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a b s t r a c t

The isothermal section of the Fe–Ni–Ta system at 1100 ◦C was constructed using 6 diffusion couples
and 10 alloys, the compositions of which were selected on the basis of the experimental results of
the (Fe–Ni alloy)/Ta diffusion couples. The samples were examined by means of optical microscopy,
scanning electron microscopy, and electron probe microanalysis. Experimental results showed no exis-
vailable online 27 May 2010
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tence of ternary compounds at 1100 ◦C. The following five three-phase equilibria were observed: (1)
(Ta) + Ta2Ni + Ta(Fe, Ni), (2) Fe2Ta + Ta (Fe, Ni) + TaNi2, (3) Fe2Ta + TaNi2 + TaNi3, (4) Fe2Ta + TaNi3 + (Fe,
Ni), (5) TaNi3 + TaNi8 + (Fe, Ni). The compounds FeTa and NiTa formed continuous solid solution. The sol-
ubility of Fe in TaNi2 and TaNi3 was determined to be 18 and 7.8 at.%, respectively, while the solubility
of Ni in Fe2Ta was estimated to be 40 at.%.
canning electron microscopy
lectron microprobe

. Introduction

Bulk metallic glasses (BMG) had received a great deal of atten-
ion due to the scientific and technological interest in the past
ecades [1]. A large number of novel amorphous alloy systems
ased on various elements had been developed recently [2–8].
any studies on the glass transition and crystallization pro-

ess, glass forming ability (GFA) and the correlation between the
FA and the thermodynamics of glassy alloys had been con-
ucted extensively [9–14]. Fe–Ni–Ta system had received attention
ecause it was relevant for the amorphous, magnetic head, and
orrosion-resistant steel materials [15–22]. Knowledge of the
hase relationships of the Fe–Ni–Ta system was the basis of the
hermodynamics and of interest for the development of these mate-
ials. Gupta [23] measured a partial isothermal section at 1340 ◦C
Ta < 15 at.%) of the Fe–Ni–Ta system, who only determined the sol-
bility of Ta in (Fe, Ni) with no determined three-phase equilibrium.
skova [24] determined an isothermal section at 1000 ◦C of the

e–Ni–Ta system using equilibrated alloys. It was experimentally
ndicated that the diffusion couple technique, supplemented with
quilibrated ternary alloys was a high-efficiency approach for the
hase diagram determination [25–30]. The objective of the present
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work was to investigate the phase equilibria of the Fe–Ni–Ta system
at 1100 ◦C using this high-efficiency approach.

Among the Fe–Ni–Ta system, the Fe–Ta system was ther-
modynamically evaluated by Swartzendruber and Paul [31], and
Okamoto [32], and the latest assessment was carried out by
Srikanth and Petric [33]. There were two intermediate phases in
this system, i.e., the � phase FeTa, and the � phase Fe2Ta with
a Laves structure. Ansara and Selleby [34], Cui and Jin [35] per-
formed a thermodynamic assessment of the Ni–Ta system. There
were five intermediate phases in the Ni–Ta system, viz. Ta2Ni, TaNi,
TaNi2, TaNi3 and TaNi8. At low temperature (≤550 ◦C) there was an
ordered FeNi3 phase with L12 structure in the Fe–Ni system [36].

2. Experimental

Fe (99.9 wt.% purity) and Ni (99.9 wt.%), and Ta (99.99 wt.%) were used as the
starting materials. Six Fe–Ni binary alloys, the nominal compositions of which
were listed in Table 1, were prepared by arc-melting pure elements in an arc
furnace (WKDHL-1, Opt-electronics Co. Ltd., Beijing, China) under argon atmo-
sphere using a non-consumable tungsten electrode. The ingots were re-melted
six times to improve their homogeneity. Slices of approximate dimensions of
4 mm × 4 mm × 12 mm were cut from the ingots. Six different (Fe–Ni alloy)/Ta dif-
fusion couples of 8 mm × 8 mm × 12 mm, were made of the elemental Ta and the
Fe–Ni alloys. The method of preparing the specimens was described in [25–27]. The
well–prepared (Fe–Ni alloy)/Ta diffusion couples were sealed in a silicon capsule

back-filled with high purity argon, and annealed in an L4514-type diffusion furnace
(Qingdao Instrument & Equipment Co. Ltd., China) at 1100 ± 2 ◦C for 600 h and then
quenched into cold water.

