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Introduction

A summary of experimental studies of phase equilibria is given in Table 1. [1960Gua] determined a partial
isothermal section at 1050°C, in the composition range of Ni-NiCr-NiSi, by means of metallography and
XRD techniques. [1960Gup] determined the homogeneity range of o phase at 1175°C using XRD
technique. Later, [1963Glal] investigated the phase equilibria of the entire system at 850°C. In addition,
selected phase boundaries were also determined at 1050 and 1175°C. They prepared 185 alloys using 99.9%
Cr, 99.95% Ni and silane Si (99.9% Si). The alloys were prepared in a high-frequency induction furnace
under hydrogen atmosphere, and subsequently heat treated at 850°C for 200 to 1000 h under vacuum. The
phase equilibria were determined by metallography and XRD techniques. [1963Glal] reported the
existence of five ternary phases.

[1980Cha] calculated partial isothermal sections, in the composition range Cr-Cr3Si-Niz;Sij,-Ni, at 427,
527,627, 800 and 827°C by CALPHAD method.

[1993Kod] determined an isothermal section at 900°C employing both diffusion couple data and phase
analysis of bulk ternary alloys. They prepared several diffusion couples involving Ni silicides (Ni3Si, Ni5Si,
and Ni,Si), pure Si (99.99 at.%), pure Cr (99.9 at.%) and Cr-Ni alloys. Bulk ternary alloys were prepared
by arc melting, and they were subsequently annealed at 900°C under a He atmosphere for 300 to 700 h. The
phase relations were established using SEM and EPMA techniques. [1995Cec] reported two isothermal
sections at 1050 and 1125°C. Both studies confirmed the existence of four of the five ternary phases
reported earlier [1963Glal].

Very recently, [2000Sch] reported the results of a very comprehensive study of phase equilibria. They
prepared 35 ternary alloys using powders of Cr (99.95%), Ni (99.9%) and Si (99.9%). The as-cast alloys
were encapsulated in quartz tubes under vacuum and then annealed at 900°C for 25 d. The solid phases were
characterized by XRD, while the presence of invariant reactions involving the liquid phase was established
by DTA. These experimental results were then used to derive a set of thermodynamic model parameters
optimized by CALPHAD method. [2000Sch] summarized their results in terms of two isothermal sections
(900 and 1050°C), two isopleths (10 and 40 at.% Cr), the liquidus surface and a reaction scheme.

Atomic transport kinetics of Cr and Si in (Ni) was determined by [1982Joh].

Binary Systems

The Cr-Ni and Ni-Si binary phase diagrams are accepted from [Mas2], the latter is based on the assessment
of [1987Nas]. The Cr-Si binary system is accepted from [2006Leb].

Solid Phases

The crystallographic data of the solid phases are listed in Table 2.

The solubility of Cr in all Ni-Si intermetallics is less than 5 at.% at 850°C [1963Glal]. However, at higher
temperature the solubility of Cr in y (Ni3;Si;,) and 8 (Ni,Si) are much higher: 9.4 and 15.5 at.% at 900°C
[1993Kod], 12.8 and 16.2 at.% at 1050°C [1995Cec], and 14.1 and 23.5 at.% at 1125°C [1995Cec],
respectively. [1998Lan] carried out XRD of as-solidified (after levitation melting) & (Ni,Si) alloyed with
Cr, and their results suggest that 6 (Ni,Si) dissolves about 33.3 at.% Cr. [1990Li] and [1991Zha]
investigated the substitution behavior of Cr in 31 (Ni3Si) (¢P4 or L1,) at 900°C, but their results are rather
confusing. [1990Li] reported that Cr atoms reside primarily in the Si-site, while [1991Zha] reported that Cr
atoms reside in both Ni- and Si-site. A first-principles calculation of effective pair interaction (EPI)
demonstrates that Cr has EPI with Ni and Si of nearly equal strength, suggesting that Cr does not have a
particular preference for the sublattice occupancy [1995Slu]. These theoretical results seem to support the
experimental results of [1991Zha].
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The solubility of Ni in Cr3Si, a (CrsSiz) and CrSi, is less than 5 at.% at 850°C [1963Glal]. On the other
hand, the solubility of Ni in CrSi is about 30 at.% at 850 [1963Glal] and 900°C [1993Kod], but it decreases
to 17.8 at.% at 1050°C [1995Cec] and 10 at.% at 1125°C [1995Cec]. Furthermore, the dissolution of Ni in
CrSi is associated with a decrease in its lattice parameter [1963Glal, 1962Bur].

