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Equilibrium Diagram Nb3Si

The most thorough investigation of the Nb-Si system is the
DTA study of [80Koc], and the assessed Nb-Si diagram (Fig.
1) in general follows these results. The system contains seven
stable phases: (1) the liguid (L); (2) the bcc W-type terminal
solid solution, (Nb); (3) tetragonal TisP-type NbsSi; (4)
tetragonal WsSis-type BNbsSia; (5) tetragonal CrsSis-type
oNb;Sis; (6) hexagonal CrSir-type NbSiy; and (7) the dia-
mond cubic terminal solid solution, (Si). Special points of Fig.
1 are listed in Table 1.

(Nb) Terminal Solid Solution

The melting point of pure Nb is 2469 °C [Melt], 3 °C lower
than that reported by [80Koc]. It is generally agreed that a
small amount of Si is soluble in (Nb), although the exact level
is less certain. Figure 2 shows the solubility limits of Siin (Nb)
determined by various investigators; as can be seen, a wide va-
riety of choices are available for the solvus line. Measured
solubilities tend to be lower in the more recent investigations
of [80Koc] and [91Men], but [91Coc1] claims a maximum
solid solubility of 4.36 at.% Si. The assessed solvus line drawn
inFig. 1 and 2 adheres most closely to the results of [65Gol]
and [91Men], the most thorough investigations of this equilib-
rium. The single data point reported by [65Gol] is the only ex-
isting measurement for (Nb) solidus compositions, and thus a
tentative straight line has been drawn to represent this bound-

ary.

Table1 Special Points of the Assessed Nb-Si Phase Diagram

Initially, the composition and stoichiometry range of this com-
pound was a matter of some doubt. As Table 2 points out, sev-
eral investigators in this system reported the existence of a
lower silicide with an “NbySi” stoichiometry, and a variety of
formation and decomposition temperatures; this composition
was used in the Nb-Si diagram in [Moffatt]. However, [65Ros]
and [67Pan] both reported the existence of a tersilicide rather
than Nb4Si, and [69Dea] demonstrated that NbySi was stable
only in carbon-contaminated alloys. The impact of slight im-
purity levels on phase stabilities in silicide systems is well-
known; [84Pan] has shown that other impurities (Al, Cu, Ge)
tend to suppress Nb3Si formation in Nb-Si alloys. Results ob-
tained with purer samples [80Koc, 89Lip, 91Coc1, 91Coc2,
91Men] found only NbsSi in the system, and the consistent
confirmation of its TizP-type structure and negligible solubil-
ity range recommend its choice as the lowest stable silicide in
this system.

Nb,Si is formed by a peritectic reaction; the formation tem-
perature of 1975 °C is 5 °C lower than that reported by
[80Koc], a correction reflecting the overestimation in that
work of the melting points of pure Nb and Si. The temperature
at which the eutectoid decomposition of Nb3Si occurs is less
certain, as the kinetics of this reaction are extremely slow. Be-
cause of this, the isothermal results of [91Men] are preferred to
the DTA-obtained eutectoid temperature of [80Koc] and
[75F1u].

Compositions of the respective phases, Temperature, Reaction
Reaction at. % Si °C type
L (ND) .ottt s e e ence s 0 2467 Melting
L e (Nb) + Nb,Si............ vt et st 17.5 35 25 1915 Eutectic
L + BNbsSiy > Nb,Si.......... 195 375 25 1975 Peritectic
Nb,Si & (Nb) + aNb,Si;. 25 1.6 355 1765 Eutectoid
L & BNBGSi3 ooveroanrerieininies . 375 2515 Melting
Nb,Si + BNb;Si; <>0NbSi; ... 25 375 375 1935 Peritectoid
BNbSi; «> aNbsSiy + NbS, ... 39.5 38.5 66.7 1645 Eutectoid
L & BNb,Si; + NbSiy ...ovvenane . 57 40.5 66.7 1895 Eutectic
L & NbSi,....cooooceieeienea 66.7 1935 Melting
L ¢ NbSi, + (Si)...... 98 68.8 100 1395 Eutectic
L3 (S1) oottt st et et e s 100 1414 Melting
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Fig.1 Assessed Nb-Si phase diagram.