After standard metallographic preparation, the microstructures of the Fe–Ni–Ta
diffusion couples were first examined by means of optical microscopy (Leica DMLP,
Germany), and scanning electron microscopy (SEM) (JSM-5600LV, JEOL, Japan). The
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ig. 1. Backscattered electron images of the (Fe–Ni alloy)/Ta diffusion couples a
Fe–50Ni)/Ta; (e) (Fe–35Ni)/Ta; (f) (Fe–12Ni)/Ta.

hase equilibrium data in the diffusion couple were determined by energy dis-
ersive X-ray (EDX) and electron probe microanalysis (EPMA) (JXA-8800R, JEOL,

apan). The results of EPMA were given after calibration with pure Fe, Ni, and Ta.
he composition–distance curves for each element were determined using EPMA.
he microprobe measurements were performed perpendicular to the interfaces
etween every two adjacent phases in the diffusion couples. The equilibrium com-
ositions of each phase were obtained by extrapolating the composition–distance
urves for each element to the phase boundaries.
Subsequently, 10 Fe–Ni–Ta ternary alloys listed in Table 2 were selected
n the basis of the above experimental results obtained with EDX/EPMA mea-
urement of the diffusion couples to substantiate some of the phase equilibria
f the Fe–Ni–Ta system. The alloys prepared by arc melting were annealed at
100 ◦C for 300 h and then water-quenched. The annealed alloy samples were then

able 1
he nominal compositions of six Fe–Ni binary alloys used to prepare (Fe–Ni alloy)/Ta
iffusion couples (in at.%).

Alloy no.

1 2 3 4 5 6

Fe 12 20 35 50 65 88
Ni 88 80 65 50 35 12
ed at 1100 ◦C for 600 h (a) (Fe–88Ni)/Ta; (b) (Fe–80Ni)/Ta; (c) (Fe–65Ni)/Ta; (d)

performed X-ray diffraction (XRD) analysis, and examined using SEM/EDX and
EPMA.

3. Results and discussion

The microstructures of six (Fe–Ni alloy)/Ta diffusion couples
annealed at 1100 ◦C for 600 h were shown in Fig. 1, respectively.

The backscattered electron images of four representative Fe–Ni–Ta
alloys annealed at 1100 ◦C for 300 h were presented in Fig. 2. A
typical example for the concentration profiles of Fe, Ni and Ta in
(Fe–65Ni)/Ta diffusion couple was given in Fig. 3.

Table 2
Nominal compositions of 10 Fe–Ni–Ta ternary alloys (in at.%).

No.

1 2 3 4 5 6 7 8 9 10

Fe 19 30 35 46 48 25 3 5 6 14
Ni 16 10 5 11 6 55 86 84 64 48
Ta 65 60 60 43 46 20 11 11 30 38
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rium from the microstructure of diffusion couple 6 (Fe–12Ni)/Ta,
as marked with dashed circle 1 of Fig. 1f. In the present work,
the three-phase equilibria, Fe2Ta, TaNi2, TaNi3, and TaNi8 (Fe, Ni),
ig. 2. Backscattered electron images of four representative alloys annealed at 1100
d) Alloy 10 (Fe30Ni10Ta60).