Five ternary phases have been reported: o (=Cr3NisSiy) [1957Aro, 1960Gup, 1962Glal, 1962Gla2,
1962Gla3, 1963Glal, 1993Kod, 1995Cec, 2000Sch], m (=Cr3NisSiy) [1962Gla2, 1962Gla3, 1963Glal,
1993Kod, 1995Cec, 2000Sch], t; (=CryNiySi) [1963Glal, 1993Kod, 1995Cec, 2000Sch] and
75 (#Cr3Ni3Siy) [1963Glal, 1993Kod, 1995Cec, 2000Sch], T (=CrgNi;Si;) [1961Gla2, 1963Glal].
While the o phase is not stable in binary Cr-Ni alloys, it is stabilized by the addition of about 6 at.% Si in
Cr-Ni alloys, particularly at high temperatures [1957Aro, 1960Gup]. At 1175°C, the homogeneity range of
o phase extends from 35.5 to 43.5 at.% Ni and from 58 to 66.4 at.% Cr [1960Gup]. However, the
homogeneity range is reduced considerably at lower temperatures [1963Glal, 1993Kod, 1995Cec]. At
600°C, the o phase is reported to decompose into y (Ni3;Sij,) and (Cr) [1963Glal]. [1962Gla3] calculated
X-ray diffraction patterns of o phase, at Cr;g sNiy 5515, assuming two different site occupancy models. In
Model-1, it was assumed that the atomic species are randomly distributed in five Wyckoft positions. In
Model-2, it was assumed that all Cr and 16.7% of Si atoms reside in 4f, 8i(1) and & sites while all Ni and
83% of Si atoms reside in 2a and 8i(2) sites. Both models gave the same level of agreement between
calculated and observed X-ray diffraction patterns.

The Ni content in 7 phase lies in the range of 46 to 52 at.% at 800°C [1962Gla3] and 46 to 54 at.% at 1050°C
[1995Cec] with an average Si content of 20 at.%. The © phase was not observed at 1125°C [1995Cec], and
also it is not stable below 800°C [1963Glal]. A comparison between calculated and observed X-ray
diffraction patterns of © phase suggests a random mixing of Cr and Ni atoms in 125 and 4a sites [1962Gla3].
The composition of T, phase may be approximated as Cr,Ni,Si, and it does not change appreciably with
temperature. [1963Glal] reported that t; phase might have been stabilized by carbon; however, the
presence of this phase was confirmed in all subsequent investigations [1993Kod, 1995Cec, 2000Sch]. The
composition T, phase may be approximated as Cr3Ni3Siy, but its crystal structure is not known. Even though
the Si content in T, remains around 42 at.%, the Cr content varies significantly with temperature. The
following values of Cr content in T, phase are extracted from the reported isothermal sections: 25.7 to
42.3 at.% at 900°C [1993Kod], 76.3 to 87.7 at.% at 1050°C [1995Cec] and 84.5 to 87.2 at.% at 1125°C
[1995Cec].

The T phase was reported by Gladyshevsky et al [1961Glal, 1961Gla2, 1962Gla2, 1962Gla4, 1963Glal],
but was not confirmed in the subsequent investigations [1993Kod, 1995Cec, 2000Sch]. Therefore, it is not
considered to be an equilibrium phase in this assessment.

Invariant Equilibria

Based on thermal analysis of thirty-five ternary alloys, [2000Sch] established the presence of twenty
invariant reactions involving the liquid phase; however, the compositions of participating phases were not
reported. Twenty invariant reactions experimentally observed are listed in Table 3. In addition, [2000Sch]
also detected two three-phase equilibria, L = NiSi+CrSi (ey3, max) and L = NiSi+CrSi, (€14, max). The
observed invariant reactions are listed in Table 3. Despite the presence of four ternary eutectics, [1978Hao]
did not observe any eutectic in this system; however, they did not report the composition range of
investigation. The experimental values of the temperature, 1084 + 2°C [2000Sch] and 1077°C [1979Lug],
for the eutectic reaction, L = (Ni) + y (Niz;Sijp) + m, agree well with each other.

A reaction scheme based on thermodynamic calculations [2000Sch] and valid up to 800°C is shown in
Fig. 1. Here, it is important to note that the temperature of binary invariant reactions are slightly different
from those in the accepted binaries as Fig.1 is based on CALPHAD modeling. In Fig.1, twenty-one
invariant reactions (thirteen U type, four E type, two P type and two D type) participate in the primary
solidification. Four ternary phases (o, m, T; and t,) were considered in thermodynamic calculations, and all
are shown to participate in the primary crystallization during solidification. The homogeneity ranges of o
and 1, phases were considered in the thermodynamic modeling, but © and t; phases were treated as
stoichiometric with composition Cr3NisSiy and CrsNisSis, respectively [2000Sch]. The thermodynamic
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calculations can reproduce the temperature of all experimentally observed invariant reactions within 13°C.
However, an invariant reaction L + BCrsSi; = aCrsSi; + Cr3Si was predicted to occur at 1489°C, but it was
not experimentally verified. The experimentally determined composition of the liquid phase in invariant
reaction L = (Ni) + y-Ni3;Sij, + 7 is 20 at.% Cr and 21 at.% Si [1979Lug], which agree well with the
corresponding values obtained from thermodynamic calculations 19 at.% Cr and 22 at.% Si [2000Sch].
[1979Lug] proposed a partial reaction scheme, with four invariant reactions, for the solidification of Ni rich
alloys. The invariant reactions Pyj, Pyjy and Eyjp of [1979Lug] correspond to Dy, U,, E,, respectively, of
[2000Sch]. Another invariant reaction Py (L + 0 = (Ni) + 7) postulated by [1979Lug] was not predicted in
thermodynamic calculations.