NbsSig

The “Nb,Si” reported by [48Bra] and [54Har], and the
“NbsSi,” described by [S5Par2] and [55Par3], are apparently
this phase in actuality. The correct stoichiometry was first
identified by [55Kna] and [S5Gea], and repeatedly confirmed
by others; [56Kie] and [60Gol] showed the presence of poly-
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morphism in this phase. The stoichiometry ranges and invari-
ant temperatures for both the o and P forms of NbsSi; are less
certain. [61Aly] and [79Pan] report wider solid solubility
ranges for these phases than [80Koc). However, [61Aly] and
[79Pan] also reported the existence of stable Nb,Si, leading to
the presumption that the samples used by [80Koc] were purer,
leading to more credible results. [80Koc] is also the only in-
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Fig.2 Measured solubilities of Siin (Nb). Dotted line represents assessed solvus.
Table2 Experimental Results for the Lowest Niobium Silicide
Reported lowest Upper stability limit and Lower stability
Investigation silicide type of equilibrium limit
[55KNa].....coomrrime e eres v e Nb,Si 1950 °C (peritectic) None
[56Bre]........ NbSiy 55 (a1 1727 °C) NA NA
[58Sam]} Nb,Si 2600 °C (congruent) None
(50 €1) | [ Nb,Si 1930 °C (peritectic) >1100°C
[61Aly,62Aly,67Aly].... Nb,Si NA >1250°C
[67Pan] ......cccovrverronene NbsSi 1880 °C (peritectic) 1800 °C
[69Dea]....... NbsSi 1945 °C (peritectic) 1800 °C
[79Pan] ....... Nb,Si (X, = 0.18100.225) 1960 °C (peritectic) 1720°C
[£:10) ) NbsSi 1980 °C (peritectic) 1770°C
[91C0c1,91C0c2] .o e NbsSi NA NA

vestigation to have uncovered a transformation temperature
range for NbsSis, which would be expected given the solid
solubility range. As aresult, the latter results are recommended
in Table 1, again after lowering the transformation and melting
points by 5 °C. The congruent melting point of BNbsSij is also
in reasonable agreement with that reported by [79Pan].

NbSiy

The negligible solid solubility range for this compound shown
in Fig. 1 reflects higher levels of confidence in the experimen-
tal results of [80Koc] over those of [61Aly], who reported a
solubility range of 64.9 to 68.8 at.% Si, and [79Pan}, who re-
ported a range of 65.0 to 68.8 at.% Si. Congruent melting
points ranging between 1930 and 1950 °C have been reported
by [55Kna), [56Kie], [79Pan], and [80Koc]; the recommended
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melting point of 1935 °C is 5 °C lower than that of [80Koc],
and 5 °C higher than that reported by [55Kna] and [79Pan)].

(si)

The melting point of pure Si reported by [80Koc] is 6 °C higher
than the adopted value of 1414 °C [Melt]. The solubility of nio-
bium in solid Si is negligible [60Gol].

Liquidus

Figure 1 includes the liquidus data reported by [55Kna],
[56Kie], and [80Koc]; the recommended liquidus line follows
the results of the latter, again adjusted by 5 °C. The (INb)-Nb3Si
eutectic composition of 17.5 at.% Si given by [80Koc] (Fig. 1)
is less than that estimated by [89Lip] (18.7 at.% Si) based on
X-ray and metallographic data.

Journal of Phase Equilibria Vol. 14 No. 4 1993



Metastable Phases

The difficulties in transition-metal—silicon system re-
search caused by impurity contamination are well-known,
and the effect of impurities on reported Nb-Si equilibria are
apparent in the generation of several phases in the system
that have proven to be metastable in purer samples. These
include:

e  NbsSj, which is stabilized by interstitial impurities [69Dea],
and suppressed by some substitutional impurities [65Sav].

Phase Diagram Evaluations: Section II

e yNbsSi3, a hexagonal (MnsSi3) structure first reported by
[54Sch], and later by [58Sam] and [S9Arz}. Like Nba4Si, it is
apparently stabilized by interstitials [62Aly].

e Nb3Si-m”, an fcc form isomorphous to AuCus reported by
[63Gal]. [81Wan] used shock compression to create a similar
structure in purer samples.

e Nbs3Siz, produced by the reaction of Nb with Cu-Si-Sn alloys
by [78Dew]. This phase was demonstrated to be distinct
from NbsSis3, although no crystal structure was identified. It
should not be confused with the “Nb3Siz” reported by
[55Par2] and [55Par3], which was in fact the same as the 5:3

