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The isothermal section of the Mo-Ni-Zr system at 900 °C was investigated by characterization of
eighteen equilibrium alloys. Electron probe microanalysis (EPMA) and x-ray diffraction (XRD)
were used to identify the phases and obtain their compositions. The existence of two ternary
compounds, ersMols_xNi16.5+x (‘Cl, CF96-Ti2Ni) and Zr65M027'3Ni7.7 ('Cz, hP28-Hf9M04B), was
confirmed in the Zr-rich corner, and the compositions of the two phases were determined. The
isothermal section of the Mo-Ni-Zr system at 900 °C consists of 15 three-phase regions and 29
two-phase regions. The following three-phase equilibria were well established: (1) (Ni) + -
Ni,Zr, + NisZr, (2) MoNi + MoNijz + Ni;Zr,, (3) Ni;Zr, + MoNi + (Mo), (4) (Mo) + Ni;Zr, +
Ni3Zl’, (5) (MO) + Ni3Zr + Niz]er, (6) (MO) + Niz]er + Ninr7, (7) (MO) + Ninr7 + Nin, (8)

(Mo) + Mo,Zr + NiZr, (9) NiZr, + Mo, Zr + 14, (10) T; + Mo,Zr + 15, (11) T, + Mo, Zr +

(12) NiZr, + t; + (Zr)ht and (13) 7 + 1, +

(Zr)ht,

(Zr)ht. Several binary phases, such as MoNi3, Ni,Zr,

and Mo,Zr, dissolve appreciable amount of the third component.

Keywords electron probe microanalysis, Mo-Ni-Zr, microstruc-
ture, phase equilibria, x-ray diffraction

1. Introduction

Ti(C,N)-based cermets have been widely used as cutting
tool materials owing to their excellent wear resistance, high-
temperature hardness, well chemical stability, low friction
coefficient to metals, and superior thermal deformation
resistance.!'*! The addition of Mo or Mo,C into cermets can
improve the wettability between ceramic phase and binder
phase, and the cermets with finer microstructure and better
mechanical properties can be obtained.”) The addition of
ZrC into cermets can 1mprove its toughness and thermal
shock resistance,!*> while Ni is an important binder metal
for Ti(C,N)-based cermets. In addition, the Ni-Zr binary
system has been widely investigated as an important
metallic glass system. Recently, Yang et al.!”) found that
the appropriate addition of Mo can stabilize an ordered
structure of metallic glass with a higher atomic packing
density and lower energy state, and it can also improve the
glass formation ability of Mo-Ni-Zr alloys.

In this paper, to facilitate reading, the symbols to denote
the stable phases in the Mo-Ni-Zr ternary system are
summarized in Table 1.7
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The binary phase diagrams used in the present work are
briefly described as follows. The Ni-Zr binary system was
recently assessed by Tokunaga et al.l'” and it shows the
existence of eight intermediate phases: NisZr, Ni,;Zr,, NisZr,
Niy Zrg, NijgZr;, Nij;Zrg, NiZr and NiZr,. Except for NisZr
phase, which is formed through a peritectoid reaction
Ni;Zr, + Niy Zrg <> NizZr, the formation of the other
phases is associated with the liquid phase. The Ni;Zry,
NiZr and NiZr, phases melt congruently, while the NisZr,
Niy Zrg, NijZrg and Ni;oZr; phases melt peritecticall%f. The
Ni-Zr phase diagram assessed by Tokunaga et al.'”’
shown in Fig. 1(a). The Mo-Ni binary system assessed by
Santhy et al.l''l shows the presence of three intermetallic
compounds: MoNi, MoNi; and MoNi,. The MoNi phase is
formed through a peritectic reaction L + (Mo) <> MoNi and
the other two phases are formed through peritectoid
reactions MoNi + (Ni) «>MoNiz; and MoNi; + (Ni) <
MoNiy. The eutectic reaction L «»MoNi + (Ni) occurs in
the Ni-rich part of this binary system. The Mo-Ni phase
diagram assessed by Santhy et al.!''! is shown in Fig. 1(b).
The stable compound in the Mo-Zr system is Mo,Zr, which
melts pentectlcall?f 12 The Mo-Zr phase diagram assessed
by Jerlerud et al."?! is shown in Fig. 1(c).

