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41 L, PtSi, MOsSi,
43 X, Y, MOsSi,
44 X, MOsSi,
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46 L, MoSi" MOsSi,
47 MOsSi" MoSi,
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Abstract

In this paper, an assessment of the binary RueZr and HfeRu systems is presented. The thermodynamic evaluation is based on diagrammatic
investigations and high-temperature calorimetric measurements for the formation of the three intermediate compounds. The present work
proposes thermodynamic modeling of the binaries calculated according to the CALPHAD method and carried out using the PARROT module
in the Thermo-Calc software. The liquid phase and the solution phases (Ru)-HCP-A3, (aZr)-HCP-A3, (bZr)-BCC-A2, (aHf)-HCP-A3 and
(bHf)-BCC-A2 are treated as substitutional solutions. The intermetallic Laves phase Ru2Zr-C14 is modeled with the sublattice formalism.
The RuZr-B2 and HfRu-B2 phases are treated as ordered phases originating, respectively, from (bZr)-BCC-A2 and (bHf)-BCC-A2 disordered
phases. Considering the relative uncertainty of experimental data due to high temperatures, a good agreement is obtained between calculated and
experimental phase diagrams. The optimized set of coefficients and the calculated isothermal section are provided.
� 2007 Elsevier Ltd. All rights reserved.

Keywords: A. Intermetallics, miscellaneous; A. Laves phases; B. Phase diagram; B. Thermodynamic and thermochemical properties; E. Phase diagram, prediction
1. Introduction

More and more various applications are put at high tempera-
ture, which demands the development of more and more refrac-
tory alloys. Refractory materials are needed both as structural
components and protective coatings tailored to the present needs:
temperature, environment, mechanical solicitations, neutron
compatibility, sensitivity to nuclear reactions and nuclear
byproducts, abrasion resistance..

Some of these materials are based on transition metal silicides
and aluminides for good mechanical properties and oxidation
resistance. Ru, Hf and Zr are promising elements in the constitu-
tion of multi-alloys. The development of refractory multi-alloy
materials depends now for most of them on preliminary numer-
ical simulations, in the aim of selecting the compositions or com-
position ranges with the highest melting temperatures and the
lowest possible sensitivity to chemical composition change dur-
ing high-temperature chemical aggression in severe service
environments. Such simulations are only useful when accurate

* Corresponding author. Tel.: þ33 3 83 68 46 57; fax: þ33 3 83 68 46 11.

E-mail address: nicolas.david@lcsm.uhp-nancy.fr (N. David).
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thermodynamic databases are available. Such databases are
developed by the CALPHAD method on a basis of experimental
thermodynamic and phase diagram measurements.

The present work consists in the development of an accu-
rate thermodynamic database of the two binary systems Rue
Zr and HfeRu which can be compliant with the Scientific
Group Thermodata Europe (SGTE) databank [1] and which
can be used by the Thermo-Calc software [2]. In this paper,
we will summarize the thermodynamic data available in the
scientific literature. Then, we will present the result of the
modeling of the two binary systems.

2. Review of experimental data

2.1. RueZr

The phase diagram for RueZr system has been determined
by Raub and Röschel [3]. Using metallographic, thermal and
X-ray analyses, Eremenko et al. investigated more accurately
the binary system [4,5]. They found that two intermetallic com-
pounds (Ru2Zr and RuZr) were stable. The crystal structures of
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these phases are summarized in Table 1. According to
Ref. [5], the maximum solubility of Zr in (Ru) is about 2% at
the L 5 (Ru)þRu2Zr eutectic temperature of 1988 K. The
Lþ RuZr 5 Ru2Zr peritectic reaction is 2098 K [5]. The
Ru2Zr compound is not stable at low temperature (it decom-
poses at 1558 K). As reviewed by Okamoto [6], RuZr phase is
reported to melt at w2403 K and presents a maximum homo-
geneity range of about 4%. Because of the two allotropic forms
of Zr, RuZr forms a eutectic equilibrium at 1513 K with (bZr)
and a eutectoid equilibrium under 773 K with (aZr). The
maximum solubility of Ru in (bZr) is about 11% at the eutectic
temperature, and about 1% at the eutectoid temperature in
(aZr). Table 2 gives experimental equilibria according to the
assessment due to Okamoto [6].

Thermodynamic data available on this binary system are
very limited: Topor and Kleppa [7] determined the standard
enthalpy of formation of the RuZr compound by high-
temperature mixing calorimetry. Using high-temperature di-
rect synthesis calorimetry, Mahdouk et al. [8] measured the
enthalpy of formation of the two intermetallic compounds
Ru2Zr and RuZr at 1753 K.

An optimization of the RueZr system was published by
Mahdouk et al. [8] using the same information (diagrammatic
or thermodynamic) as in the present work. The calculation was
performed using the NANCYUN program developed by
Charles et al. [9,10]. The computed phase diagram is shown
in Fig. 1. The NANCYUN program does not take into account
the solid phase transformation as for (aZr) 5 (bZr) in the
present system. The RuZr compound was described as a dis-
ordered phase and the Ru2Zr compound was introduced in
the program as stoichiometric with constant enthalpy and
entropy of formation.

2.2. HfeRu

The HfeRu system is similar to the RueZr system. The
main difference lies in the fact that only one intermediate
compound (HfRu) is stable in the whole temperature range
between the two terminal solid solutions [11]. The crystal
structures of HfeRu phases are summarized in Table 1. As
in the case of pure Zr, the Hf element presents two allotropic
forms. The phase diagram data concerning the HfeRu system
is limited. According to Ref. [12], the maximum solubility of
Ru in (bHf) is about 11% at the L 5 (bHf)þHfRu eutectic
temperature of 1883 K. The (bHf) 5 (aHf)þHfRu eutectoid

Table 1

Crystal structure of solid phases of the HfeRu and RueZr systems

Phase Condition (K) Pearson symbol Space group Reference

(aHf) <2016 hP2 P63/mmc

(bHf) <2504 cI2 Im3m

(Ru) <2607 hP2 P63/mmc

(aZr) <1136 hP2 P63/mmc

(bZr) <2128 cI2 Im3m

HfRu <2723 cP2 Pm3m [26]

Ru2Zr 1558e2098 hP12 P63/mmc [3]

RuZr <2403 cP2 Pm3m [26]
reaction is 1583 K [11]. As evaluated by Eremenko et al. [11],
HfRu melts at w2723 K and presents a maximum homogene-
ity range of about 3%. The maximum solubility of Hf in (Ru)
is about 5% at the L 5 HfRuþ (Ru) eutectic temperature of
2063 K. Table 3 summarizes experimental equilibria accord-
ing to the review due to Okamoto [12].

Otherwise, some other work reported the existence of
a ‘‘HfRu2’’ compound at high temperature [13]. But the more
complete study due to Eremenko et al. [11] who used many com-
plementary analysis techniques, has not revealed the stability of
this compound. Therefore that is the reason why Okamoto [12]
did not report it in his assessment and why this phase is not taken
into consideration in the present modeling.

Like for RuZr phase, Topor and Kleppa [7] determined the
standard enthalpy of formation of the HfRu compound by
high-temperature mixing calorimetry. Using high-temperature
direct synthesis calorimetry, Aba [14] measured the enthalpy
of formation at 1763 K.

3. Thermodynamic models

3.1. Gibbs energy for pure components

The thermodynamic description is developed on the basis of
the data of pure elements taken from SGTE database [1,15].