Liquidus Surface

The liquidus temperature of several ternary alloys has been determined by DTA [1979Lug, 1990Kag,
1995Cec, 2000Sch]. The liquidus surface shown in Fig. 2 is based on thermodynamic calculations of
[2000Sch]. In an earlier study, [1979Lug] reported the liquidus surface of Ni corner only showing the
presence of two invariant reactions. The calculated liquidus surface in Fig. 2 shows melting grooves
separating eighteen different areas of primary crystallization, including four ternary phases. The melting
groove defining the composition range for the primary crystallization of & phase is very narrow. Selected
liquidus isotherms are shown in Fig. 2.

Isothermal Sections

Figure 3 shows the isothermal section of Cr corner at 1175°C [1960Gup]. This study clearly established the
homogeneity range of o phase. Even though the adjoining two- and three-phase boundaries were not
determined, the reported phase fields are consistent with the reaction scheme shown in Fig. 1. At 1175°C,
the three-phase fields L+(Ni)+o and (Cr)+(Ni)+o originate from the invariant reaction U,, while
L+0+Cr38i and (Cr)+0+Cr3Si originate from the invariant reaction Us.

Figures 4 and 5 show the isothermal section at 1125 and 1050°C [1995Cec], respectively. [1960Gua] also
reported an isothermal section at 1050°C, but only in the Ni corner. The phase relations in [1960Gua] differ
significantly from [1995Cec] due to following reasons: (i) [1960Gua] observed only one ternary phase t,
and (ii) [1960Gua] reported negligible solubilities of Cr in y (Ni3;Si;,) and 6 (Ni,Si), but they are found to
be significant [1995Cec].

The © phase was not observed at 1125°C [1995Cec]. Thermodynamic calculations show that the  phase
forms via a peritectic reaction (P, in Fig. 1) at 1108°C [2000Sch], and it is not stable below 843°C due to
the eutectoid reaction E5 (in Fig. 1). The latter temperature is in reasonably good agreement with an earlier
report that © phase is not stable below 800°C [1963Glal]. Similarly, thermodynamic calculations indicate
that the o phase is not stable below 525°C [2000Sch], while an experimental investigation found that it
decomposes into y (Niz;Sij,) and (Cr) at 600°C.

Figure 6 shows the isothermal section at 900°C [1993Kod], while Fig. 7 shows the isothermal section at
850°C [1963Glal]. The isothermal section at 850°C reported by [1963Glal] suffers from the following
drawbacks: (i) the reported ternary phase T was not confirmed in any subsequent investigations, (ii) they
did not establish the phase relations involving T and 1, and (iii) the reported three phase field n-+o+(Ni) is
inconsistent with the thermodynamic calculations. Due to these reasons, the following amendments are
made in Fig. 7: (i) the T phase is not shown, and (ii) the phase fields involving , t; and o are redrawn to
make them consistent with the expected phase relations based on the reaction scheme in Fig. 1. For example,
the three-phase field m+o+(Ni) reported by [1963Glal] has been replaced by two three-phase fields,
ty+0+(Ni) and m+t;+(Ni). The amended two- and three-phase fields involving m, t; and o are shown
dashed in Fig. 7.

[1980Cha] reported partial isothermal sections at 427, 527, 627 and 827°C based on thermodynamic
calculations where only one ternary phase, o, was considered. The presence of a three phase (Cr)+(Ni)+o
is predicted at all temperatures.

In Fig. 3 to 7, adjustments are made along the binary edges to comply with the corresponding phase
diagrams accepted in this assessment.
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Temperature — Composition Sections

Figures 8a and 9a show calculated isopleths along Cr ;Nij g-Cr ;Sip 9 and Cry 4Nij 6-Cry 4Siy ¢ section,
respectively, based on thermodynamic calculations [2000Sch]. These authors also determined liquidus and
solidus of several ternary alloys using DTA, and these results were used in the optimization of
thermodynamic model parameters. To delineate the phase boundaries clearly in certain composition ranges,
enlarged parts are shown in Figs. 8b and 9b.

Thermodynamics

[19770st] determined the enthalpy of solution of Si (up to 0.4 at.%) in a Ni-30Cr (at.%) alloy in the
temperature range of 1550 to 1600°C by means of calorimetry. The experimental value of AHg, (in Ni-30Cr
(at.%)) is —102.1 £ 5.9 kJ -atom . [1968Che] determined the activity of Si (up to 2 mass%) in liquid Cr-Ni
alloys at 1600°C by the emf method. Their results show that Cr has a strong tendency to increase the activity
of Si.

Thermodynamic modeling of the ternary system by [1980Cha] was restricted to the composition range of
Cr-Cr3Si-Ni3Sij,-Ni. More recently, [2000Sch] carried out a comprehensive thermodynamic assessment,
and reported a set of self-consistent thermodynamic model parameters.