The Mo-Ni-Zr system was previously reviewed by
Guptal'* and the phase equilibria determinations have been
carried out mainly b%/ Virkar et al.l'* and Prima et al.l'>~'"!
Their investigations'*'”! on the Mo-Ni-Zr system were
performed in the entire composition region at 900 °C.
Nevertheless, there are several contradictions among their
work: (1) Virkar et al.l'¥ reported the presence of three
ternary intermediate phases, ZrsMoNi, ZrgMoyNi and
Zr333Mo03Nig3 7. However, only the ZrsMoNi ternary phase
was found by Prima et al.l'”> ") Thus the existence of the
ternary phases ZrgMoyNi and Zrsz 3Mo3Nigz 7 was ques-
tionable and required further confirmation; (2) in the Ni-rich
corner, the MoNi3 phase was found to be in equilibrium
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Table 1 Crystal structure data for binary and ternary compounds in the Mo-Ni-Zr system at 900°C!">~'7]

Phase Structure type Pearson symbol Space group Ref
(Mo) w cl2 Im-3 m 7
MoNi Mos(Moy gNig2)sNig oP56 P2,2,2,; 7
MoNi3 CusTi oP8 Pmmn 7
Mo,Zr MgCu, cF24 Fd-3 m 7
NiZr, CuAl, t112 14/mcm 7
NiZr T, 0S8 Cmcm 7
Ni¢Zry Zr7Nio 0S68 Cmce 7
Niy Zrg HfgNi,,; aP29 P-1 7
NizZr Mg;Cd hP8 P63/mmc 7
Ni;Zr, Zr,Ni, mS36 Cl12/m1 7
NisZr BesAu cF24 F-43 m 7
(Ni) Cu cF4 Fm-3 m 7
(Zr)ht w cl2 Im-3 m 7
T1(ZrgsMoygxNij6.5+x) Ti,Ni cF96 Fd-3 m 8
0<x22.5

15(ZresMoy7 3Ni7 7) HfyMo,B hP28 P65;/mmc 9

with the NisZr and Ni;Zr, by Virkar et al.,['* while the
equilibrium suggested by Prima et al.l'>"'7! was (Ni), NisZr
and Ni;Zr,. Thus, the phase relationship among (Ni),
MoNi;, NisZr and Ni;Zr, was controversial; (3) the
homogeneous range of the (Mo) phase was different among
their work.!"*'7) A large extension of the (Mo) phase region
was suggested by Virkar et al.l'¥ This feature seems to be
incorrect and needs further investigation; and (4) the binary
phase Ni;Zr, which was stable in the assessed binary
system,!'”! was not found in their work at 900 °C.['4!7!

To clarify the above contradictions on the phase equilib-
ria in the Mo-Ni-Zr system and provide new phase diagram
data for a future thermodynamic modeling, the present work
is intended to investigate the phase equilibria of the Mo-Ni-
Zr system at 900 °C experimentally.

2. Experimental Procedure

The pure Mo rods (99.99 wt.%), Ni granules
(99.99 wt.%) and Zr rods (99.99 wt.%) were used as
starting materials. Eighteen Mo-Ni-Zr samples covering
the whole composition range were prepared. The alloy
samples with the mass of about 2 g were prepared by arc-
melting in an arc furnace under high purity argon atmo-
sphere (WKDHL-1, Opto-electronics Co, Ltd., Beijing,
China). The large difference of melting temperature among
Mo, Zr and Ni makes it difficult to prepare homogeneous
alloys by direct melting these three components. Thus, Mo
and Zr pure metals were melted firstly to prepare master
alloys and then melted with Ni. Each alloy was remelted at
least four times to improve their homogeneity. The weight
loss after melting was less than 0.5 wt.%, indicating that the
real compositions of alloys are close to their nominal
compositions. The prepared samples were encapsulated in

an evacuated silica capsules under vacuum and then
annealed at 900 °C in a high-precision diffusion furnace
(L4514, Qingdao Institute & Equipment Co. Ltd., China)
for 40 days followed by quenching in cold water.