Table 2

Invariant temperatures and compositions for the RueZr system (in at. % Zr;

L¼ liquid)

Ref. [6] Ref. [8] This work

L 5 (Ru) T (K) 2607 2607

L 0 0

(Ru) 0 0

L 5 (Ru)þRu2Zr T (K) 1988 1979 1983

(Ru) 1.9 1.9 1.4

L 22 22 23.3

Ru2Zr z 32 33.3 32.2

LþRuZr 5 Ru2Zr T (K) 2098 2107 2105

L 31 30.6 30.2

Ru2Zr 33 33.3 33.1

RuZr 48 48 48.6

Ru2Zr 5 (Ru)þRuZr T (K) 1558 1581 1559

(Ru) 1 1 1.4

Ru2Zr 33 33.3 32.9

RuZr 48 48 48.6

L 5 RuZrþ (bZr) T (K) 1513 1513 1509

RuZr 52 52 51.4

L 79 78.8 79.6

(bZr) 89 89 89

(bZr) 5 RuZrþ (aZr) T (K) z 773 e 789

RuZr 51 e 50.5

(bZr) 92 e 90.9

(aZr) 99 e 99.3

L 5 RuZr T (K) 2403 2396 2396

L 50 50 50

RuZr 50 50 50

L 5 (bZr) T (K) 2128 2128

L 100 100

(bZr) 100 100

(aZr) 5 (bZr) T (K) 1136 e 1136

(aZr) 100 e 100

(bZr) 100 e 100



1634 N. David et al. / Intermetallics 15 (2007) 1632e1637
Fig. 1. Computed RueZr phase diagram from Ref. [8]. Symbols correspond to inputs for their calculation.
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They are expressed by 0GF
i ðTÞ � 0HF

i ð298:15 KÞ, where 0GF
i ðTÞ

is the molar Gibbs energy of the pure element i in the physical
state 4 at temperature T and 0HF

i ð298:15 KÞ is the molar
enthalpy of the standard stable state F of i at 298.15 K.

Table 3

Invariant temperatures and compositions for the HfeRu system (in at.% Ru;

L¼ liquid)

Ref. [12] This work

L 5 (Ru) T (K) 2607 2607

L 100 100

(Ru) 100 100

L 5 HfRuþ (Ru) T (K) 2063 2062

HfRu 52.5 52.8

L 78 78.7

(Ru) 95 94.9

L 5 (bHf)þHfRu T (K) 1883 1882

(bHf) 11 10.2

L 20 20.15

HfRu 49.5 49.05

(bHf) 5 (aHf)þHfRu T (K) 1583 1580

(aHf) 2 2.0

(bHf) 8 8.3

HfRu 49.5 49.4

L 5 HfRu T (K) 2723 2721

L 50 50

HfRu 50 50

L 5 (bHf) T (K) 2504 2506

L 0 0

(bHf) 0 0

(aHf) 5 (bHf) T (K) 2016 2016

(aHf) 0 0

(bHf) 0 0
0G4ðTÞ � 0HF
i ð298:15 KÞ ¼ aþ bT þ cT ln Tþ dT2 þ eT�1

þ fT3þ iT7þ jT�9 ð1Þ
The thermodynamic functions of pure elements for stable

and metastable phases taken from Refs. [1,15] databases are
reported in Table 4.

3.2. Gibbs energy for disordered solutions

The molar Gibbs energy of a phase 4, G4(T ), is defined by:

G4 �
X

i

xi
0HF

i ð298:15 KÞ ¼ G4; ref þG4; id þG4; ex ð2Þ

where xi is the molar fraction of the element i in the 4 phase.
In this optimization the liquid phase and the five primary solid
solutions (BCC-A2 (bHf), (bZr), HCP-A3 (aHf), (Ru) and
(aZr)) are described as disordered solutions. The molar Gibbs
energy of mixing is expressed by the RedlicheKister model
[16]. In this case the different terms are expressed by:

G4; ref ¼
X

i

xi ð0G4
i ðTÞ � 0HF

i ð298:15 KÞÞ ð3Þ

G4;id ¼ RT
X

i

xi ln xi ð4Þ

G4; ex ¼
X

i

X

j s i

xi xj

X

y

Ly;4
i;j

�
xi� xj

�y ð5Þ

where the Ly;4
i;j parameters are dependent on temperature and

have been optimized in this work (see Tables 5 and 6):
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Ly;4
i;j ¼ ay;4

i;j þ by;4
i;j T ð6Þ

3.3. Gibbs energy for the intermediate phases

For RuZr-B2, Ru2Zr-C14 and HfRu-B2 compounds the
Gibbs energies of 4, G4(T ), are described by the multiple sub-
lattices’ model which was developed by Sundman and Agren
[17]. Their work was based on earlier models, principally on
the ionic model due to Temkin [18] and the two-sublattice model
due to Hillert et Staffansson [19]. According to this model, the
different species forming the phase occupy one or more sublat-
tices and thermodynamic quantities are expressed as a function
of the site fractions. In this model a two sublattice binary com-
pound with concentration dependence is written as:

�
Ay0

A
By0

B

�
p

�
Ay00

A
By00

B

�
q

where y0A; y
0
B; y
00
A; and y00B are, respectively, the fractional site

occupation of each component A and B on the various sublat-
tices and p and q are the number of sites of each sublattice.

For this compound, the different terms in Eq. (2) are ex-
pressed as follows:

- the molar Gibbs reference energy:

Gref
m ¼ y0Ay00AG0

A:Aþ y0Ay00BG0
A:B þ y0By00AG0

B:Aþ y0By00BG0
B:B ð7Þ

- the molar Gibbs ideal energy of mixing:

Table 4

Gibbs energy of pure elements for stable and metastable phases taken from Refs. [1,15] databases; L¼ liquid

Element Phase T (K) 0GF
i ðTÞ � 0HF

i ð298:15 KÞ (J/mol of atoms)

Hf (aHf)

(HCP-A3)

298.14e2506 �6987.297þ 110.744026T� 22.7075T LnT� 0.004146145T2� 4.77� 10�10T3� 22,590T�1

2506e3000 �1,446,776.33þ 6193.60999T� 787.536383T LnTþ 0.1735215T2� 7.575759� 10�06T3þ 5.01742495� 1008T�1

(bHf)

(BCC-A2)

298.14e2506 þ 5370.703þ 103.836026T� 22.8995T Ln T� 0.004206605T2þ 8.71923� 10�07T3� 22,590T�1� 1.446� 10�10T4

2506e3000 þ1,912,456.77� 8624.20573Tþ 1087.61412T Ln T� 0.286857065T2þ 1.3427829� 10�05T3� 6.10085091� 10þ08T�1

L 298.14e1000 þ20,414.959þ 99.790933T� 22.7075T Ln T� 0.004146145T2� 4.77� 10�10T3� 22,590T�1

1000e2506 þ49,731.499� 149.91739Tþ 12.116812T Ln T� 0.021262021T2þ 1.376466� 10�06T3� 4,449,699T�1

2506e3000 �4247.217þ 265.470523T� 44T Ln T

Ru (HCP-A3) 298.14e1500 �7561.873þ 127.866233T� 22.9143287T Ln T� 0.004062566T2þ 1.7641� 10�07T3þ 56,377T�1

1500e2607 �59,448.103þ 489.516214T� 72.3241219T Ln Tþ 0.018726245T2� 1.952433� 10�06T3þ 11,063,885T�1

2607e2740 �38,588,773þ 168,610.517T� 21,329.705T Ln Tþ 5.221639T2� 2.40245985� 10�04T3þ 1.30829926� 10þ10T�1

2740e4500 �55,768.304þ 364.482314T� 51.8816T Ln T

L 298.14e800 þ19,918.743þ 119.467485T� 22.9143287T Ln T� 0.004062566T2þ 1.7641� 10�07T3þ 56,377T�1

800e2607 þ50,827.232� 179.818561Tþ 19.539341T Ln T� 0.026524167T2þ 1.667839� 10�06T3� 3,861,125T-1