As shown in Fig. 1, after inter-diffusion at 1100 ◦C for 600 h,
everal different phases with different thickness were formed
n the six diffusion couples, respectively. The sequences of the
hases formed in the diffusion couples 1 (Fe–88Ni)/Ta and 2
Fe–80Ni)/Ta were the same, which indicated the same diffu-
ion paths in diffusion couples 1 and 2, viz. (Ta) → Ta2Ni → Ta(Fe,
i) → TaNi2 → TaNi3 → (Fe, Ni). The sequence of the phases, indi-
ating the difffusion path, in the diffusion couple 3 (Fe–65Ni)/Ta
as (Ta) → Ta2Ni → Ta(Fe, Ni) → Ta2Ni → Fe2Ta → TaNi3 → (Fe, Ni).

he sequences of the phases in the remaining three diffusion cou-

les 4–6, (Fe–50Ni)/Ta, (Fe–35Ni)/Ta and (Fe–12Ni)/Ta, were the
ame, viz. (Ta) → Ta2Ni → Ta(Fe, Ni) → Fe2Ta → (Fe, Ni), which sug-
ested the same diffusion paths in these three diffusion couples.

ig. 3. Concentration profiles of Fe, Ni, and Ta in the diffusion couple 3 (Fe–65Ni)/Ta.
300 h; (a) Alloy 1 (Fe19Ni16Ta65); (b) Alloy 6 (Fe25Ni55Ta20); (c) Alloy 9 (Fe6Ni64Ta30);

Additionally, the microstructure observation of the diffusion
couple 3 (Fe–65Ni)/Ta (Fig. 1c) showed that the phases Ta(Fe, Ni),
TaNi2 and Fe2Ta were in a three-phase equilibrium (marked with
a dashed circle), which was substantiated by the microstructure of
the diffusion couple 6 (Fe–12Ni)/Ta (marked with dotted circle 2)
and Alloy 10 (Fe14Ni48Ta38), as shown in Figs. 1f and 2d. It was found
that the (Ta), Ta2Ni and Ta(Fe, Ni) were in a three-phase equilib-
TaNi3, were not well determined, and presented in dashed lines
in Fig. 4, because the size of the dot-shaped Fe2Ta phase was too

Fig. 4. Isothermal section at 1100 ◦C of the Fe–Ni–Ta system according to the present
work.
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Table 3
The tie-line data on the phase equilibria of the Fe–Ni–Ta system at 1100 ◦C (in at.%).

(Ta) Ta2Ni Remarksa

Fe Ni Ta Fe Ni Ta

1.2 1.8 97.0 1.8 33.1 65.1 DC 1
1.3 2.0 96.7 2.4 31.4 66.2 DC 2
1.2 2.0 96.8 2.1 29.1 68.7 DC 3
1.4 2.5 96.1 5.3 29.4 65.4 DC 4
1.1 1.8 96.9 4.1 28.1 66.7 DC 5
4.2 2.0 93.8 11.6 22.1 66.3 DC 6
4.3 2.4 93.3 18.7 16.7 64.6 Alloy 1

(Ta) Ta(Fe, Ni) Remarksa

Fe Ni Ta Fe Ni Ta

7.0 3.0 90.0 28.7 13.8 57.5 Alloy 2
5.2 0.0 94.8 37.9 4.8 57.2 Alloy 3

Ta2Ni Ta(Fe, Ni) Remarksa

Fe Ni Ta Fe Ni Ta

3.0 32.1 64.9 4.9 43.0 52.1 DC 1
2.7 31.5 65.8 7.4 43.0 51.6 DC 2
2.5 29.1 68.4 8.2 39.3 52.5 DC 3
5.9 29.7 64.4 10.8 37.1 52.1 DC 4
5.6 28.7 65.6 15.9 31.9 52.3 DC 5

12.1 23.3 64.5 31.2 1.7 52.1 DC 6

Ta(Fe, Ni) TaNi2 Remarksa

Fe Ni Ta Fe Ni Ta

6.0 45.3 48.7 1.4 64.9 33.7 DC 1
15.5 38.8 45.7 1.7 65.3 33.0 DC 2
17.5 37.0 45.5 12.5 53.1 34.4 DC 3

Ta(Fe, Ni) Fe2Ta Remarksa

Fe Ni Ta Fe Ni Ta

19.4 33.4 47.3 35.7 28.6 35.7 DC 4
25.4 27.7 46.9 41.1 23.8 35.3 DC 5
35.9 17.0 47.1 55.2 10.2 34.5 DC 6
46.3 3.6 50.0 51.8 8.1 40.1 Alloy 5