Phase identification was performed by x-ray diffraction
(XRD, Bruker D8 Advance, Germany) using a monochro-
matic Cu Ko (4 =1.54056 A) with a LYNXEYE XE
detector at 40 kV and 40 mA. High purity Si
(99.999 wt.%) powder was used as an internal standard
for the calculations of lattice parameters. Most of the
prepared Mo-Ni-Zr alloys are ductile, so the samples had to
be filed into fine powders and re-annealed at the previous
heat-treatment temperature for 12 h in order to remove the
stress of powders and obtain sharp diffraction patterns.
Lattice parameters for the identified phases were calculated
by using Jade software.'® The metallographic alloy
samples were examined by optical microscopy (Leica
DMLP, Germany) and then analyzed by electron probe
microanalysis (EPMA, JXA-8230, JEOL, Japan) for
microstructure observation and phase composition measure-
ment.

3. Results and Discussion

The nominal compositions of the prepared ternary alloys
are listed in Table 2, in which the identified phases,
calculated lattice parameters and phase compositions are
also presented. The lattice parameters cannot be obtained for
a few Ni-Zr binary phases due to their small quantity and
poor quality of diffraction patterns. The typical Back-
scattering electron (BSE) images of Mo-Ni-Zr samples are
shown in Fig. 2(a)-(f), while the selected XRD patterns for
Mo-Ni-Zr alloys are shown in Fig. 3(a)-(f). Based on the
present experimental work, the isothermal section of the
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Fig. 1 (a) The calculated Ni-Zr phase diagram according to
Tokunaga et all'” (b) The calculated Mo-Ni phase diagram
based on the optimization by Santhy et al.['!} (c% The calculated
Mo-Zr phase diagram according to Pérez et al.['?

Mo-Ni-Zr system at 900 °C is constructed and presented in
Fig. 4, together with the nominal compositions of the
prepared samples.

According to the XRD and EPMA results, samples 1, 3-9
and 11-15 are located in three-phase regions. Thirteen three-
phase regions were observed in the present work: (1)
(Nl) + Ni7Zr2 + NiSZr, (2) MoNi + MONi3 + Ni7Zr2, (3)
Ni;Zr, + MoNi + (Mo), (4) (Mo) + NisZr, + NizZr, (5)
(MO) + Ni3ZI' + Ni2lzrg, (6) (MO) + Ni21ng + NilOZr7,
(7) Mo) + NioZr; + NiZr, (8) (Mo) + Mo,Zr + NiZr, (9)
NiZr, + Mo,Zr + 14, (10) T + MoyZr + 15, (11
T, + Mo,Zr + (Zr)ht, (12) NiZr, + 11 + (Zr)ht and (13)
T, + 1, + (Zr)ht.

In Ni-rich corner, the exact compositions of Ni;Zr, phase
in the three-phase equilibria (Ni) + MoNiz + Ni;Zr, were
not determined, and thus the tie-triangle in Fig. 4 is
presented as dotted line. The reason is due to the small
quantity of Ni;Zr, phase in sample 2. We proposed the tie-
triangle containing (Ni), MoNi; and Ni,Zr, to be stable at
900°C mainly on the basis of the three phases observed for
alloys 1,3 and 4 (see Fig. 2a).

Among the Ni-Zr binary phases, Ni;Zr shows instability at
a slightly higher temperature above 900 °C.[' The XRD
patterns of samples 5 and 6 show the very weak peaks of NizZr
phase and the equilibria of those regions were mainly
constructed based on EPMA results (see Fig. 2b).