2607e4500 �17,161.807þ 349.673561T� 51.8816T Ln T

Zr (aZr)

(HCP-A3)

298.14e2128 �7827.595þ 125.64905T� 24.1618T Ln T� 0.00437791T2þ 34,971T�1

2128e6000 �26,085.921þ 262.724183T� 42.144T Ln T� 1.342895� 10þ31T�9

(bZr)

(BCC-A2)

298.14e2128 �525.539þ 124.9457T� 25.607406T Ln T� 3.40084� 10�04T2� 9.729� 10�09T3þ 25,233T�1� 7.6143� 10�11T4

2128e6000 �30,705.955þ 264.284163T� 42.144T Ln Tþ 1.276058� 10þ32T�9

L 298.14e2128 þ18,147.69� 9.080812Tþ 1.6275� 10�22T7þGHSERZR

2128e6000 þ17,804.661� 8.911574Tþ 1.342895� 10þ31T�9þGHSERZR

Table 5

Optimized set of parameters of the RueZr system; L¼ liquid

System Phase Parameter values (J/mol of atoms)

RueZr L L0;L
Ru;Zr ¼ �190756þ 49:4724T

L1;L
Ru;Zr ¼ þ2922

Ru2Zr (C14) G0;C14
Ru:Ru ¼ þ15000þ 3GHSERRU

G0;C14
Zr:Ru ¼ þ126; 208� 9:0767T þ GHSERRUþ 2GHSERZR

G0;C14
Ru:Zr ¼ �96; 208þ 9:0767T þ GHSERZRþ 2GHSERRU

G0;C14
Zr:Zr ¼ þ15; 000þ 3GHSERZR

L0;C14
Ru:Ru;Zr ¼ L0;C14

Zr:Ru;Zr ¼ þ40; 000

(HCP-A3) G0;hcp-a3
Ru:Va ¼ þGHSERRU

G0;hcp-a3
Zr:Va ¼ þGHSERZR

L0;hcp
Ru;Zr:Va ¼ �99; 951þ 46:1136T

RuZr (BCC-B2) G0;bcc-b2
Ru:Zr:Va ¼ G0;bcc-b2

Zr:Ru:Va ¼ �29; 614þ 1:3547T

L0;bcc-b2
Ru;Zr:Ru:Va ¼ L0;bcc-b2

Ru:Ru;Zr:Va ¼ þ29; 614� 1:3547T

L0;bcc-b2
Ru;Zr:Zr:Va ¼ L0;bcc-b2

Zr:Ru;Zr:Va ¼ þ37; 727� 1:3547T
L1;bcc-b2

Ru;Zr:Zr:Va ¼ L1;bcc-b2
Zr:Ru;Zr:Va ¼ þ8113

L0;bcc-b2
Ru;Zr:Ru;Zr:Va ¼ �32; 452

(BCC-A2) G0;bcc-a2
Ru:Va ¼ þGRUBCC

G0;bcc-a2
Zr:Va ¼ þGZRBCC

L0;bcc-a2
Ru;Zr:Va ¼ �160; 350þ 48:4494T

L¼ liquid. The temperature range is 298.15� T� 6000. Parameters which are not listed are equal to zero.
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Gid
m ¼ RT ½pðy0A ln y0Aþ y0B ln y0BÞ þ qðy00A ln y00Aþ y00B ln y00BÞ� ð8Þ

- the Gibbs excess energy of mixing:

Gex
m ¼ y0Ay0B½y00ALA;B:Aþ y00BLA;B:B� þ y00Ay00B½y0ALA:A;Bþ y0BLB:A;B�
þ y0Ay0By00Ay00BLA;B:A;B ð9Þ

where Li;j:i ¼ y0iy
0
j½ða0 þ b0TÞ þ ða1 þ b1TÞ ðy0i � y0jÞ�

The Ru2Zr-C14 Laves phase is described with two sublatti-
ces (Ru,Zr)2(Ru,Zr)1 to simplify the thermodynamic descrip-
tion when considering additional alloying elements. Due to
the lack of experimental data, some parameters had to be
estimated. The Gibbs energy of formation of the metastable
stoichiometric compounds DGC14

Ru:Ru and DGC14
Zr:Zr was fixed to

be equal to 15,000 J/mol of phase. Moreover, a constraint
between the Gibbs energy of formation of the stoichiometric
compounds defined by the model (Ru,Zr)2(Ru,Zr)1 was used
to account the WagnereSchottky type defects. This assump-
tion is expressed in Table 5.

The RuZr-B2 and HfRu-B2 phases are expressed with the sub-
lattice model with vacancies (Va) as the main defect. The three-
sublattice model (Ru,Me)0.5(Ru,Me)0.5(Va)3, where Me¼ Zr
or Hf allows a phase extension to the Me-rich side which
is different from the Ru-rich side. Compared with the model
used for the description of the C14 phase, the description of
the RuZr-B2 and HfRu-B2 phases needs an extra term
in order to consider the ordering energy contribution.

Gm ¼ Gdis
m ðxiÞ þDGordðy0i; y00i Þ �DGordðx0i; x00i Þ

Gdis
m ðxiÞ is the molar Gibbs energy contribution from the dis-

ordered state BCC-A2 and DGordðy0i; y00i Þ � DGordðx0i; x00i Þ is
the ordering contribution equal to zero in the disordered state.
In the present work, a single function is used in order to de-
scribe the Gibbs energy of the A2 and B2 phases. The corre-
sponding transition between A2 and B2 does not appear in any
phase diagram. A similar treatment has been adopted for the
A2 and B2 phases in Ref. [20]. The symmetry of the model
for the B2 phase is taken into account by imposing the
relations:

Table 6

Optimized set of parameters of the HfeRu system

System Phase Parameter values (J/mol of atoms)

HfeRu L L0;L
Hf;Ru ¼ �283; 785þ 85:2644T

L1;L
Hf;Ru ¼ 2371

(HCP-A3) G0;hcp-a3
Hf:Va ¼ þGHSERHF

G0;hcp-a3
Ru:Va ¼ þGHSERRU

L0;hcp
Hf;Ru:Va ¼ �112; 338þ 34:1139T

HfRu

(BCC-B2)

G0;bcc-b2
Hf:Ru:Va ¼ G0;bcc-b2

Ru:Hf:Va ¼ �50; 182þ 9:1804T

L0;bcc-b2
Hf;Ru:Hf:Va ¼ L0;bcc-b2

Hf:Hf;Ru:Va ¼ þ60; 182� 9:1804T
L0;bcc-b2

Hf;Ru:Ru:Va ¼ L0;bcc-b2
Ru:Hf;Ru:Va ¼ þ50; 182� 9:1804T

L1;bcc-b2
Hf;Ru:Hf:Va ¼ L1;bcc-b2

Hf:Hf;Ru:Va ¼ þ10; 000

L0;bcc-b2
Hf;Ru:Hf;Ru:Va ¼ �40; 000

(BCC-A2) G0;bcc-a2
Hf:Va ¼ þGHFBCC

G0;bcc-a2
Ru:Va ¼ þGRUBCC

L0;bcc-a2
Hf;Ru:Va ¼ �202; 710þ 59:5937T

L¼ liquid. The temperature range is 298.15� T� 6000. Parameters which are

not listed are equal to zero.
G0;bcc-b2
A:B:Va ¼ G0;bcc-b2

B:A:Va

Ly;bcc-b2
A;B:A:Va ¼ Ly;bcc-b2

A:A;B:Va

Ly;bcc-b2
A;B:B:Va ¼ Ly;bcc-b2

B:A;B:Va

4. Results and discussion

The modeling of the two binary systems is carried out by
taking into consideration all the relevant experimental data
which are detailed in Section 2. The optimization of the system
was performed according to the CALPHAD method [21] using
the Parrot module [22] in the Thermo-Calc software [2].

