7 68.0 0.1 99.0
CO33T314Si53 60 days V / CoSi 254 48.2 0.1 50.9

Co1gTassSisp 60 days TaSi, / «TasSiz / V 314 68.1 58.5 39.3 25.6 48.8
CoygTangSing 60 days E/G 30.8 34.8 19.7 25.5

C030Ta438127 60 days (CO, Si)Ta2 / )\1-C02Ta 63.6 30.3 329 26.4

C054Ta288i18 60 days 7\1-C02Ta / G 28.2 19.5 20.1 254

Co1TasgSigg 60 days CoSi / TaSip / V 30.8 67.6 0.1 51.8 245 48.4
CoyyTayySisg 60 days TaSi, / V 31.4 68.4 25.3 48.9

C027Ta608i13 60 days (CO, Si)Taz / C06Ta7 63.8 21.1 50.7 7.5

Cos5TasSig 60 days V / CoSi 23.8 48.6 0.1 51.2

Co034TaeSiag 60 days E /V / CoSi 31.8 35.4 25.2 46.8 0.1 51.9
CoysTasgSisy 60 days E / «TasSiz / V 57.7 39.6 32.0 35.6 25.7 48.3
Cogyg5Tany 55113 60 days A3-Co,Ta / G 221 12.6 19.5 23.8

Co,Tays5in3 60 days Ta / (Co, Si)Tap / TasSi 94.8 4.0 64.0 30.0 27.9 71.6
Coo6TasSigy 60 days TaSi, / CoSiy / (Si) 30.4 68.1 0.1 67.8 0.1 99.5
CogTai3Sig 60 days E / G" / CoSi 30.2 35.0 13.0 37.4 0.1 50.5
CO58T31()Si32 60 days CXCOQSi / G/ G" 0.1 34.7 18.6 25.8 13.6 371
CoagTannSisg 60 days G/G'/E 18.7 25.9 13.4 37.3 30.7 34.8
Cos4Taz3Sis 60 days E / A\;-CopTa 30.7 35.4 30.5 26.8

C059_5Ta22_58118 60 days G/ ?\3-C02Ta 18.8 25.1 242 15.3

C059Ta318i10 60 days }\1 -COzTa 28.7 11.3

Co11TaysSig 60 days (Ta) / (Co, Si)Ta, 95.0 3.1 63.3 27.9

CO38Ta5gSi4 60 days C06T37 / (CO, Si)Ta2 63.5 12.0 52.1 34

CoysTassSisn 60 days E/V 314 35.9 24.6 48.8

Cop4TagaSis 60 days «TasSi3 / E 58.6 39.4 30.8 35.5

C065T327Sig 60 days ?\3-C02Ta 25.1 9.1

Co4pTay55is3 60 days CoSi / E 0.3 50.8 30.0 35.0

C026Ta33Si41 60 days v / E 249 48.5 31.3 35.1

CosgTagSiss 60 days G" / aCo0,Si / CoSi 13.6 36.5 0.1 33.9 0.1 49.3
Co44TapsSi5; 60 days G/G" 189 25.6 13.9 36.4

C010Ta598i31 60 days ocTa5Si3 / TazSi / E 58.7 39.1 63.4 34.1 329 344
C061Ta115i23 60 days G/ OCCOZSi 18.1 249 0.2 32.7

CoygTagSin 60 days G / (eCo) / aCo0,Si 17.9 24.6 0.2 17.4 0.1 32.0
C054Ta258121 60 days 7\1—C02Ta / G 26.8 18.5 19.2 25.6

CO54T825Si21 60 days 7\1 -C02Ta 31.2 241

C037Ta428121 60 days (CO, Si)Ta2 / 7\1—C02Ta 62.4 26.6 325 235

C026Ta538121 60 days (CO, Si)Ta2 / 7\1-C02Ta 62.7 26.9 33.9 19.9

C060T824Si16 60 days ?\3-C02Ta /G 21.3 13.9 18.9 245

CoygTaqpSitn 60 days A3-CoyTa / G / («Co) 20.6 13.8 18.8 242 1.3 8.9
C051Ta37Si12 60 days C06Ta7 / )\1-C02Ta 45.8 5.5 32.6 10.9

Coyy TagSiso 60 days (Co, Sl;\?aé (f 2$§6Ta7 / 62.6 215 459 10.1 336 16.5
C021Ta67Si12 60 days (CO, Si)Ta2 / (Ta) 94.1 3.0 63.6 245