In sample 7, a metastable binary phase Ni,Zr was found,
which was reported as a ternary phase Zr;; 3Mo3Nigz 7 by
Virkar et al.['¥! However, Bsenko 91 confirmed it to be an
oxygen stabilized product. In this work, the metastable bi-
nary phase was detected by XRD, but the results of EPMA
show that only three phases, (Mo), Ni,;Zrg and Nij¢Zr,
were observed in sample 7 (see Fig. 2c). Furthermore, the
binary phases Niy;Zrg and Ni;¢Zr; were found in bulk x-ray
diffraction (see Fig. 3b) but not in the powder x-ray
diffraction. The results from XRD pattern of bulk sample
is preferable due to the short time exposed on air. Based on
the above discussions, the tie-triangle of (Mo) + NiyZrg + -
Ni;oZr; was established.

In the present work, for alloys whose compositions lie in
the ternary triangle region edged by Mo,Zr, NiZr, and NiZr
often show the coexistence of more than three phases (see
sample 10, Fig. 2d). The NiZr, metastable phase with Fd-
3 m structure was found in the XRD pattern of sample 10
(see sample 10, Fig. 3e), which is not a stable phase in the
Ni-Zr binary side. According to XRD and EPMA results,
the phase relationship of sample 10 with four phases,
Mo,Zr, NiZr, NiZr, with Fd-3 m structure, and NiZr, with
I4/mcem  structure, was confirmed. It was found that these
two NiZr, phase dissolve different amounts of Mo which
are 13.58 and 1.15 at.% respectively and contain same
quantity of Zr. Based on the results of other samples (i.e.
sample 11), the large solubility of Mo in NiZr, with Fd-3 m
structure is abnormal. It is worth noting that the t; ternary
phase has the same structure and the analogous composition
as metastable NiZr, phases, which are ZrgsMojg_ Nijg 54y
and  ZrgsMoj3ssNipy 4o correspond  to  t; and
metastable NiZr, phase, respectively. Besides, the influence
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Table 2 Summary of the XRD and EPMA experimental results of the Mo-Ni-Zr alloys annealed at 900°C for
40 days