4.1. RueZr

Taking into account the few experimental data, the calcu-
lated phase diagram as shown in Fig. 2 is in good agreement
with the experimental phase diagram assessed by Okamoto

Fig. 2. Calculated RueZr phase diagram.

Table 7

Experimental, estimated and calculated values of enthalpy of formation (kJ/

mol of atoms) of the HfRu-B2, RuZr-B2 and Ru2Zr compounds

Reference Enthalpy of formation (kJ/mol of atoms)

Ru2Zr RuZr HfRu

[7] �68.7� 3.4 �91.7� 5.2

[8]a �32.0� 0.9 �55.8� 2.3

[8]b �32.1 �55.8

[14] �88.6� 1.2

[23] �49 �53 �57

[24] �78 �88 �77

[25] �65 �70

This work �31.4 �56 �87.6

a Experimental.
b Calculated.
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[6]. The experimental and calculated invariant temperatures
and compositions are given in Table 2 and the final set of
parameters is listed in Table 5. The experimental data for
enthalpies of formation of intermediate compounds RuZr and
Ru2Zr are compared in Table 7 to those which are calculated
by the present optimization and by different estimation models
[23e25]. It also shows a good agreement.

4.2. HfeRu

As a starting point of the optimization, the authors intro-
duced the calculated liquid parameters obtained in the case
of the RueZr system. The second step consisted in the addi-
tion of the HfRu-B2 phase (with no interaction parameters)
in the calculation to ensure an acceptable congruence temper-
ature. Then the eutectic invariants between the primary solid
solutions and HfRu-B2 were introduced. At last their solubil-
ity ranges were adjusted while parameters of the liquid phase
were fixed.

As written in Section 2, the experimental data on this bi-
nary system are very limited. The optimized phase diagram
is compared to the experimental data in Fig. 3, and shows
a good agreement with the experimental phase diagram. All
experimental and calculated invariant temperatures and com-
positions are reported in Table 3 and the final set of parameters
is listed in Table 6. Table 7 compares the enthalpies of forma-
tion of the HfRu compound from Topor and Kleppa [7] and

Fig. 3. Calculated HfeRu phase diagram.
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Hf Mole fraction Ru Ru
Aba [14] and the calculated values by the present optimization
and by different estimation models [23e25].

5. Conclusion

A consistent set of thermodynamic parameters is deter-
mined for the two RueZr and HfeRu systems. The present
modeling takes into account the ordered B2 phase existing
in each system (RuZr-B2 and HfRu-B2 phases). The resulting
phase diagrams are in good agreement with the available com-
piled data as well for diagrammatic information as for thermo-
dynamic measures.

References

[1] Hack K, editor. The SGTE Casebook: Thermodynamics at work. Lon-

don: The Institute of Materials; 1996.

[2] Sundman B, Jansson B, Andersson JO. Calphad 1985;9:153e90.
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Abstract
Nb3Co3CrSi6 (isostructural to Nb3Fe3CrSi6) and Nb4Co4Si7 (isostructural to Zr4Co4Ge7) intermetallic compounds have been studied from the
oxidation point of view. Isothermal oxidation results at 1300 �C are discussed. The volatilisation of the external chromia layer formed by
oxidation on Nb3Co3CrSi6 was quantified by analysing the thermogravimetric curves on the basis of the differential equation that describes
the oxidation kinetics. Nb4Co4Si7 is a typical SiO2-forming compound with a parabolic oxidation constant kp

0 ¼ 6� 10�13 g2/cm4 s.
Nb3Co3CrSi6 oxidises by formation of a duplex SiO2eCr2O3 layer but is mainly a Cr2O3-forming compound with kp

0 ¼ 1.8� 10�11 g2/cm4 s
and the linear volatilisation constant kl

0 ¼ 1.85� 10�9 g/cm2 s. Transformation of Nb3Co3CrSi6 into Nb4Co4Si7 slows down the diffusion of
Cr towards the surface leading to an overall decreasing of the Cr2O3 formation rate.
� 2008 Elsevier Ltd. All rights reserved.

Keywords: A. Silicides, various; G. Aerospace constructional uses; C. Coatings, intermetallic and otherwise; B. Oxidation
1. Introduction

Future aerospace applications will require materials with
increasing performances, i.e. greater resistance to creep and
environmental degradation resistances, under higher tempera-
tures. This is the reason why metallic systems based on
refractory metals are considered as candidates for replacing
nickel-based superalloys which have reached their limit in
temperature capability [1]. Among the elements belonging to
the family of refractory metals, niobium alloys have received
great attention because niobium has the lowest density of all
the refractory metals (8.58 as compared to 8.91 for nickel).
Unfortunately, their use under extreme environmental condi-
tions is limited owing to their poor oxidation resistance,
even though some improvements have been achieved through
the developments of Nbss/Nb5Si3-based in situ composites
[2e5]; protective coatings are thus required. A pack
* Corresponding author. Tel.: þ33 3 83 68 46 52; fax: þ33 3 83 68 46 11.

E-mail address: ferhath.zamoum@lcsm.uhp-nancy.fr (F. Zamoum).

0966-9795/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.intermet.2007.12.009
cementation process for the deposition of binary and ternary
silicide coatings has been developed these past years [6]. For
example, both niobium and niobium alloys have been coated
in isothermal conditions from mono-, two- or three-phase
FeeCreSi alloys whose compositions correspond to Si levels
higher than 37.5 at%. In all cases, the coating grows under
diffusion conditions and its composition is closely correlated
with that of the masteralloy. Therefore, it has been concluded
that better knowledge of the ternary and quaternary phase di-
agrams should allow choosing the ‘‘diffusion path’’, and there-
fore the masteralloy composition, leading to the formation of
the required coating, i.e. constituted of phases selected accord-
ing to their mechanical and chemical behaviours. Thus, several
works have led to assessing the quaternary NbeFeeCreSi
phase diagram [7], in which a new quaternary silicide
Nb3Fe3CrSi6 ((TT0)7Si6-type compound where T¼Nb and
T0 ¼ Feþ Cr) was especially studied [8]. It was shown (i)
that this compound is stable over a narrow composition range
and (ii) that its crystallographic structure could be characterised
as a combination of elemental blocks of the Zr4Co4Ge7- and
Nb2Cr4Si5-type structures. Since T4T4

0Si7 and (Tþ T0)6Si5-type

mailto:ferhath.zamoum@lcsm.uhp-nancy.fr
http://www.elsevier.com/locate/intermet


Fig. 1. Temperature and pressure sequences used to synthesise alloys during
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compounds have been reported in many other systems, new
quaternary silicides (TT0)7Si6, where Nb was substituted by
Ti and Fe by Co or Ni, have been characterised from a crystal-
lographic point of view as well as their oxidation behaviour at
high temperature. Different coatings based on (TT0)7Si6
(T¼Nbþ Ti; T0 ¼ Feþ Cr, Coþ Cr, Niþ Cr) masteralloys
have also been synthesised and tested as concerns their
oxidation [9].