Notes on Materials Properties and Applications

A summary of experimental investigation of properties is given in Table 4. Both Cr-Ni and Cr-Ni-Si alloys
are potential candidates for joining of SizN, ceramic parts by brazing and solid state bonding [1990Nak,
1991McD, 1993Kod, 1995Cec, 1996Tun, 2001Lin]. Consequently, these studies have investigated various
physico-chemical and mechanical properties of SizN,4/Cr-Ni-Si system, such the contact angle [1995Cec],
interfacial microstructure [1993Kod, 1995Cec, 1996Tun, 2001Lin], and the joint strength [1990Nak].
Mechanical, oxidation and electrochemical properties of three-phase alloys (Ni)+f;(Ni3Si)+y(Niz;Si;)
were reported by [2002Tak]. The high-temperature mechanical properties and oxidation resistance of these
alloys are better then f; (Ni3Si) while the corrosion resistance in sulphuric acid is comparable to 3; (Ni3Si).
The wear resistance of Cr;3NisSi, (0 phase) was evaluated under dry sliding condition at room temperature
[2004Tan]. The results show it has excellent wear resistance under dry sliding condition due to high
hardness and strong atomic bonds. Also, due to same reasons, a two phase microstructure,
Cr3Si+Cr;3NisSi,, also exhibits good high temperature sliding wear resistance at 400, 500 and 600°C
[2004Zha2]. When used as a coating on titanium alloys, Cr3Ni;Si, based alloys exhibit excellent wear
resistance under dry-sliding wear test conditions [2005Jial, 2005Jia2]. The laser cladding of Cr-alloyed
nickel silicide coating (Ni-22.6 mass% Si-5.6 mass% Cr) on 0.2% C steel has a rapidly solidified
microstructure consisting of the Ni,Si primary cellular-dendrites and minor amount of interdendritic
Ni,Si/NiSi eutectics [2003Cai]. The intermetallic coating has good wear resistance under dry sliding wear
test conditions due to the high hardness, refined microstructure and strong intermetallic atomic bonds
[2003Cai].

Alloying of Ni,Si/NiSi coatings (on 0.2% C steel) with 1.5% Cr and 5.6% Cr considerably enhanced the
corrosion resistance under both anodic polarization and immersion corrosion test conditions [2004Cai].
[2001Don] and [2004Zhal] studied the electrical properties of amorphous thin films of Cr;;SigyNiz, on
glass and n type Si (100) surface, in the temperature range 250 to 750°C. Crystallization leads to the
formation of CrSi, phase, and with its increasing fraction leads to the decrease in conductivity of the films.
A proper mixture of amorphous and crystalline phases could result in a final zero temperature coefficient
of resistance.

Miscellaneous

Atomic transport kinetics of Cr and Si in y solid solutions has been studied by [1982Joh] at 1250°C. Eight
diffusion couples, made of either Ni-Cr/Ni-Si or Ni-Cr-Si/Ni or Ni-Cr-Si/Ni-Si alloys, were prepared and
then annealed at 1250°C for up to 180.5 h, and then the composition profiles were measured by EPMA.
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Using the experimental composition profiles, [1982Joh] evaluated four interdiffusion coefficients, D). ..,
DYi.., DYi. and DY, , in the composition range of 2.1 to 13.5 at.% Cr and 0.79 to 4.04 at.% Si. Their
results show that the indirect diffusion coefficients, DYi.. and D}/, follow a dilute solution model where
both are proportional to x¢, and xg;, respectively, and approach zero as the respective concentrations
approach zero. The direct diffusion coefficient, DY, was found to be consistent with the diffusion
coefficient of Si in binary Ni-Si alloys, both in magnitude and Si concentration dependence. In contrast,
DYi .. was found to be greater than the diffusion coefficient of Cr in binary Cr-Ni alloys and also a function
of Si concentration. The diffusivity data of [1982Joh] data was used to derive a set of optimized mobility
parameters of Cr, Ni and Si in fcc solid solution within CALPHAD formalism [2001Du].

In a Ni-3.2Cr-4.91Si (mass%) alloy, the Cr and Si partitioning ratios (concentration in solid/ concentration
in solid) at 1336°C were reported to be 1.13 and 0.59, respectively.

Solid state reactions in Cr/Ni/Si thin films have been studied using a variety of techniques [1982Nau,
1984App, 1993Pim]. These results were reviewed by [1995Set]. The reaction products in thin film
multilayers, though only binary silicides, depend primarily on the temperature. For example, [1984App]
reported that Cr/Ni/Si layers react independently with Si to form the following products after 30 min anneal:
C1/Ni,Si/Si at 300°C, Cr/NiSi/Si at 400°C, CrSi,/NiSi/Si at 500°C, CrSi,/NiSi,/Si at 850°C. The formation
of an amorphous NiSi around 320°C has also been reported [1993Pim]. No ternary phase was observed in
any of these studies.