Nominal composition, at.% Phase composition, at.%
No. Zr Ni Mo Phase analysis Zr Ni Mo Lattice parameter, A
1 16.5 80 35 (Ni) 1.00 83.60 15.40 a =3.583(9)
Ni,Zr, 19.61 78.69 1.70 a=4.670), b =8.17(1), c = 12.1(2), = 95.(2)
NisZr 15.42 83.88 0.69 a = 6.704(8)
2 2.5 77.5 20 (Ni) 0.39 82.08 17.53 a =3.603(8)
MoNi; 1.47 76.52 22.02 a=5.074), b =4.22(3), c = 4.45(6)
Ni;Zr, ...(a) ...(b)
3 11 69 20 MoNi 1.07 51.96 46.96 a=9.1(1), b =9.11(5), ¢ = 8.8(6)
MoNi; 2.01 75.97 22.02 a =5.06(6), b =4.23(5), c = 4.46(5)
Ni;Zr, 19.92 77.60 2.48 a=4.71(4), b =824(7), ¢ = 12.20(7), p = 95.9(8)
4 5 45 50 Ni;Zr, 20.17 77.46 2.36 a=4.70(8), b = 8.22(8), ¢ = 12.22(6), f = 96.0(4)
MoNi 0.63 47.34 52.03 a=9.05(3), b =9.19(8), c = 8.76(2)
(Mo) 0.48 3.70 95.82 a=3.141(7)
5 18.6 61.4 20 (Mo) 0.17 4.55 95.29 a = 3.1470(8)
Ni;Zr, 22.40 77.54 0.06 a = 4.657(6), b = 8.22(1), ¢ = 12.27(0), = 96.6(9)
NizZr 25.10 74.83 0.08 ...(b)
6 19 61 20 (Mo) 0.50 3.25 96.25 a = 3.146(6)
NisZr 25.51 74.42 0.08 ...(b)
Ni, Zrg 27.54 72.36 0.10 ...(b)
7 27 53 20 (Mo) 091 5.22 93.87 a=3.147(4)
Niy; Zrg 28.94 70.65 0.40 ...(b)
NijoZr; 39.25 60.55 0.20 ...(b)
8 37 43 20 (Mo) 3.58 2.08 94.33 a=3.156(1)
NijoZr7 42.37 57.47 0.15 a =12.32(4), b =9.20(7), ¢ = 9.20(9)
NiZr 50.72 49.13 0.15 a =3.296(7), b = 10.01(9), c = 4.06(3)
9 30 20 50 NiZr 50.18 48.98 0.84 a=3274), b=9.8(8), c =4.1(1)
(Mo) 6.94 1.00 92.06 a =3.165(0)
Mo,Zr 34.05 2.65 63.30 a="17.575(7)
10 50 30 20 Mo,Zr 33.82 3.98 62.20 a="7.579(5)
NiZr, 65.14 33.71 1.15 ...(b)
NiZr 49.40 50.57 0.04 a=3292), b=9.9(7), c = 4.09(7)
11 60 20 20 Mo,Zr 35.48 2.14 62.38 a =7.582(0)
NiZr, 67.94 31.39 0.67 a=064(8), c=52(7)
T 64.83 17.00 18.17 a=12.34(1)
12 60.73 10.47 28.8 Mo,Zr 35.13 0.79 64.07 a ="7.58(6)
T, 64.72 7.81 27.47 a = 8.74(6), ¢ = 8.54(5)
T 64.04 16.54 19.42 a =12.360(6)
13 67.9 3.8 28.3 Mo,Zr 35.34 0.52 64.14 a =17.603(4)
(Zr)ht 89.57 0.75 9.68 a = 3.560(5)
T 64.59 7.33 28.08 a = 8.71(6), c = 8.57(3)
14 73.9 18.8 7.3 NiZr, 66.76 32.68 0.57 a=648(03), c=52703)
T 65.65 18.86 15.49 a =12.339(8)
(Zr)ht 91.39 1.48 7.14 a = 3.554(1)
15 70 10 20 (Zr)ht 90.73 1.37 7.90 a=3.568(2)
T 65.81 7.88 26.31 a =8.74(3), ¢ = 8.52(1)
T 65.32 16.46 18.22 a=12.34(7)
16 5 90 5 (Ni) 0.04 93.31 6.66 ...(b)
NisZr 16.50 83.18 0.32 ...(b)
17 4 85 11 (Ni) 0.26 85.81 13.94 ...(b)
NisZr 16.38 83.02 0.61 ...(b)
18 65.67 7.76 26.57 T 64.90 7.51 27.59 a = 8.753(1), ¢ = 8.508(7)

(a) Due to the small amount of the phase, the phase composition cannot be determined accurately
(b) The lattice parameters were not calculated due to the small quantity of these phases or the poor quality of diffraction patterns
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Fig. 2 BSE images of typical Mo-Ni-Zr ternary alloys annealed at 900 °C(at.%): (a) Annealed alloy MosoNiysZrs, (b) Annealed alloy
MoyoNig; 471156, (¢) Annealed alloy Mo,oNis3Zry7, (d) Annealed alloy Mo,oNizpZrso, (€) Annealed alloy Mo 3NiggZrs39 and (f) An-
nealed alloy MosNigyZrs

of oxygen and other impurities (such as B) on the formation et al.*"??! in Ni-Zr and B-Ni-Zr system did not indicate any
of the metastable NiZr, was confirmed by Altounianet al.l*"! ternary phases corresponding to the metastable NiZr, on the
However, several investigations reported by Cacciamani Zr-rich corner. Moreover, three complementary alloys,
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Fig. 3 XRD patterns of typical Mo-Ni-Zr ternary alloys annealed at 900 °C(at.%): (a) Annealed alloy MosoNiyoZr39, (b) Annealed al-
loy MoyoNis3Zr,7, (¢) Annealed alloy Mo,g gNijg47Z160.73, (d) Annealed alloy Mosg 57Ni; 76Zr165 67, (€) Annealed alloy Mo,oNizoZrso and