In this paper, we report the results of an isothermal
oxidation study at 1300 �C1 of the (Nb,Co,Cr)7Si6 and
(Nb,Co,Cr)8Si7 compounds belonging, respectively, to the
(TT0)7Si6 and T4T4

0Si7 silicide families in order to quantify
their protective capability so as to assess the possibility of
synthesising new coatings comprising them as superficial
layer. Since the (Nb,Co,Cr)7Si6 silicide is covered by an exter-
nal Cr2O3 layer which suffers from a volatilisation phenome-
non when the exposure temperature exceeds 1000 �C,
a mathematical treatment of the thermogravimetric curves is
proposed to evaluate both parabolic alloy oxidation, as well
as linear chromia volatilisation rates.
hot pressing.
2. Experimental
2.1. Alloy preparations
0.05 ......-----------------------,

-0.05

-0.15

Ol.s -0.25

~ -0.35

-0.45

-0.55
Alloys were prepared from the elemental components in the
form of powders with nominal purities of 99.8% except for Cr
(99.6%). The niobium powder was 325 mesh. Prior to sinter-
ing, the elemental powders were weighed, then blended man-
ually in an agate mortar respecting the atomic ratios M/Si¼ 7/
6 and 8/7 in order to obtain homogeneous mixtures. The
mixtures were introduced into silica tubes which were evacu-
ated, partially filled with Ar (2� 104 Pa) and sealed. A preal-
loying step was performed by annealing the mixtures for 5
days at 1200 �C, in order to obtain the silicide compound at
thermodynamic equilibrium. Then, the alloyed powders were
examined by X-ray diffraction (XRD) using a Philips Xpert-
Pro diffractometer (qeq BraggeBrentano geometry e lCu

Ka¼ 1.5418 Å) to determine that the single-phase silicide
was obtained. The final step of synthesis consisted in hot
pressing, carried out using a high temperature furnace equip-
ped with a 104 DaN uniaxial press. The pre-alloyed powders
were introduced into a graphite die, coated with BN applied
by spraying. Boron nitride works as a diffusion barrier
between graphite and metallic powders, thus limiting metallic
carbide formation. The conditions of hot pressing, i.e. pressure
and temperature vs. time, are reported in Fig. 1.

The cylindrical ingots obtained have a density near 6.5,
which is very close to the theoretical density of the silicide
compounds we are studying.
1 Considering that the main goal of using niobium alloys is to enhance the

temperature capability of the high temperature materials for aeronautical tur-

bines, the very high temperature of 1300 �C, which is beyond the limit of cur-

rent Ni-based alloys, was chosen.
2.2. Thermogravimetric analyses
Oxidation experiments were conducted at 1300 �C in a
SETARAM MTB10-8 type automatic-recording balance
(1 mg sensitivity). The cylindrical samples, polished to the
1200 grid, were hung in the hot zone of the thermobalance
furnace by a platinum wire. Dry air was then introduced into
the reaction chamber at 1 atm, at a flow rate of 1.5 l/h. Each
sample was heated at a rate of 10 �C/min up to the test temper-
ature, then the experiment was carried out for 100 h (except
for catastrophic oxidation situations). The time at which the
test temperature was achieved was considered as the origin
of the thermogram.

The curves obtained must be corrected by the mass loss of
the platinum wire. Indeed, platinum is subject to PtO forma-
tion and vaporisation at high temperatures under oxidising
conditions [10]. Fig. 2 shows the vaporisation curve of PtO
at 1300 �C. Note that the same Pt wire is used for all thermog-
ravimetric measurements.
Fig. 2. Vaporisation of Pt wire at 1300 �C under an air flux equal to 1.5 l/h.
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2.3. Metallographic study
After testing and surface analyses by XRD, the samples
were embedded in a cold resin (Araldite CY230þ Strength-
ener Escil HY956) and polished, first with SiC paper from
400 to 2400 grid under water, then finished with 1 mm dia-
mond paste (DP-Suspension P of Struers).

The samples were observed using a Philips XL30 scanning
electron microscope (SEM) in the back scattered electron
mode under a 20 kV acceleration voltage. An energy disper-
sive spectrometry (EDS) device was used to analyse the exter-
nal oxide scale. Moreover, the samples were analysed by
Wavelength Dispersive Spectrometry (WDS) using a Cameca
SX50 microprobe.
Nb3,Co•.,Cr27.8'')i36
2.4. Coefficient of thermal expansion (CTE)
measurements
Fig. 3. Microstructure of (TT0)7Si6 alloy after synthesis.

H 20 l'l!l

•

The CTE measurements were carried out using a SETARAM

TMA-92 dilatometer. These experiments rely on a thermal
cycling which involves heating at a 10 �C/min rate, a dwell
time of about 5 min at 1300 �C and then cooling at 10 �C/min
to room temperature.

3. Results and discussion
3.1. Metallographic characterisation of as-sintered alloy
Alloys synthesised by the sintering method contain almost
no porosity. The syntheses of neither the (TT0)7Si6 nor the
T4T4

0Si7 compound led to one-phase alloys, even if the target
phase was by far the predominant one, as shown in Table 1.

This result is probably due to the very narrow stability
domain of each phase. In addition, micron range silica grains
(5e10 mm) are homogeneously dispersed from the surface to
the bulk in both alloys (Fig. 3). Other syntheses with prealloy-
ing in vacuum instead of under an Ar atmosphere led to the
same results.
3.2. Metallographic characterisation of oxidised sample

3.2.1. (Nb,Co,Cr)7Si6 silicide
Samples of the (TT0)7Si6 silicide were oxidised at 1300 �C

and observed after different oxidation durations. Their metal-
lographic study was made difficult by the strong spallation of
the oxide scale during cooling of the samples. Nevertheless,
non-spalled areas were constituted of a convoluted greenish
oxide (Fig. 4a). Irrespective of the duration of the oxidation
Table 1

Synthesis results (the composition written in bold letters is the main phase)

Target composition Type XRD result

Nb21.5Co19.3Cr13.8Si45.4 (TT0)7Si6 Pure ‘‘7/6’’

Nb25.66Co25.85Cr1.89Si46.6 T4T4
0Si7 Pure ‘‘4/4/7’’
process, the cross-section observations revealed two
morphologies.

When the oxide scale is thin, compact and regular, it is con-
stituted by chromia convoluted at the surface and by a thin
silica underscale. XRD analyses also evidenced the pres-
ence of chromia but did not give any information concern-
ing silica which is probably masked by the superficial
chromia layer. A T4T4

0Si7-type silicide with the formula
Nb27.6Co27.1Cr0.8Si44.5 forms between the silica scale and
the bulk (TT0)7Si6 alloy. Its growth results from the prefer-
ential oxidation of the chromium contained in the substrate.
This morphology is observed on 97% of the samples’ sur-
face (Fig. 4b).
On 3% of the sample surface, the oxide scale is thicker and
very porous. It is mainly constituted of chromia, but also
contains some grains of CoCr2O4. As before, a thin silica
layer is formed under this oxide scale. With this specific
morphology, a (TT0)5Si3-type silicide forms underneath
this oxide scale identified by electron microprobe to be
Nb30.15Co27.55Cr4.6Si37.7. The formation of this silicide is
due to the selective oxidation of the chromium contained
in Nb32Co4.2Cr27.8Si36, the minor phase initially present
in the alloy (see Table 1), when it is exposed to air at the
surface of the samples (Fig. 5).
Phase formulae Proportion of the main phase

Main: Nb20.8Co20Cr13.1Si46.1 90%

Minor: Nb23.6Co25.7Cr4.1Si46.6

minor: Nb32Co4.2Cr27.8Si36

Main: Nb26.2Co26Cr1.5Si46.3 90%

Minor: NbSi2



Fig. 4. (a) SEM photograph (SE mode) of the surface of the (TT0)7Si6 alloy

oxidised at 1300 �C. (b) Cross-section of oxidised (TT0)7Si6 alloy, protected

by a thin Cr2O3/SiO2 duplex layer after a 15 h oxidation test at

T¼ 1300 �C: superficial microstructure representative of 97% of the sample

surface.
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A WDS profile (at%) was performed from the silicae
T4T4

0Si7 interface (Fig. 6) to the bulk of the substrate. The
chromium content decreases logically through the T4T4

0Si7-
phase and towards the oxide scale, going from 4 at% to
0 at%. In the (TT0)7Si6 substrate, the chromium content
remains at its initial concentration.