CoygTay7Sis5 60 days A3-CorTa / (xCo) 22.4 7.1 2.6 3.5

CO57Ta3gsi5 60 days CoéTa7 / ?\2—C02Ta 453 3.6 325 6.8

3.1.2. Equilibria at Zone 2

Zone 2 corresponds to the phase equilibria at the Ta-rich corner (Ta > 50 at.%). In

Figure 4a, a two-phase equilibrium of (Co, Si)Tay (white) + A1-Co,Ta (black) was confirmed
in the CosgTay3Sip7 alloy quenching from 1100 °C based on the support of the corresponding
X-ray diffraction pattern in Figure 5. As shown in Figure 4b, the Co;;Ta755i14 alloy formed
a two-phase equilibrium microstructure of (Ta) + (Co, Si)Ta; after being annealed at 900 °C.
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Figure 4c depicts the three-phase equilibrium of (Co, Si)Ta, (white) + CogTay (grey) +
A1-CoyTa (black) in Coy;TagySiqp alloy after being annealed at 900 °C.

COMP  20.08kY 1,900 1Apm

COMP  28.8kY 200 18pm

Figure 4. Typical ternary micrograph images obtained of (a) CozpTa3Siy; alloy annealed at 1100 °C
for 60 days; (b) Co11Tay5Siq4 alloy annealed at 900 °C for 90 days and (c) Cog1Tag7Si, alloy annealed

at 900 °C for 90 days.
fe i}
® i e (Co, Si)TEl2
© 3,-Co,Ta
=3
< _
— =
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é o]
8 —
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Figure 5. XRD patterns obtained of CozgTay3Siyy alloy annealed at 1100 °C for 60 days.

Compositional analysis of the CozgTas3Sizy, CoprTagSiis, CoszgTassSijg, CoaTazsSins,
Co11TazsSiyy, CoszgTasgSiy, CorpTasgSisz1, CoszTagnSin1, CogrTagrSita, CozyTaggSis and CopgTaszSiog
alloys indicate that these alloys contain a phase with about 63 at.% Ta after being annealed
at 900 °C and 1100 °C. The X-ray diffraction analysis results of these alloys strongly suggest
that the binary Al,Cu-type CoTa, and Ta,Si phases form a continuous solid solution phase
(Co, Si)Tay. As far as we know, it is the first time to discover the infinite mutual solubility
between CoTa, and Ta;Si phases. Similarly, the phenomenon of Ni and Si can be entirely
substituted by each other in Al,Cu-type compounds was also found in the Ni-Ta-Si ternary
system [42].
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Intensity / a.u.

3.1.3. Equilibria at Zone 3

Zone 3 mainly discusses the phase equilibria around G” phase. The alloy Co4¢Ta13Si41,
CosgTaSis; and CoygTagySizp were designed to explore the existence of the G” phase.
For CoggTay35i41 and CosgTaoSizp alloys that being annealed at 1100 °C, two three-phase
equilibrium CoSi + E + G” and «Co0,Si + G + G” were detected as shown in Figure 6a,b. The
corresponding XRD patterns in Figure 7a,b indicate that the diffraction peaks belonging
to the phases (CoSi, E, ®Co,Si and G) are in good agreement with the standard patterns.
However, the diffraction peak of the G” phase was not interpreted due to the lack of
crystallographic information. For the CosgTap,Sisg alloy annealed at 1100 °C, a clearly
three-phase equilibria E (white) + G (light gray) + G” (dark gray) was detected, as shown
in Figure 6¢c. However, the EMPA micrographs and WDS analysis of the same alloy (see
Figure 6d) quenching from 900 °C show that it is a three-phase of E + G + CoSi. This result
implies that the G” phase is a high-temperature compound, which is not stable at 900 °C.

»750 1Bpr WO 1 irmm

%430 lﬂ_l.lmﬂﬂ 1 1mm JEOL COMP  15._AkY »BAA  1@pm KWO1imm

Figure 6. Typical ternary micrograph images obtained of (a) CossTa135i41 alloy annealed at 1100 °C
for 60 days; (b) CosgTaj¢Sizp alloy annealed at 1100 °C for 60 days; (c) CosgTa,Sisg alloy annealed at
1100 °C for 60 days and (d) CosgTap,Siz alloy annealed at 900 °C for 90 days.