Rapid solidification of CrsNi3Si, by piston-and-anvil method leads to the formation of octagonal
quasicrystals, which is closely related to the fMn structure [1987Wan, 1990Wan].
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Silicides, 14, 129-149 (1995) (Crys. Structure, Review, 78)

Sluiter, M., Kawazone, Y., “Site Preference of Ternary Additions in Ni3Si”,
High-Temperature Ordered Intermetallic Alloys VI, Mater. Res. Soc. Symp. Proc.,
364(PT.2), 1064-1069 (1995) (Phase Relations, Crys. Structure, Experimental, Electronic
Structure, *, 13)

Tung, S.K., Lim, L.C., Lai, M.O., “Solidification Phenomena in Nickel Base Brazes
Containing Boron and Silicon”, Scr. Mater., 34(5), 763-769 (1996) (Assessment, Phase
Relations, 16)

Landrum, G.A., Hoffmann, R., Evers, J., Boysen, H., “The TiNiSi Family of Compounds:
Structure and Bonding”, Inorg. Chem., 37(22), 5754-5763 (1998) (Crys. Structure,
Experimental, 34)
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Cr-Ni-Si System”, Metall. Mater. Trans. A, 31A, 1795-1803 (2000) (Assessment,
Experimental, Phase Relations, Thermodyn., #, *, 37)

Dong, X.P., Wu, J.S., “Study on the Crystallization of Amorphous Cr-Si-Ni Thin Films
Using in-situ X-ray Diffraction”, J. Mater. Sci. Technol., 17, S43-S46 Suppl. 1 (2001)
(Crys. Structure, Experimental, Electr. Prop., 10)

Du, Y., Schuster, J.C., “Assessment of Diffusional Mobilities of Cr, Ni, and Si in fcc
Cr-Ni-Si Alloys”, Z. Metallkd., 92(1) 28-31 (2001) (Assessment, Crys. Structure,
Kinetics, 21)

Lin, D.Y., Wu, W., Lin, C.H., Hsin-Hsin-Hsieh, “The Effect of Aging on the Intergranular
Corrosion of a 24Cr-14Ni-0.7Si Stainless Steel for Welding in Architecture”, Steel Res.,
72(7), 277-280 (2001) (Morphology, Experimental, Interface Phenomena, 7)

Takasugi, T., Kawai, H., Kaneno, Y., “The Effect of Cr Addition on Mechanical and
Chemical Properties of NizSi Alloys”, Mater. Sci. Eng. A, 329-331, 446-454 (2002)
(Experimental, Interface Phenomena, Mechan. Prop., Phase Relations, 15)

Cai, L.X., Wang, C.M., Wang, HM., “Laser Cladding for Wear-resistant Cr-Alloyed
Ni,Si-NiSi Intermetallic Composite Coatings”, Mater. Lett., 57(19), 2914-2918 (2003)
(Crys. Structure, Experimental, Mechan. Prop., 8)
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[2004Cai]

[2004Tan]

[2004Zhal]

[2004Zha2]

[2005Jial]

[2005Jia2]

[2006Leb]

Cai, L.X., Wang, H.M., Wang, C.M., “Corrosion Resistance of Laser Clad Cr-alloyed
Ni,Si/NiSi Intermetallic Coatings”, Surf. Coat. Technol., 182(2-3), 294-299 (2004) (Crys.
Structure, Experimental, Interface Phenomena, Phys. Prop., 29)

Tang, H.B., Fang, Y.L., Wang, H.M., “Microstructure and Dry Sliding Wear Resistance of
a Cr 3NisSi, Ternary Metal Silicide Alloy”, Acta Mater., 52(7), 1773-1783 (2004) (Crys.
Structure, Experimental, Mechan. Prop., 30)

Zhang, Y.Q., Dong, X.P., Wu, H.S., “Microstructure and Electrical Characteristics of
Cr-Si-Ni Films Deposited on Glass and Si (100) Substrates by RF Magnetron Sputtering”,
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(Experimental, Electr. Prop., 15)
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of a Cr3S1/Cr;3NisSi, Intermetallic Alloy”, Rare Met. Mater. Eng., 33(5), 512-514 (2004)
(Experimental, Phase Relations, Mechan. Prop., 6)

Jian, L., Zhang, L.Y ., Yu, R.L., Wang, H.M., “Microstructure and Wear Resistance of Laser
Clad Cr3Ni;Si, based Metal Silicide Coating on Titanium Alloy”, Rare Met. Mater. Eng.,
34(6), 936-939 (2005) (Experimental, Mechan. Prop., 5)

Jian, L., Wang, H.M., “Microstructure and Wear Behaviours of Laser-clad Cry3Ni;sSi,
based Metal-Silicide Coatings on a Titanium Alloy”, Surf. Coat. Technol., 192(2-3),
305-310 (2005) (Morphology, Experimental, Mechan. Prop., 27)

Lebrun, N., Dobatkina, T.V., Kuznetsov, V.N., Li, Changrong, “Cu-Si (Copper-Silicon)”,
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Materials Science International Service GmbH, Stuttgart, to be published (2006) (Phase
Diagram, Phase Relations, Crys. Structure, Thermodyn., Assessment, 30)

Table 1: Investigations of the Cr-Ni-Si Phase Relations, Structures and Thermodynamics

Reference ~ Method/Experimental Technique Temperature/Composition/Phase Range Studied
[1960Gua] Metallography and XRD 900-1050°C; 20-50 mass% Cr, 30 mass% Si, bal. Ni
[1960Gup] Metallography and XRD 1175°C; 50-80 at.% Cr, 8-20 at.% Si, bal. Ni
[1961Glal, XRD CrgNi;Siy

1961Gla2]

[1962Glal] XRD Cr3NisSip

[1962Gla2] XRD Cr3NisSip

[1962Gla3] Metallography and XRD 800-1100°C; 5-30 at.% Ni, 5-25 at.% Si, bal. Cr
[1963Glal] Metallography and XRD 850°C; entire composition range

[1963Gla2] XRD Cr3Ni,Si

[1968Che] EMF 1600°C; 20 mass% Cr, 2 mass% Si, bal. Ni

[19770st] EMF 1600°C; Cr: 0.1-1.3 mass%, Ni: 0.35-1.45 mass%, Cu:

bal.