[58Sam)] describes it as an isomorph of e-Fe3N. compound.
Table3 Nb-Si Crystal Structure Data
Composition, Pearson Space Strukturbericht
Phase at. % Si symbol group designation Prototype Reference
1) 0103.5 cn Im3m A2 W [Kingl]
Nb,Si U 25 tP32 Pdy/n ... Ti;P [64Sch]
ONDGSis oo 36.71039.8 132 T4imem Dg, CrgSiy [55Parl]
BNDSSigcorrr e 31.51040.5 132 I4/mem D8, WSi, [61Now]
NbSi, ......... 64.9t068.8 hP9 P6,22 C40 CrSi, [41Wal]
(S1) ceerrreieeee e e e e 100 cF8 Fd3m Ad C(diamond) [Kingl]
Metastable phases
8to 13 c** [81Haa)
20 hP* i C6? &-Fe;N [58Sam]
10t022 cP8 Pm3n Al5 Cr,Si (72Ham)]
10t027 cF4 Fm3m Al Cu [81Wan]
25 cP4 Pm3m L1, AuCu, [63Gal]
25 1* e - .. [73Leg]
315 kP16 P6y/mem D8, Mn,Si, [54Sch]
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Fig.3 Experimentally measured lattice parameter values for A15 Nb,;Si as a function of Si content. Open-circle values are in reasonable agreement
with best-fit line; closed-circle values are in greater disagreement. Reprinted by permission from Cryogenics, December 1986, Butterworth Scientific
Limited.
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Table4 Nb-SiLattice Parameter Data at Room and Elevated Temperature

Composition, Lattice parameters, nm
Phase at.% Si a c Comment Reference
[6015) U 0 0.33002 [Pearson3)
0 0.3299 At1300°C [55Kna)
-2 0.3308 Si-saturated [55Kna]
0 0.32995 At 1000 °C [60Gol}
~3 0.3304 .. Si-saturated [60Gol]
NB3Si v - 25 1.023 0.519 [64Sch, 65Ros]
1.023 0.5189 [67Pan]
1.021 0.519 [69Dea]
1.0224 0.5189 R=0.032 [75Wat2]
1.0230 0.5180 [80Koc)
ONDSSiy .. oo 36.7t039.8 0.655 1.186 [55Par2]
0.656 1.186 [58Sam]
0.659 1.189 [59Arz]
0.654 1.184 [62Aly]
0.6571 1.1889 [80Koc]
BNbgSis..... wovoereirrinreenes 37.51040.5 0.999 0.506 [55Parl}
0.997 0.508 NbSi,-saturated [55Par3]
1.000 0.507 [58Sam]
1.003 0.511 [59Arz)
1.0006 0.50615 [61Now]
1.006 0.5082 At380°C [61Now}]
1.0052 0.5076 At650°C [61Now]
1.0040 0.5081 [80Koc]
NbS1; .o s 66.7 0.4785 0.6576 [41Wal]
0478 0.656 [58Sam]
0.47971 0.6592 [59Swa]
0.4785 0.658 [62Aly]
0.4803 0.6604 [63Bri]
0.4796 0.6584 [63Ver]
0.4819 0.6592 R=0.077 [72Kub]
0.4791 0.6588 [80Koc]
047834 0.65673 [88Eng]
0.4804 0.6601 A1200°C [88Eng]
0.4813 0.6613 At400°C [88Eng]
0.4822 0.6627 At600°C [88Eng]
0.4831 0.6641 At800°C [88Eng]
0.4841 0.6658 At1000°C [88Eng]
(51) oot 100 0.54306 . [Kingl1]
Metastable phases
NB;Si e 8 0.5195 {81Haa]
13 0.5186 {81Haa]
NS oot 181022.5 0.359 0.446 [58Sam]
Nb;Sim..rcececvnne 10.5 0.5196 ... [81Haa)
17.8 0.5135 [82Fel]
18.8 0.515 [79Wat]
19 0.515 {80Sur]
19 0.5155 [82Wan]
19.3 0.5123 [81Haa]
22 0.5155 {80Tog]
25 0.5091 {820ti]
~25 0.503-0.517 [831wa, 86Dew]
Nb;Sim’ .cocvornne 10 0.388 [85Wan]
17 0417 [85Wan]
22 0.422 [85Wan]
27 0.426 [85Wan]
NbSim” e 25 0.4211 [63Gal]
YN85813 375 0.752 0.523 [54Sch]
0.752 0.524 [58Sam]
0.752 0.530 [59Arz]
High-pressure phase
NB;Sil..eies e 25 0.6593 1.2652 [73Leg]

A second driving force behind the generation of metastable
phases in the Nb-Si system has been the effort to produce
Cr3Si-type NbsSi (here designated Nb;Si-m), which it was
thought would exhibit superconductivity at relatively high
temperatures. This has in fact been accomplished by a variety
of methods; the reader is referred to the reviews of [83Iwa] and
[86Dew] for a complete listing. Nb3Si-m produced by these ef-

forts is Nb-rich, with silicon percentages ranging from 8.6
[75Kaw] to 25 [820li); it can be stabilized by interstitial impu-
rities [80Tog]. An Nb-rich hexagonal form (Cu-type) of NbsSi
(Nb3Si-m”) also has been produced by [88Wan]. {81Haa] and
[82Haa] have reported a distinct cubic Nb;Si phase, with lat-
tice parameters similar to Cr3Si-type Nb3Si and a composition
range of 8 to 13 at.% Si. One popular method of producing new
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forms of NbsSi has been the crystallization of amorphous
films, which tend to be more easily formed in alloys of this
composition range [89Lip]; at cooling rates of 1012 KJs, the
glass formation range extends from 8 to 27 at.% Si [88Wan)].
Other examples of amorphous alloy formation in the Nb-Si
system include the work of [77Tsu], [79Wat], [80Mas],
{80Sur], and [89Mil].