(f) Annealed alloy Mo,oNiygZrg

which have the same composition as sample 10, were relationship was found as in sample 10. The above
prepared and annealed at 900 °C for different annealing conclusions indicating that the existence of the
times (30, 40 and 50 days). However, the identical phase metastable NiZr, phase is probably caused by oxygen
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Fig. 4 The constructed isothermal section of the Mo-Ni-Zr system at 900 °C according to the present experimental determinations

impurity and the existence of Mo. Nevertheless, the
essential reason for the formation of the metastable NiZr,
phase is still unclear and needs further investigations.

In the presently investigated Mo-Ni-Zr isothermal sec-
tion, a few binary phases dissolve appreciable amounts of
the third component. For example, the maximum solubility
of Zr in MoNi; was determined to be 2.01 at.% Zr. The
solubilities of Ni in Mo,Zr and Mo in Ni,Zr, were measured
to be 3.98 at.% Ni and 2.48 at.% Mo, respectively.

In the Zr-rich corner, two ternary compounds (t; and 7,)
were detected, together with their crystal structure, cF96-
Ti,Ni and hP28-HfyMoyB, respectively. Based on the
EPMA results on several alloys containing the t; phase
(see also sample 14, Fig. 2e), a homogeneity region
extending along the ~65 at.% Zr concentration line was
established, leading to the general formula ZrgsMoqg_,.
Nijg.5+4x (0<x22.5) for 7;. The lattice parameter calculated
for x = 2.5 is lower than that for x = 0 (see Table 2), which
is consistent with the feature that the atomic radius of Ni is
smaller than that of Mo. The solubility range of 1, is
negligible, and the stoichiometric composition of 7, was
determined to be ZrgsMo,7 3Ni7 7.

In the Ni-rich corner, a two-phase region constructed by
(Ni) and NisZr was confirmed (Fig. 2f). The solubility of Zr
in (Ni) is low, and it was measured to be less than 1.0 at.%
Zr.

4. Conclusions

The phase equilibria of the Mo-Ni-Zr system have been
systematically investigated via XRD analysis and EPMA
measurement, and the 900 °C isothermal section of the Mo-

Ni-Zr system was established. The major feature of the
three-phase equilibria involves the binary solution phases
and two ternary compounds ZrgsMojg Nijgsix (T1,
0Sx£25, CF96'T12N1) and Zr65M027'3Ni7'7 (Tz, hP28-
Hf9M04B).

Thirteen three-phase equilibria at 900 °C were well
determined. In the present system, a few binary phases
dissolve appreciable amounts of the third component. For
instance, the maximum solubility of Zr in MoNi; was
determined to be 2.01 at.%. The solubility of Ni in Mo,Zr
and Mo in NiyZr, were measured to be 3.98 at.% Ni and
2.48 at.% Mo, respectively.

The four contradictions previously mentioned are clari-
fied and summarized as follows: (1) the existence of the two
ternary compounds ZrgsMog_Nijg s4x (T1, 0<x<2.5, cF96-
Ti,Ni) and ZrgsMo,73Niy 7 (T, hP28-HfgMoyB) was con-
firmed; (2) in the Ni-rich corner, the three-phase equilibria
of (Ni) + NisZr + Ni,Zr, were determined; (3) the maxi-
mum solubility of the (Mo) phase was identified as
6.94 at.% Zr and 5.22 at.% Ni; and (4) the Ni3Zr binary
phase was found at 900 °C in this work.

The presently developed phase equilibria of the Mo-Ni-
Zr system at 900 °C can provide new phase diagram data
for thermodynamic optimization of the Mo-Ni-Zr system.
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