(a)

§g‘2m f?:.’“’ e CoSi
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Figure 7. XRD patterns obtained of (a) CosTa135i4; alloy annealed at 1100 °C for 60 days and
(b) CosgTaoSis; alloy annealed at 1100 °C for 60 days.
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3.1.4. Equilibria at Zone 4

Zone 4 describes the phase equilibria of other ternary phases including G and L. As
shown in Figure 8a, the dark grey G phase was observed at the grain boundaries of the
light grey A;-Co;Ta phase for the CossTapgSisg alloy after being annealed at 1100 °C. This
morphology is extremely similar to that of the G phase precipitation on the C14 Laves
phase [42].

@5/ | /\,J(b) TR

\o: er ! "‘f‘ ' _ L.’

COMP  2A.BKY  x1,00R  1Bpm . %700 1Bpm WD1imm

x
kk3-C02Ta

JEOL COMP  15.8KkY »6AA lﬂ_urm]]llmm JEOL COMP  15.8kY %850 1A WO 1rmm

Figure 8. Typical ternary micrograph images obtained of (a) Cos4TapgSijg alloy annealed at 1100 °C
for 60 days; (b) CosgTas;Sijg alloy annealed at 1100 °C for 60 days; (c) CogsTayySig alloy annealed at
1100 °C for 60 days and (d) CogsTay;Sig alloy annealed at 900 °C for 90 days.

The alloy with a nominal composition of CosgTaz; Sijg was designed to detect the L phase
as shown in Figure 8b. The interpretation of the corresponding XRD pattern in Figure 9a in-
dicates that this ternary L phase crystalizes the same as the Zn,Mg-type compounds
(P63 /mmc, C14) like the binary A;-CopTa phase. Additionally, the A;-Co,Ta phase is
a high-temperature phase that only exists above 1294 °C [27]. However, the detected
ternary L phase is stable at 900 °C and 1100 °C, suggesting that the addition of Si stabi-
lizes the A1-CoyTa phase toward low temperature. Besides, this Co-Ta-Si ternary L phase
shows an extremely similar compositional range compared with the Ni-Nb-Si system [43].
The alloy CogsTay7Sig was designed to determine the phase equilibria of the G and three
Laves phases (A1-Co,Ta, Ay-CopTa and A3-Co;Ta). A single A3-CopTa phase was detected in
CogsTayySig alloy annealed at 1100 °C (Figure 8c), while the A3-CoyTa + G was observed for
the same alloy being annealed at 900 °C (Figure 8d). The corresponding XRD patterns in
Figure 9b,c confirm the above equilibrium relationship.
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Figure 9. XRD patterns obtained of (a) CosgTaz;Sijg alloy annealed at 1100 °C for 60 days;
(b) CogsTayySig alloy annealed at 1100 °C for 60 days and (c) CogsTap;Sig alloy annealed at 900 °C for
90 days.

3.2. Isothermal Sections

Based on the phase equilibrium information discussed in Section 3.1, the isothermal
sections of the Co-Ta-Si ternary system at 900 °C and 1100 °C are constructed in the whole
composition range (see Figure 10). Nineteen and twenty-one three-phase regions were
observed at 900 °C and 1100 °C, respectively. Few undetected three-phase regions are
indicated by the dashed line.

The solid solubilities of Ta in the Co-Si binary phases (CoSip, CoSi and «Co;Si) are
negligible. The maximum solubility of Co in the TaSi; phase is 1.7 at.% at 1100 °C, and it
increases to 3.4 at.% at 900 °C. When the temperature decreases from 1100 °C to 900 °C, the
solid solubility of Co in the «Ta5Si3 phase increases from 3.5 at.% to 5.3 at.%. In addition,
the maximum solubility of Si in the A3-Co,Ta phase was measured to be 15.3 at.% at 1100 °C
and decreased to 11.5 at.% at 900 °C. At least 8.5 at.% of Si can be dissolved in the A,-
CopTa phase at 900 °C. However, the solid solubility of Si in CogTay hardly varies with
temperature, maintaining 12 at.% at both 900 °C and 1100 °C.

