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Abstract. NbSi, is a promising candidate as a coating material for Nb-base alloys. However, it
shows complicated oxidation behavior, depending on oxidation temperature. Inthe present study, in order
toclarify theoxidationresistanceof NbS., oxidationtestsof sintered NbS., werecarried out at temperatures
ranging from 773to 1673 K inair. Moreover, the effect of addition of boron on oxidation resistance of
NbSi, was clarified. NbSi, showed accelerated oxidation at temperatures of 1073 K and above. The
accelerated oxidation was caused by formation of aporous oxide layer, which may be dueto the phase
transformation fromamorphousto crystalline S O,. The addition of boronto NbSi, leadsto theformation
of aprotectiveboroslicatelayer, resulting ingreat improvement of the oxidationres stance. Consequently,
NbSi, added with boron shows excellent oxidation resistance up to at least 1673 K.

| ntroduction

Nb-base alloys are promising candidates for applications at ultra-high temperatures, because of
the high melting point and high temperature strength. However, it iswell known that they have poor
oxidation resistance. Therefore, for the use of Nb-base aloys at high temperatures, a high oxidation
resistant coating is required. NbSi, possesses athermal expansion coefficient closed to those of Nb-
base aloys and probably shows excellent oxidation resistance if selective oxidation of Si occurs.
Thus, it is expected that NbSi,-coating offers outstanding improvement of the oxidation resistance
of Nb-base dloys.

Some refractory metal disilicides, for example MoSi, [1-3] and WS, [4,5], show excellent
oxidation resistance at high temperatures. Thisis due to the formation of a protective SiO, scale by
selective oxidation of Si. On the other hand, Nb silicides show poor oxidation resistance at high
temperatures and its oxidation behavior iscomplicated [6-8]. Therefore, theimprovement of oxidation
resistance of NbS, isrequired for actua services.

It has been reported that the addition of boron to metal disilicides|eads to improvement of their
oxidation resistance [9-10]. Thisis probably dueto the formation of aborosilicate layer having higher
plasticity than silica, inadditiontoimprovement of adhesivebonding of oxidesca eto substrate. However,
asshowninoxidationof Nb,S B, [11], addition of excessiveamountsof boron often leadsto evaporation
of B,O,, resulting in degradation of oxidation resistance.

In the present study, in order to determine the optimum composition of boron in oxidation
resstance of B-NbSi, aloys, oxidation tests of some B added NbS., (B-NbS.,) alloyswerecarried outin
air, and the oxidation behavior and the structures of oxide scaleswereclarified.

Experimental

Fabrication of specimen: The mixed powdersconsisting of NbS, and B wereball-milled for Smin
at arate of 300 rpm. The compositionsof starting mixed powdersareshownin Table 1. Asareference,
thecompositionof Nb,.S B, isasoshownintable 1. Inal specimensused inthe present study, theatomic
ratio of Si to Nb was 2. The mixed powders were sintered by using a spark plasma sintering (SPS)



Table.1 Composition of starting mixed powders.

a. %
wt.%B Nb Si B
05 31.2 62.3 6.5
20 26.0 52.0 22.0
3.0 23.4 46.7 29.9
NbsSisB, 50.0 30.0 20.0

method. In thissintering method, the mixed powderswere packed in agraphite die (outer diameter is25
mm and inner diameter 15 mm) under acompressive stress of 40 M Pa, and then a pul sating current was
passed through the mixed powdersand the graphite diein an evacuated chamber of 6 Pa. Thehegting rate
was 0.33 K/sec, and the maximum pulsating current of about 800 A was passed to heat up to 1673 K.
Thedenstiesof NbS, and B-NbSi, measured by Archimedean method were about 98-99%. Thesintered
specimenswere characterized by using X-ray diffraction (XRD), scanning electron microscope (SEM),
and an electron probemicroandyzer (EPMA).

Oxidation tests: Specimensfor oxidation testswerecut into about 4x7x1 mm piecesfromthesintered
compacts. Thesurfaceswere polished to 1 micrometer diamond finish, and then cleaned ultrasonicaly in
acetonebath. Oxidationtestswerecarried outinair at temperaturesranging from 773to0 1673 K. Oxidation
kineticswas eval uated by measuring the mass before and after oxidation. The oxidized specimenswere
characterized by using XRD, SEM, and EPMA.

Results and Discussion

Oxidation of NbSi,

Oxidation kinetics: Fig. 1 shows oxidation kinetics of NbSi, at various temperaturesin air. The
mass gain by oxidation, especially at 1073 K and temperatures above 1373K, increases almost
linearly with oxidationtime, andthetemperaturedependenceof massgainisvery complicated. Tounderstand
the temperature dependence, the mass gains after oxidation for 360 ks (100 hr) are plotted asafunction
of temperaturein Fig. 2. The massgains below about 1000 K are negligible, forming aprotective oxide
scae. Astemperatureincreases, themassgain rapidly increased and reached amaximumvalueat 1073K.
Then, it decreaseswithincreas ng temperatureand reachesaminimumval ue. Further increaseintemperature
leads to abrupt increase in mass gain. Thus, NbSi, shows complex oxidation behavior, depending on
temperature.
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Structureof oxidescale: To clarify oxidation mechanismof NbS,, SEM observation and EPMA
analysisof oxide scaleswere carried out. Fig. 3 shows cross-sectional SEM images and concentration
profilesof Nb, Si and O inthe oxide scalesformed in oxidation for 360ks at varioustemperatures. A
denseand thin scaleisformed at 973 K, whereas the formation of aporousand thick oxide scale at
1073 K isobserved. The oxide scaleformed at 1273 K isappreciably thinner than that at 1073 K, and
further increasein temperatureleadsto the formation of thicker oxide scales. All oxide scalesconsist of
mixed oxidesof Nb,O, and SO,, and these oxides are uniformly distributed inthe oxidescale. In
addition, theatomic ratio of Si to Nbinthe oxide scalesiscloseto 2, which impliesthat the oxide scale
was non-protective against theinward transport of oxygen. In other words, these results demonstrate
that high oxygen potentia at theinterface of oxide scal@/NbSi_-substrateresultsin simultaneous
oxidationof Nband Si.
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Fig.3 Cross-sectiona SEM images of scalesformed on NbSi, for 360 ks at varioustemperatures.