[1979Lug] Thermal analysis Up to 27 at.% Cr and up to 21 at.% Si

[1980Cha]  Thermodynamic modeling 427-827°C; up to 20 at.% Si

[1987Wan, TEM and HREM CrsNi3Si,

1990Wan]
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Reference  Method/Experimental Technique Temperature/Composition/Phase Range Studied
[1993Kod] Diffusion couple, thermodynamic 900°C; entire composition range
modelling
[1995Cec] - 1050°C and 1125°C; entire composition range
[2000Sch] DTA, XRD and thermodynamic  900-1200°C; entire composition range
modelling
Table 2: Crystallographic Data of Solid Phases
Phase/ Pearson Symbol/  Lattice Parameters Comments/References
Temperature Range  Space Group/ [pm]
[°C] Prototype
(Cr) cl2 a=1288.48 pure Cr at 25°C [Mas2]
<1863 Im3m
Y
(N1) cF4 a=352.40 pure Ni at 25°C [Mas2]
<1455 Fm3m
Cu
(Si) cF8 a=>543.06 pure Si at 25°C [Mas2]
<1414 Fd3m
C (diamond)
CrNi, oP6 [V-C2], 60 to 76.5 at.% Ni [V-C2]
Immm a=2524
MoPt, b=757.1
c=356.8
Cr3Si cP8 20.8 - 25.3 at.% Si [2006Leb]
<1780 Pm3m a=456.27 + 0.04 at22.5 + 0.4 at.% Si[2006Leb] at
Cr;Si 1200°C
a=456.67 £ 0.02 at20.8 + 0.4 at.% Si[2006Leb] at
1600°C
BCrsSi; - - 37.5-37.7 at.% Si [2006Leb]
1666 - 1488
aCrsSiy 132 [V-C2]
<1519 14mem a=917.0 at 37.5 at.% Si
W;5Siy c=463.6
(Cr;_NiySi cF8 [V-C2],0 < x < 0.3 [1962Bur]
<1424 P23 a=462.2 +0.01 atCrSi
FeSi
a=459.24 at CI'40Nilosi50 [196ZBur]
a=458.64 at CI’37.7Ni12_3Si50 [19628111’]
a=456.92 at Cr3Niy(Sisy [1962Bur]
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Phase/ Pearson Symbol/  Lattice Parameters Comments/References
Temperature Range ~ Space Group/ [pm]
[°C] Prototype
CrSi, hP9 [V-C2], 66.3 - 68 at.% Si
<1439 P6,22 a=442.83 + 0.01 at66.7 at.% Si
CrSi, ¢=636.80 = 0.09
B, Ni3Si cP4 [V-C2],22.8 -24.5 at.% Si
<1035 Pm3m a=350.6 at Ni3'04Si0,96
AuCu,
B,, Ni3Si mC16 [Mas2], 24.5 - 25.5 at.% Si
1115 -990 C2/m a=697 £ 2 [1987Nas]
GePt3(?) b=625+4
c=507 + 8
B =48.74°
Bs, Ni;3Si mC16 [Mas2], 24.5 - 25.5 at.% Si
1170 - 1115 C2/m a=704 +7 [1987Nas]
GePt3(?) b=626 + 4
c=508 +4
B =48.74°
Y, Ni31 Si12 hP43 a=667.1 [V—C2]
<1242 P321 c=1228
0, Ni,Si hP6 a=383.6t0380.2 37.5-43at.% Si [V-C2]
1306 - 825 P6522 ¢ =494.8 to 486.3
Ni,Si
a=2383.6 at Ni1'865i1.14 [V-CZ]
c=494.8
0, Ni,Si oP12 a=502.2 at 33.3 at.% Si [V-C2]
<1255 Pnma b=374.1
Co,Si ¢=708.8
a=566.72 [1998Lan], at equiatomic CrNiSi
b=361.31
c=688.72
g, Ni5Si, 0C80 39.2 - 41 at.% Si [Mas2]
<830 Cmc2, a=12229 at 33.3 at.% Si [V-C2]
c=06924
(Niy_Cr)Si oP8 0 < x <0.05[1962Bur]
<992 Pnma a=519.0 at NiSi [V-C2]
MnP b=333.0
c=562.8
a=1518.0 at Ni48Cr28i50 [1962Bur]
b=1336.0
c=561.0
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Phase/ Pearson Symbol/  Lattice Parameters Comments/References
Temperature Range ~ Space Group/ [pm]
[°C] Prototype
BNiSi, - - [Mas2]
993 - 981
oNiSi, cF12 a=540.6 [V-C2]
<981 Fm3m
CaF2
* g, Cr3NisSi, tP30 a=2878.67 [1962Glal, 1962Gla2, 1962Gla3]
P4y/mnm c=457.02
CrFe
* 1, Cr3NisSiy cP20 [1962Gla2, 1962Gla3], 46 - 52 at.% Ni
P23 and 18 - 22 at.% Si at 800°C
AlAuy a=611.83 at Cr3NisSiy
* 11, Cr3Ni,Si cF96 [1963Gla2]
Fd3m a=1062.0
NiTi,
* To, CI’3Ni3Si4 - - [1963Gla1]
T, CrgNi;6Siy cF116 [1961Glal, 1961Gla2, 1962Gla2,
Fm3m a=1111.0 1963Glal]
Mn,3Thg or not accepted in this assessment as a
MggCuy4Si; stable ternary phase