Moreover, the growth of the T4T4
0Si7-type phase under-

neath the oxide scale appears to be parabolic with time
(Fig. 7); the kinetic constant of the growth law is equal to
kT4T04Si7 ¼ 4:1� 10�11 cm2=s.
3.2.2. (Nb,Co,Cr)8Si7 silicide
Since the oxidation of the (TT0)7Si6 alloy involves the

formation of a T4T4
0Si7-type silicide, it is interesting to study
the oxidation behaviour of the latter in order to appreciate its
influence on that of the (TT0)7Si6 phase.

After heating during 100 h at 1300 �C, coupons of the
T4T4

0Si7 phase remain covered by a compact oxide layer.
EDS and WDS analyses show that the oxide layer is mainly
silica convoluted, with the presence of some grains of niobium
and cobalt oxide, as well as some chromia (Fig. 8a and b).
SEM observations suggest that a part of silica scale is amor-
phous (glassy aspect) and its low viscosity at 1300 �C allows
it to perfectly embed the grains of (Nb,Co)Ox oxide shown
in Fig. 8b.

The broad peak centred at 2q¼ 8� on the X-ray diffraction
pattern recorded at the surface of this sample seems to confirm
the previous conclusion (Fig. 9). Moreover, the cristobalite
allotropic form of silica is evidenced too. The coexistence of
different forms of silica has already been reported in the liter-
ature [11]. From this observation, it is believed that the silica
scale formed during the oxidation of the (TT0)7Si6 alloy at the
interface between the chromia scale and the T4T4

0Si7 phase is
also partially amorphous. This structural property of silica
allows notably the diffusion of CrIII whose solubility is low
but not equal to zero, as it is the case in crystalline forms
like cristobalite or tridymite [12].

The WDS profile does not reveal any phase transformation
under the oxide scale.
3.3. Thermogravimetric study of (Nb,Co,Cr)7Si6 silicide
The thermogravimetric curves obtained for three different
samples, named, respectively, 76Co1, 76Co3 and 76Co32, of
the (TT0)7Si6 alloy at 1300 �C presented in Fig. 10, show
a rapid mass gain which presents a maximum between 21
and 48 h (i.e. 75,000e1,700,000 s) of oxidation. Then, a con-
tinuous and near-linear mass loss is observed.

The maximum measured mass gains for each curve are
reported in Table 2.

The values of mass gains reported in Table 2 are low, but
show plenty of scatter, since they can fluctuate from 0.35 mg/
cm2 to 1 mg/cm2. This is probably due to the chromium concen-
tration at the surface of the alloy, knowing that the global
composition of the surface is related to the proportion of minor
phases (Nb23.6Co25.7Cr4.1Si46.6 and Nb32Co4.2Cr27.8Si36, see
Table 1). In addition, the different values obtained can be
explained by the initial transient oxidation stage occurring
during the temperature rise in the furnace; during this period,
unstable oxides such as CoCr2O4 can form.
3.3.1. Mathematical processing (determination
of oxidation and volatilisation rate constants)

In order to calculate the oxidation rate of the (TT0)7Si6-type
alloy, we consider that the alloy is mainly a chromia-former.
But unlike Al2O3, which develops on the external surface of
alumina-forming alloys when oxidised at high temperature,
chromia is not stable when the exposure temperature is too
high. Indeed, when the temperature exceeds 1000 �C, the chro-
mia oxide suffers from a volatilisation phenomenon. The



Fig. 5. Cross-section of oxidised (TT0)7Si6 alloy, protected by a thick porous Cr2O3 scale containing some CoCr2O4 grains after a 15 h oxidation test at

T¼ 1300 �C: superficial microstructure representative of 3% of the sample.
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external part of the Cr2O3 scale is continuously oxidised into
CrO3, a new oxide that is volatile and leaves the scale in a
gaseous form. Therefore, the oxidation kinetics of chromia-
forming alloys at very high temperatures must be described
as mentioned by many authors with respect to both mass
gain kinetics due to chromia formation, and chromia volatili-
sation due to its oxidation into CrO3 [13,14].

e Cr2O3 formation kinetics: In the case of Cr2O3 formation,
the mass gain corresponds to oxygen incorporation into
the substrate. The oxidation rate is limited by the solid
state diffusion of atoms and/or ions that are involved in
the reaction. In the Cr2O3 oxide layer, the diffusion coef-
ficient of O2� is three orders of magnitude less than that of
Cr3þ ðDCr3þ=DO2� ¼ 103Þ [15]; therefore, the chromia for-
mation rate is mainly dependent on Cr3þ diffusion. More-
over, at 1300 �C, short-circuits and intergranular diffusion
are negligible.
Fig. 6. Concentration profile of elements underneath the oxide scale after 50 h

oxidation of (TT0)7Si6 silicide at T¼ 1300 �C.
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Under these conditions, the oxidation rate can be de-
scribed by Wagner0s law [16]:

dx

dt
¼ kpe

x
ð1Þ

where x is the thickness (cm), kpe the parabolic oxidation
rate constant (cm2/s) and t the time (s) related to the steady
state of the oxidation phenomenon at 1300 �C.

e Cr2O3 vaporisation kinetics: Chromia vaporisation occurs
at the oxideegas interface at a constant rate. The kinetics
of this phenomenon which leads to a decrease of the oxide
scale thickness is described by Eq. (2). The mass loss com-
pared to initial mass of the sample corresponds only to the
Cr depletion from the substrate.

dx

dt
¼�kle ð2Þ
Fig.
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where, kle is the linear volatilisation rate (cm/s).
7. Growth rate of T4T4
0Si7 phase during oxidation of (TT0)7Si6 at

1300 �C.
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Fig. 8. (a) Surface view of T4T4
0Si7 silicide oxidised at 1300 �C. (b) Cross-sec-

tion of T4T4
0Si7 silicide oxidised at 1300 �C. The grey superficial layer is

SiO2. It contains grains of CoNb2O6.
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After combination of Eqs. (1) and (2), the variation of the
oxide thickness with time is given by Eq. (3), which is inte-
grated to obtain Eq. (4):

dx

dt
¼ kpe

x
� kle ð3Þ

t ¼�x

kle

� kpe

k2
le

ln
�
kpe � klex

�
þC ð4Þ

where C is the integration constant, which can be determined
by using the following condition: x¼ 0 at t¼ 0. Then, Eq. (4)
becomes:

t ¼ kpe

k2
le

�
� kle

kpe

x� ln

�
1� kle

kpe

x

��
ð5Þ

Since the oxide formation rate decreases with time, it can
lead to a point at which the Cr3þ provided to the oxideegas
interface is balanced by the Cr3þ lost due to Cr2O3 loss
through CrO3 vaporisation. So, if Eq. (3)¼ 0, this particular
limiting thickness can be given by

xlim ¼
kpe

kle

ð6Þ

If the oxide scale reaches this thickness, Eq. (5) can no
longer be considered to describe the oxidation kinetics.

In addition, if we consider the mass variation due to O2�

fixation by the forming oxide scale, Eq. (3) becomes:

dDmoxide

S

dt
¼

k0p
Dmoxide

S

� k0l ð7Þ

where

Dmoxide

S
¼ x� rCr2O3

� 3�MO��

MCr2O3

¼ x�A ð8Þ

k0p ¼
kpe

A2
ð9Þ

k0l ¼ kle�A ð10Þ

and S represents the oxidised surface area (cm2), Dmoxide/S the
mass variation due to O2� fixation (g/cm2), kp

0, the parabolic
constant (g2/cm4 s) and kl

0 the linear volatilisation constant
(g/cm2 s), rCr2O3

the density of Cr2O3 (g/cm3), MO�� the
atomic mass of oxygen (g/mol) and MCr2O3

the molar mass
of Cr2O3 (g/mol).