Pressure

The reaction of elemental Nb and Si at higher temperatures and
pressures examined by [73Leg] produced several new crystal-
line forms of Nb3Si. These include a becc W-type phase similar
to (Nb), and tetragonal Nb3Si I. The crystallization of amor-
phous alloys by {81Wan] generated metastable fcc NbygSin,
which may be related to the AuCuj structure produced by
[63Gal].

Crystal Structures and Lattice
Parameters

Tables 3 and 4 list the available data for the stable and metasta-
ble phases of the Nb-Si system. As previously discussed,
Nb,Si is listed here as a metastable phase. The effect of silicon
content on the lattice parameter of solid-solution (Nb) has been
measured by [55Kna], [(60Gol], and [89Lip]; no such measure-
ments have yet been made for either phase of NbsSis. [61Now]
has measured the thermal expansion coefficients of BNbsSis,
and [63Nes], [63Ver], and [88Eng] have done the same for
NbSi,. Figure 3, reproduced from the review of [86Dew],
shows that the measured lattice parameter of Cr3Si-type Nb3Si
varies with the composition of the amorphous alloy from
which it is produced, although it is not certain that the compo-
sition of the crystallized phase necessarily matched that of the
amorphous material.

Table5 Measured Heats of Formation in Nb-Si Liquid
Solutions

[85Sud], 1910 K

[81Bet], 3000 K

AH, kY/mol X AH kJ/mol
-3.7 ~7.81
-5.3 -15.51
~6.1 -22.89
-6.6 -29.92
-6.8 -36.55
-59 -42.74

Table6 Experimental and Estimated Heats of
Formation of Niobium Silicides

A, kJ/mol
Source oNb,Si, NbSi,
[S6Bre]....coceeeievrerene (-13t10-98) (<24 0-178)
[72Gor] ..... 638
[73Cha]..... -60.7 -46.0
[79Kau] -65.3 -90.7
£ 031 7) PO -56 -46

Phase Diagram Evaluations: Section II

Thermodynamics

Although large gaps remain in the database for this system, the
amount of experimental thermodynamic data is more exten-
sive for Nb-Si solid and liquid alloys than for several other
transition metal-silicon systems. Four investigations on the
enthalpies of mixing in Nb-Si melts have been reported
[71Dub, 77Koz, 81Bet, 85Sud]; however, results from only
the latter two are readily available. Table 5 lists the enthalpies
of mixing in Si-base liquids at 1910 K reported by [85Sud],
and in Nb-base melts at 3000 K measured by [§1Bet] (also see
[80Fro] and [83Fro]). The wide difference in experimental
temperatures and compositions makes the comparison of re-
sults infeasible.

Experimental information on the thermodynamics of Nb-Si
compounds also has been occasionally reported. The standard
enthalpy of formation of NbsSi; has been determined by
[72Gor]; these results are compared in Table 6 with the esti-
mates of [S6Bre], [73Cha], [79Kau], and {§ 1Nie]. Heat capaci-
ties have been measured for NbSi;, 0NbsSi3, and Nb,sSi by
[70Bon] and [71Bon], using a drop calorimetry technique over
the temperature range 1200 to 2200 K; confirmation of these
resuits at lower temperatures would be of value.

Magnetism

Superconductivity is exhibited by four phases in the Nb-Si
system: (Nb), NbsSi, Nb3Si-m, and Nb3Si-m”. Of these,
Nb3Si-m” has the lowest superconducting transition tempera-
ture, 1.5 K [63Gal). Values for Nb;Si range from 5.3 to 8.0K
[69Dea, 76Mul], whereas that of (Nb) decreases from 9.2 K to
the level of NbsSi as the dissolved Si content increases. A wide
range of superconducting transition temperatures (3.4 to 18 K)
have been reported for Nb3Si-m, approaching the theoretical
level of 25 K only for those samples crystallized from alloys
containing the stoichiometric fraction of Si [86Dew]. Both
[83Iwa] and [86Dew] point out that the superconducting tran-
sition temperature for Nb;Si-m depends on sample preparation
method as well as stoichiometry; however, developments in
superconductivity research suggest that this question will not
likely be pursued as vigorously in the future.
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