In the Co-Ta-Si ternary system, there are four ternary compound phases G, G, E
and V and a binary high-temperature phase A{-Co,Ta (L) stabilized by Si. The G, E, V
and G” phases are stoichiometric compounds exhibiting only small homogeneity ranges.
Meanwhile, the G, E, V and L phases exist at 900 °C and 1100 °C. The G” phase has also
been reported in similar ternary systems like the Co-Nb-Si [41] and Co-Ti-Si [40]. The G”
phase was detected in the CogsTa135i41, CosgTa19Sisp and CoggTap,Sisg alloys after being
annealed at 1100 °C, but it disappears at 900 °C.
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Figure 10. Experimental determined isothermal sections of the Co-Ta-Si system at (a) 900 °C and

(b) 1100 °C.

# Single-phase

o Three-phase equilibria
= Two-phase equilibria
© Binary data

(D CoSi, + TaSi, + (Si)

@ CoSi, + TaSi, + CoSi

(3) CoSi+ V +TaSi,

(4) V+ TaSi,+ aTa,Si,

(3) CoSi+0aCoSi+G

(6) CoSi+G+E

@ coSi+V+E

(8) V+E+0TaSi,

(@) (aCo) +0CoSi+G
G+E+3,-CoTa
k-Co,Ta + E + (Co, Si)Ta,

(@ E + ¢Ta,Si; + (Co, Si)Ta,

(3 (oCo)+(eCo) + G

(4 (aCo)+ G+ %,-Co,Ta

i3 G+ ,;-Co,Ta + 7\.1-_CoiTa

i %,-Co,Ta+A,-Co,Ta+1,-Co,Ta

i) ?Ll-CozTa + }?-CozTa + Co,Ta,

(8 2,-Co,Ta+ Co,Ta, + (Co, Si)Ta,

{9 (Co. Si)Ta, + Ta,Si +(Ta)

Ta

# Single-phase

® Three-phase equilibria
® Two-phase equilibria
O Binary data

(1) CoSi, + TaSi, + (Si)
CoSi, + TaSi, + CoSi
(3) CoSi+V+TaSi,
(@) V + TaSi,+ oTa,Si,
(5) CoSi+aCo,Si+G"
CoSi+G"+E
D CoSi+V+E
V+E +oTaSi,
9) (aCo) + aCo,Si+G
aCo,Si+ G +G"
G+G"+E
(2 G+E+3,-Co,Ta
@3 % -Co,Ta+E+(Co, Si)Ta,
14 E + oTaSi, + (Co, Si)Ta,
@3 (aCo) + (sCo) + G
@8 (aC0) + G + h,-Co,Ta
(D G+1,-Co,Ta+A-Co,Ta
(8 3,-Co,Ta + A,-Co,Ta+ A,-Co,Ta
{9 2,-Co,Ta +1,-Co,Ta + Co,Ta,
%,-Co,Ta + Co,Ta, + (Co, Si)Ta,

(Co, Si)Ta, + Ta,Si + (Ta)




Materials 2022, 15, 3097 12 of 14

4. Conclusions

The phase equilibrium of the Co-Ta-5i ternary system at 900 °C and 1100 °C is system-
atically studied by equilibrated alloy and the following conclusions can be drawn:

1. The four known ternary phases, G (Co14TagSiy), E (CoTaSi), G’ (Co4TaSiz) and V
(Co4TaySiy) have almost no ternary solid solubilities, which could be treated as stoi-
chiometric compounds.

2. The high-temperature phase G’ (Co4TaSi3) is only stable at 1100 °C and it disappears
when the temperature decreases to 900 °C.

3. The addition of Si increases the thermal stability of the binary A1-Co,Ta (C14 Laves)
phase, resulting in the formation of the ternary L phase with the composition of
Co32.3-58 8 Tazg.2-36.85113.0-30.9 at 900 °C and Co39.3-¢2.3Ta26.8-33.95110.9-26.5 at 1100 °C.

4. Both the binary CoTa; and SiTa, phases crystallize with the same body-centered
tetragonal structure (space group: 14/mcm, C16) and they form a continuous solid
solution phase (Co, Si)Ta,.

5. The maximum solid solubility of Si for the A3-Co,Ta phase is ~15.3 at.% at 1100 °C
and it slightly decreases to be ~11.5 at.% at 900 °C. The solid solubility of Si for the
CogTay phase is always ~12 at.% and does not change with temperature.

6.  The elemental Ta is hardly dissolved in the CoSip, CoSi and «-Co,5i phases. Similarly,
the elemental Co has negligible solubilities in the TaSi; and x-TasSi3 phases.

The results obtained from the present work make up the phase diagram information of
the Co-Ta-Si ternary system, also provide the key experimental data for the establishment
of Co-based superalloys thermodynamic database.
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