On the other hand, the total mass variation given by ther-
mogravimetry Dm/S represents the result of the mass gain
due to O2� fixation minus the mass loss due to metal loss,
knowing that Dm¼mt�mo where mt is the instantaneous
mass of the sample and mo the initial mass of the sample.Then

Dm

S
¼ Dmoxide

S
�DmCr

S
ð11Þ

where DmCr/S represents the mass variation due to chromium
loss (g/cm2), and is given by Eq. (12):

DmCr

S
¼ k00l t ¼ k0lt�

2�MCr

3�MO��
¼ k0lt�B ð12Þ

with MCr the atomic mass of chromium (g/mol).
Combination of Eqs. (7), (11) and (12) leads to Eq. (13).

d
�

Dm
S
þ k0lt�B

�

dt
¼

k0p�
Dm
S
þ k0lt�B

�� k0l ð13Þ

Finally, the partial differential of Eq. (13) gives:

d
�

Dm
S

�

dt
¼

k0p�
Dm
S
þ k0lt�B

�� k0lð1þBÞ ð14Þ

The graphic representation of dðDm=SÞ=dt as a function of
1=½ðDm=SÞ þ k0lt � B� leads to obtaining a linear function with
kp
0 as the slope and kl

0(1þ B) as the y-axis intercept, if kl
0 is

correctly chosen.



Fig. 9. X-ray diffraction pattern of the T4T4
0Si7 silicide oxidised at T¼ 1300 �C [24].
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3.3.2. Quantitative results
Before processing data with the above method, the ther-

mogravimetric curves obtained for the different silicide sam-
ples and represented in Fig. 10 are fitted with a polynomial
function Dm=S ¼ A

ffiffi
t
p
� Bt, so one avoids artefacts due to

the noisy recorded signal related to the great sensitivity of
the thermobalance (mg) (this procedure was not necessary
for sample 7/6Co32). The experimental thermogravimetric
data as well as the fitted curve are shown in Fig. 11. The
½dðDm=SÞ�=dt ¼ f ½1=ððDm=SÞ þ k0lt � BÞ� graphs for the three
7/6Co samples, as well as the corresponding best-fit lines are
reported in Fig. 12.

The oxidation and volatilisation rates for the three (TT0)7Si6
samples oxidised at T¼ 1300 �C are reported in Table 3.
3.4. Thermogravimetric study of (Nb,Co,Cr)8Si7 silicide
The thermogravimetric curve for a T4T04Si7 alloy is re-
ported in Fig. 13. It shows a continuous mass gain with
time. The mathematical treatment used for (TT0)7Si6 is
performed for this sample. The curve can be fitted with
Fig. 10. Thermogravimetric curves for three (TT0)7Si6 alloys at T¼ 1300 �C:

experimental curves.
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a simple parabolic law characterised by kp
0 ¼ 9.2� 10�14 g2/

cm4 s and obviously kl
0 ¼ 0.
3.5. Discussion
The (TT0)7Si6 silicide containing 12 at% chromium is
mainly a Cr2O3-former. The average parabolic constant value
kp
0, obtained from thermogravimetric results for the samples

tested is kp
0 ¼ 1.5� 10�11 g2/cm4 s. Using this value in

a ln(Kp)¼ f(1/T ) diagram (Fig. 14) allows comparison with
the value of typical Cr2O3-, Al2O3- and SiO2-forming alloys
[17]. Even if the alloy is mainly a Cr2O3-former, its parabolic
rate constant at 1300 �C is half-way between those of typical
Cr2O3- and SiO2-forming alloys. This result could be ex-
plained by the presence, between the chromium-providing
source and the chromia scale, of a silica layer, as well as of
the T4T04Si7 phase. These two layers can act as diffusion bar-
riers and, according to the calculated kinetic constant of the
growing mechanism, it appears that the T4T4

0Si7 phase is the
more efficient one. Indeed, in the structural transformation
of the (TT0)7Si6 phase into the T4T4

0Si7 one proceeds via
a modification of the composition which requires liberation
of chromium and silicon as indicated by Eq. (15). Then these
elements have to diffuse through the T4T04Si7 phase in order to
be oxidised at the substrate surface.

4Nb3Co3CrSi6 ¼ 3Nb4Co4Si7 þ 4Cr þ 3Si ð15Þ
Table 2

Maximum mass gains for (TT0)7Si6 alloys (where S is the sample surface area

and Dm is the mass variation; Dm¼mt�mo where mt is the instantaneous

mass of the sample and mo the initial mass of the sample)

M7Si6 sample Time to reach (Dm/S )maxi (s) (Dm/S )maxi (mg/cm2)

76Co1 180,000 1.00

76Co3 84,862 0.80

76Co32 70,000 0.35



Table 3

Parabolic and linear constants determined for (TT0)7Si6 alloys for oxidation at

1300 �C

Sample Total oxidation

time (h)

kp
0 (g2/cm4 s) kl

0 (g/cm2 s)

76Co1 90 2� 10�11 1.85� 10�9

76Co3 275 1.8� 10�11 1.85� 10�9

76Co32 175 6� 10�12 1.85� 10�9

Fig. 11. Thermogravimetric curves for three (TT0)7Si6 alloys at T¼ 1300 �C:

experimental and fitted curves.
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Therefore, because the growth kinetics law of the T4T4
0Si7

silicide is parabolic with kT4T04Si7 ¼ 4:1� 10�11 cm2=s, it is
reasonable to assume that the kinetic limiting step of the phase
transformation is the solid state diffusion of elements and no-
tably of chromium. Consequently, because kpe

0 ¼ 5.4�
10�11 cm2/s and kT4T04Si7 ¼ 4:1� 10�11 cm2=s are very similar,
it can be deduced that the rate limiting step of the oxidation
reaction is the diffusion of chromium through the upperside
of the intermetallic substrate.

Concerning now the volatilisation linear constants obtained
with the mathematical treatment of the thermogravimetric
curves relative to (TT0)7Si6 alloys, they are of the same order
of magnitude as those reported in the literature for CrO3

[18,19]. In addition, they have nearly the same value as that
obtained by performing an isothermal oxidation test on a com-
pacted pure chromia pellet (k0lðCr2O3Þ ¼ 2:2� 10�9 g=cm2 s or
k0l(Cr)¼ 1.5 10�9 g/cm2 s referring, respectively, to the loss of
chromia and of equivalent chromium) under the same condi-
tions as for the silicide compounds (Fig. 15). Note that only
orders of magnitude should be a subject of comparison be-
tween different values of vaporisation constants for the same
temperature, as shown by different authors [19,20]. Mass los-
ses are so much related to the gas flux into the TGA furnace,
that a rigorous comparison of the values obtained with differ-
ent apparatuses is not necessarily significant.
Fig. 12. dðDm=SÞ=dt vs: 1=½ðDm=SÞ þ k0lt � B� for samples 7/6Co1, 7/6Co3,

7/6Co32.
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Elsewhere, both (TT0)7Si6 and T4T4
0Si7 silicides are known

to be brittle phases. Nevertheless, as seen in Fig. 4b, the phase
transformation which occurs during the oxidation treatment
does not lead to crack formations, for the following reasons.

The coefficients of thermal expansion (CTE) for (TT0)7Si6
and T4T4

0Si7 are very similar. In Fig. 16, the CTE of both
silicides are presented with respect to temperature between
800 �C and 1300 �C. At 1300 �C, which is the oxidation
temperature, the (TT0)7Si6 silicide CTE value is equal to
15� 10�6/�C, while that of T4T4

0Si7 is just below
13� 10�6/�C, showing therefore the small mismatch that
allows avoiding severe cracking during temperature changes
as mentioned by Huntz and Boumaza [21].