Table 3: Experimentally Observed Invariant Equilibria

Reaction T[°C] Type
L+(Cr)=CrSi+o 1294 + 2 U
L+(Cr)=Ni)+o =~1294 0]
L + Cr3Si = d(Ni,Si) + aCr;Si, 1210 + 2 U
L + CrSi+ aCrsSiy = 1, 1174 + 2 P
L = Ni;Si, + 8(Ni,Si)+aCrsSi, 1141 £ 2 E
L+Cr3Si=11+0 1140 + 2 U
L+o=(Ni)+1 1122 + 4 U
L + Cr3Si= y(Ni3;Sijp) + o 1121 + 2 U
L+Ni)+ty=mx 1105 + 2 P
L+1ty=7vy(Ni3;Sijp) + = 1095 + 2 U
L= (Ni) + y(Ni3;Sijp) + 1084 + 2 E
L + aCr;Siy = 0(Ni,Si) + 1 1063 £ 2 U
L + 0(Ni,Si) = O(Ni,Si) + 1, =964 U
L + (Si) = CrSi, + NiSi, 962 + 2 U

Landolt-Bornstein
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Reaction T[°C] Type
L = CrSi,y+ NiSi + NiSi, 946 + 2 E
L + 1y = O(Ni,Si) + CrSi 944 + 2 U
L = CrSi + NiSi, CrSi, 943 + 2 D
L = O(Ni,Si) + NiSi + CrSi 927 +2 E

Table 4: Investigations of the Cr-Ni-Si Materials Properties

Reference =~ Method/Experimental Technique Temperature/Composition/Phase Range Studied

[2001Don,  XRD, resistivity 250-750°C; Cr7SiggNi3

2004Zhal]

[2003Cai]  Wear test RT; Ni-22.6Si-5.6Cr (mass%) coatings on 0.2% C steel

[2004Cai]  Corrosion test RT; Ni,Si/NiSi coatings (on 0.2% C steel) containing
1.5% and 5.6% Cr

[2004Tan]  Wear test RT; Cr3NisSiy

[2004Zha1] XRD CI'13N15$12

[2004Zha2] Wear test 400-600°C; Cr3Si+Cr3NisSi,

[2005Jial,  Wear test RT; Cr3NisSi, based coatings on Ti base alloys

2005Jia2]
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€D11/AI SALIdS MON
UI)SwIQg-)opue|

LIS

Cr-Ni Ni-Si Cr-Ni-Si Cr-Si
U, P, E
970 Pg I P o nP
L + (Si) = NiSi ! xS
59 2| L+CISi+CrSi, LFSiHCrsi,
966 €4p \
L~ 6 + NiSi [ 959 [L+(S)=CrSi,+NiSi,[ U, || 959 |  L+8=0+1, [Ug,]
(Si)+CrSi,+NiSi
OVTEISL L L+6+1,
959 | ejg(max) 956 | oy,(max)
L = CrSi+ NiSi L = NiSi + CrSiy
|
L+CrSi,+NiSi, [ 956 [ L= CrSi+NiSi, CrSi, | D, |
948 e :
15 CrSi+NiSi+CrSi
L = NiSi + NiSi, s |
[ 944 | L+t,-0+Csi | U, |
‘ I [
Liorcrs | 936 [L=CiSiyr NiSi‘+NiSi2‘ E, 3+0+1,
‘ CrSi, +NiSi+NiSi,
[ 934 [ L<@+NiSi+CiSi | E, | 1,+6+C1Si
I
O-+NiSi+CrSi
|
88 | P [ 858 | 0+NiSi=e CiSi | D, |
0+ NiSi=¢ I I
NiSi+e+CrSi 0+e+CrSi
- |
| 855 | CiSi+6-e+t, | U, |
~ \
CrSi+€+’52 9+g+12
1
[ 844 | e+1, =08+ | Ug|
T,+8+e
6+d+e —
824 €16 | 843 | n’.(NI)+Y+T1 | E |
6-d+e N+,

IS-IN-ID

Fig. 1c¢:  Cr-Ni-Si. Reaction scheme, part 3

1344



244 Cr-Ni-Si

Si

Data / Grid: at.%
Axes: at.%

Fig.2: Cr-Ni-Si.
Calculated liquidus
surface projection

Ni
Cr 50.00
g: 5888 Data / Grid: at.%
Fig.3: Cr-Ni-Si. Axes: at.%
Isothermal section of
Cr corner at 1175°C
60 40
(Cr)+(Ni)
30 40 Cr 50.00
Ni  50.00
Si 0.00