TaNi2 Fe2Ta Remarksa

Fe Ni Ta Fe Ni Ta

14.4 50.8 34.8 38.9 37.1 34.0 DC 3

TaNi2 TaNi3 Remarksa

Fe Ni Ta Fe Ni Ta

1.8 65.2 33.0 1.3 73.2 25.5 DC 1
1.6 65.7 32.7 2.2 72.3 25.5 DC 2

Fe2Ta TaNi3 Remarksa

Fe Ni Ta Fe Ni Ta

28.0 39.7 32.3 4.4 70.4 25.2 DC 3

TaNi3 (Fe, Ni) Remarksa

Fe Ni Ta Fe Ni Ta

1.6 73.2 25.2 13.6 84.2 2.7 DC 1
3.4 72.4 24.2 21.8 75.7 2.5 DC 2
5.2 69.4 25.3 35.8 61.6 2.6 DC 3

Fe2Ta (Fe, Ni) Remarksa

Fe Ni Ta Fe Ni Ta

46.7 24.5 28.8 48.1 50.4 1.4 DC 4
56.8 13.6 29.6 64.7 34.1 1.2 DC 5
65.3 5.0 29.7 84.1 15.4 0.5 DC 6

a The data from the diffusion couples and the ternary alloys are marked, where
DC 1 ∼ 6 represent the six diffusion couples from Fe12Ni88/Ta to Fe88Ni12/Ta, respec-
tively.

Table 4
The tie-triangle data on the phase equilibria of the Fe–Ni–Ta system at 1100 ◦C (in
at.%).

Fe2Ta (Fe, Ni) TaNi3 Remarks b

Fe Ni Ta Fe Ni Ta Fe Ni Ta

38.3 31.2 30.5 43.3 54.7 2.0 7.8 66.6 25.6 Alloy 6

TaNi2 TaNi3 Fe2Ta Remarks b

Fe Ni Ta Fe Ni Ta Fe Ni Ta

10.4 55.7 33.9 3.2 71.0 25.8 – – – Alloy 9

TaNi2 Fe2Ta Ta(Fe, Ni) Remarks b

Fe Ni Ta Fe Ni Ta Fe Ni Ta

2.0 64.2 33.8 19.3 46.2 34.5 17.9 35.9 46.2 Alloy 10

b The data from the ternary alloys are marked.
Fig. 5. Six diffusion paths according to the present work.

small in Alloy 9 (Fig. 2c), and only TaNi8 was observed in Alloys
7 and 8.

According to the EPMA data at 1100 ◦C, the solubility of Fe in
TaNi2, and TaNi3 was determined to be 18 and 7.8 at.%, respectively,
while the solubility of Ni in Fe2Ta was estimated to be 40 at.%. The
solubility of Ta in phase (Fe, Ni) increased with the content of Ni,
which agreed with the results obtained by Gupta [23] and Uskova
[24]. The compounds FeTa and NiTa formed continuous solid solu-
tion.

Tables 3 and 4 listed the tie-line and tie-triangle data obtained
with EDX/EPMA measurements of the diffusion couples and equili-
brated alloys. Using these experimental data, the isothermal section
at 1100 ◦C of the Fe–Ni–Ta system was constructed in Fig. 4. The six
diffusion paths obtained from diffusion couples were given in Fig. 5.
The measured phase relationships at 1100 ◦C in this work were
agreement with the measured one at 1000 ◦C reported by Uskova
[24]. Our measured phase relationships in the binary system agreed
with the assessments [33–36].

4. Conclusions

The phase equilibria of the Fe–Ni–Ta system at 1100 ◦C

were investigated using six (Fe–Ni alloy)/Ta diffusion couples,
supplemented with ten equilibrated alloys. The experimental
results showed no existence of ternary compounds at 1100 ◦C.
The following five three-phase equilibria were obtained:
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