In comparison with the oxidation behaviour of the
Nb3Fe3CrSi6 silicide compound [22,23], from which Fe has
been substituted by Co for this study, the oxidation of
Nb3Co3CrSi6 shows several differences.

e The Nb4�xCo4CrxSi7 layer grows faster during the oxida-
tion of Nb3Co3CrSi6 than Nb4�yFe4CrySi7 during the oxi-
dation of Nb3Fe3CrSi6 (kNb4�yFe4CrySi7 ¼ 2� 10�11 cm2=s
deduced from Fig. 17 and Ref. [22]).

e The chromium content in the Co-containing M7Si6 silicide
is higher than that in the corresponding Fe-containing
compound. This chromium content decreases continuously
through the M8Si7 layer to the oxide scale from 4 at% to
0 at%.

During oxidation of the FeeM7Si6 phase [22], a Cr gradient
appears in the FeeM7Si6 compound from the bulk to the
M7Si6eM8Si7 interface (Fig. 17). In parallel, the Fe level
increases through the Cr-depleted zone. This situation is not
Fig. 13. Thermogravimetric curve for T4T4
0Si7 silicide oxidised at 1300 �C.
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Fig. 14. Kp value fields of chromia-, silica- and alumina-forming alloys [17].

Fig. 16. CTE measurements for both (TT0)7Si6 and T4T4
0Si7 alloys.
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observed with the CoeM7Si6 phase for which the Cr content
remains constant (Fig. 17).

Finally, these features suggest that Nb3Fe3CrSi6 silicide has
a stability domain of the solid solution allowing fluctuations of
the Cr concentration unlike Nb3Co3CrSi6 which appears to be
a line compound. Secondly, the phase transformation of
(TT0)7Si6 into T4T4

0Si7 during oxidation is delayed when com-
paring the behaviours of Nb3Fe3CrSi6 and Nb3Co3CrSi6. In-
deed when the oxide layer is growing, the Cr concentration
in Nb3Fe3CrSi6 has to reach 4 at% before the structural change
can be effective while it remains constant and roughly equal to
13% in Nb3Co3CrSi6 which transforms instantaneously into
Nb4Co4Si7 as soon as Cr is lost. Thus the volume contraction
associated with the crystallographic modification is delayed
too and this delay should be beneficial for the oxidation resis-
tance of coatings built by the superposition of silicide layers
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Fig. 15. Oxidation result for a Cr2O3 pellet at 1300 �C. (The calculated surface

area takes into account only the dimensions of the pellet, and not the sample

porosity.)
including (TT0)7Si6 as the main phase. This is corroborated
by the results of the cyclic oxidation of Co- and Fe-containing
coatings: iron-coatings resist more than 100 1 h cycles in air at
1100 �C while the performances of the homologue containing
Co are in the range of 40e80 cycles [7].

4. Summary

These investigations of the M7Si6-type silicide have been
performed in order to allow future optimisations of silicide coat-
ings on Nb and Nb-based alloys. The oxidation study of the
Nb3Co3CrSi6 compound in air at 1300 �C has shown a Cr2O3-
forming behaviour, and the formation of an M4M4

0Si7-type
phase in the Cr-depleted zone. This latter phase is an SiO2-
forming compound at 1300 �C, and therefore slows down the
oxidation rate of the bulk M7Si6, by forming a silica diffusion
barrier at the interface of the outer Cr2O3 and the intermetallic
compound. The formation of this second silicide is not detri-
mental from a thermomechanical viewpoint, considering the
coefficients of thermal expansion for the two phases. Moreover,
formation and vaporisation rates of the Cr2O3 scale protecting
Nb3Co3CrSi6 have been evaluated through a graphical treat-
ment of the thermogravimetric curves. The difference between
the oxidation behaviour of the two intermetallic compounds of
the ‘‘(TT0)7Si6’’-silicide family could be explained by a different
Fig. 17. Comparison of Cr evolution between the two (TT0)7Si6 silicides,

Nb3Fe3CrSi6 [8] and Nb3Co3CrSi6 after oxidation at 1300 �C for 50 h.

-.- AI% Cr (7/6 Fe)

-0- AI% Cr (7/6Co)

r----.-------:-:-:-:---------------,-16
M7Si6

14
~O-O-O-O-O<><e>Oo<xxI"'oif""o.o-<l-O-O<l-O-O<l-O-O<>-O-O-C~

12

10

~}92

2

~~----.-------.-----___,_---___I_o
200o

QI
Iii
1Il
QI
"0
'xo



507F. Zamoum et al. / Intermetallics 16 (2008) 498e507
composition range of stability along the Cr axis. Complemen-
tary investigations on the chromium diffusion in both phases
would allow a better explanation of these differences.
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RESUME 

 

L’étude menée sur le système Mo-Pt-Si vise à contribuer à la connaissance d’alliages métalliques 

complexes destinés à des applications à hautes températures rencontrées dans les industries 

aéronautiques ou verrières. Sa description d’un point de vue thermodynamique est rendu difficile par 

son caractère réfractaire lié à la présence du molybdène d’une part et à sa complexité due au nombre 

élevé de ses constituants (3 éléments) d’autre part. Seule une approche du problème par une 

modélisation thermodynamique de type CALPHAD permet d’aboutir à un résultat significatif. 

Comme l’impose l’établissement d’une modélisation d’un système ternaire, à savoir l’étude préalable 

des trois bordures binaires, le premier volet de ce travail a été consacré à l’étude des systèmes Pt-Si, 

Mo-Pt et Mo-Si. Parallèlement au travail d’optimisation, des mesures expérimentales réalisées dans le 

cadre de cette étude (radiocristallographie, analyse thermique, microsonde,….) ont permis de 

déterminer les équilibres entre phases, les enthalpies de formation des différents composés 

intermétalliques ainsi que les mécanismes structuraux responsables des grands domaines de stabilité 

observés pour certaines phases. 

La première approche du système ternaire Mo-Pt-Si, obtenue à partir de la banque de données 

intégrant les optimisations binaires, a permis de cibler et interpréter des expériences de contrôles des 

équilibres entre phases en condition isotherme et anisotherme. Un nouveau siliciure ternaire a ainsi été 

découvert et pris en compte dans le calcul. Enfin, à travers de nombreux exemples nous montrons la 

cohérence de la modélisation avec l’ensemble des données expérimentales. 

 

Mots clés : 

Diagramme de phases, modélisation thermodynamique, CALPHAD, systèmes Pt-Si et Mo-Pt, système 

Mo-Pt-Si. 

ABSTRACT 

 

The study on the Mo-Pt-Si system contributes to the knowledge of complex metal alloy, which are 

intended for applications at high temperatures in the aerospace or glass industries. Its thermodynamic 

description is difficult because its refractory character related to the presence of the molybdenum and 

to its complexity due to the high number of the constituents (3 elements). Only an approach of 

problem by a modelling thermodynamics of CALPHAD type gives to a significant result. As imposes 

the establishment of a modelling of a ternary system by the study of three binary borders, the first part 

of this work was devoted to the study of Pt-Si, Mo-Pt and Mo-Si systems. Along with the 

optimization, an experimental measurements used in this study (X-ray, thermal analysis, 

microprobe,….) allowed to determine the equilibria phases, the enthalpies of formation of the various 

intermetallic compounds as well as the structural mechanisms responsible for large domains of 

stability observed for some phases. 

The first approach of the Mo-Pt-Si ternary system obtained from the database including the binary 

optimisations, allowed to interpret the experiments of controls of equilibria phases in isotherm and 

anisotherm conditions. A new ternary silicide was discovered and took into account in calculation. 

Finally, through many examples we show the agreement of the modelling with all experimental data. 

 

Keys words: 

Phases diagram, thermodynamic modeling, CALPHAD, Pt-Si and Mo-Pt systems, Mo-Pt-Si system. 
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