MSIT®

Landolt-Bornstein
New Series IV/11C3



Cr-Ni-Si 245

Si Data / Grid: at.%
Fig. 4: Cr-Ni-Si. (Si) Axes: at.%
Isothermal section at
1125°C
20 80
Cr Ni
Si Data / Grid: at.%
Fig.5: Cr-Ni-Si. (Si) Axes: at.%
Isothermal section at
1050°C
20 80
CrSi,
CrSi
0Cr,Si, 60
Ni
Landolt-Bornstein MSIT®

New Series IV/11C3



246 Cr-Ni-Si

Si Data / Grid: at.%
Fig. 6: Cr-Ni-Si. (Si) Axes: at.%
Isothermal section at
900°C

CrS

i2
40 /N/

80
/\ NiSi,
\ 6o

CrSi

Ni
Si Data / Grid: at.%
Fig. 7: Cr-Ni-Si. (Si) Axes: at.%
Isothermal section at
850°C
20 80
CrSi,
oNiSi,
40/\ “ 60
o M
~ NiSi
T i
. 60 Y- ’\
OLCr5813\ O VA 40
Ni
MSIT® Landolt-Bérnstein

New Series IV/11C3



Cr-Ni-Si 247
1500
Fig. 8a: Cr-Ni-Si. 1
Calculated vertical 1
section at a constant \
Cr content of 10 at.% 1400 .
, L L+(Si)
1300
O J .
s L+(Ni)
@ ,
5 ] L+8
e 1200 |
E- N
i - L (Si)y+CrSi,
] i) A ( :
= , Loy L+‘Crsl
1100
1 v+ L, L+CirSiy
, (Ni)+y
] \ L+(Si)+CrSi,
I |
| Ny \ r vA | NiSi,+CrSiy
900 vi —-— .
Cr 10.00 20 i 40\ CISTO N 60 Nisivcrsi, 80 Cr 10.00
Ni  90.00 2 W0 Nisi+Crsi Ni 0.0
si  0.00 Si, at.% Si 90.00
1000
Fig. 8b: Cr-Ni-Si.
An enlarged part of S+t
Fig. 8a from 25 to 35 L (Niy+y 8+Cr3Si 2
at.% Si and from 900 1+8
to 1000°C
Q L 8+0.CrySis —|
o
Ei
o 950
Q.
€
(0]
'_
(Ni)Hy+m
y+0+Cr3Si /
-Y+Cr,Si
Y114
900
Cr 10.00 26 28 30 32 34 Cr 10.00
Ni 65.00 . o Ni 55.00
Si  25.00 Si, at.% Si 35.00
Landolt-Bornstein MSIT®

New Series IV/11C3



248 Cr-Ni-Si

1500
Fig. 9a: Cr-Ni-Si. 1
Calculated vertical 1 L L+CrSi
section at a constant ] L+aCrgSig >2;
Cr content of 40 at.% 1400 L+(Ni)
] L+CrSi Lrasi W
1300
o J L+to
o N .
é | (Ni)
@©
5 1200 T
g ] /
: \
5 |
= , ™A
1100 I V
i T4+6 1 5
+ .
1 +CrgSi +CrySi et
1000 CrSi+CrSi,
] T1+Cr3$i
] (Ni)+o ‘
900 | ; ; ; ‘ ‘ : :
Cr 40.00(Cr)+(Ni) 20 40 ’ Cr 40.00
Ni  60.00  5FaCrsSiy 1yraCrsSis Ni  0.00
Si  0.00 Si, at.% Si  60.00
1200
Fig. 9b: Cr-Ni-Si. L+CrSi+0CrsSis L+CrsitCrSiy |
An enlarged part of
Fig. 8a from 48 to 52 ,,-‘/ L+CrSi
at.% Si and from 900 1 L+CrSi+1,
to 1200°C |
1100
Q
&5‘ i
2 CrSitt,
o |
g - CrSitaCrgSiy
5 ]
'_
1000
| CrSi+CrSi,
| L CrSi+T,+0CrsSig
900
Cr 40.00 49 50 51 Cr 40.00
Ni 12.00 . Ni  8.00
Si  48.00 Si, at.% Si 52.00
MSIT® Landolt-Bornstein

New Series IV/11C3



	PREVIOUS DOCUMENT
	NEXT DOCUMENT
	 
	LB-Home
	Book Front Matter
	Title Page
	Authors
	Institutions
	Preface
	Contents

	Introduction
	Data covered
	General
	Structure of a System Report
	Literature Data
	Binary Systems
	Solid Phases
	Quasibinary Systems
	Invariant Equilibria
	Liquidus, Solidus, Solvus Surfaces
	Isothermal Sections
	Temperature - Composition Sections
	Thermodynamics
	Notes on Materials Properties and Applications
	Miscellaneous
	References

	General references

	Index
	Non-Ferrous Metal Systems
	Cr - ...
	Cr - Ni - P
	System Report
	References
	Tables
	Figures

	Cr - Ni - Si
	System Report
	References
	Tables
	Figures





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