Cause of strong temper ature dependence: As described above, oxidation behavior of NbSi,
strongly depends on oxidation temperature. In particular, oxidation at 1073 K leads to formation of a
porous oxide scale. XRD resultsdid not show acristobaite phase at temperaturesbelow 973 K, and the
spectrum of cristobalite at 1073 K was broad. Namely, 1073 K may be the transition temperature from
amorphous phaseto crystalline phase of SO, forming on NbS.... Theformation of aporousoxidescaeat
1073 K, therefore, isprobably caused by reductionin volumeby crystallization of SO, during oxidation.
At medium temperatures (1273-1373 K), rel atively-dense oxide scalesareformed. Thisis speculated to
be dueto sintering of SO, and Nb,O, grains. However, the oxide scales at higher temperaturesgrow in
high oxidationrates. Thisdemonstratesthat the oxide sca esaretill non-protectiveagaingt inward transport
of oxygen at high temperatures and oxygen potential at the interface of oxide scale/NbSi, substrateis

enough highto oxidize Nb. Thisissupported by the distribution profilesof Nb,O_and SO, inthe oxide
scales.



Oxidation of B-NbSi,

The poor oxidation resistance of NbS, is probably caused by porosity inthe oxide scale. Therefore,
decreasein porosity leadsto improvement of oxidation resistance of NbS.,,. Itisknownthat the addition
of boroninto SO -formingsilicides, suchasMo,S, [9] andReS , . [10], improvetheoxidationresistance,
because of sealing of poresdueto high plasticity of borosilicate, namely formation of adenseoxide scale.

Inthissection, results on effect of addition of boronto NbSi, on oxidation behavior are described.

Structureof sintered B-NbSi,: Fig. 4 shows microstructures of sintered B-NbSi, having various
boron concentrations. The reaction productsin the sintering of the mixed powders of boron and NbSi,
powders are shown in Table 2. These products were determined from the resultsof XRD and EPMA
andysis. Inal sintered B-NbSi, bodies, amajor phaseisNbSi, dissolved minute amountsof B, and small
amounts of NbB, (white colored phase) are surrounding free S grains (black colored phase) or SO,
grains. Inaddition, SO, inclusonswerenot observed in high B NbSi,.. Thismay be caused by formation
and subsequent evaporation of B,O.,.

Table.2 Productsin sintering of B and NbSi,, powder.

Colorof phase | NbS: o.’;ls\t/\)/?c%_s 2.’&:/?’23 3.%3/%25
Black SO, SO, Si (+B) Si (+B)
Gray NbSi, NbSi, (+B) NbSi, (+B) NbSi, (+B)
White - NbB, NbB, NbB,
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Fig.4 Microstructures of sintered B-NbSi... (a) 0.5wt%B (b) 2.0wt%B (c) 3.0wt%B

Oxidation behavior: Fig. 5 showsthe temperature dependence of massgainin oxidation for 360 ks
(100 hr) of various B-NbSi,. Though the mass gainsin B-NbSi, at 973 K increase more than that in
NbSi,, remarkableimprovement of oxidation resistance by the addition of boron isrecognized at higher
temperatures. Inparticular, abrupt increasein massgain at 1073 K inNbSi, iscompletely suppressedin
B-NbSi, having boron concentration above 3.0 wt%. Further, B-NbSi, specimens demonstrate excellent
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Fig.5 Massgain after 360 ks-oxidation of B-NbS, inair.



oxidationresistanceevenat 1673 K. Onardationship between boron concentration and oxidationresistance,
boron concentration requiring for improvement of oxidationresistanceisliableto decreasewithincreasing
temperature. For example, the boron concentrations of 3.0wt% at 1073 K, 2.0wt% at 1273 K, and 0.5
wt% at 1473 K arerequired for remarkableimprovement of oxidation resistance of NbS.,.

Structure of oxide scale: As demonstrated above, B-NbSi, shows excellent oxidation resistance.
Thisis speculated to be due to change in the structure of oxide scale. Therefore, the structures were
observed using SEM. Fig. 6 showsthe cross-sectional SEM photographs of the oxide scalesformedon 3
wt%B-NbSi, in oxidation for 360 ks at 973, 1273, and 1673 K. The oxide scale formed at 973K is
porous, whereasthe scalesformed at higher temperaturesare remarkably thin and dense. In addition, the
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Fig.6 Cross-sectional SEM images of scalesformed on 3.0wt%B-NbSi, inoxidation for 360 ksinair.
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Fig.7 Cross-sectiona SEM images of scalesformed on B-NbSi, in oxidation for 360 ksat 1273 K.

structures of oxide scalesformed on 0.5, 2.0, and 3.0 wt%B-NbSi, for 360 ks at 1273 K are shownin
Fig. 7. At thistemperature, it is observed that B-NbSi, specimens having boron concentration of 2 wt%
and above form athin and dense oxide scale. These results correspond to temperature dependence of
oxidationbehavior.

Effect of bor on addition: It canbeconcluded that theboron addition leadsto remarkableimprovement
of oxidation resistance of NbSi,. According to EPMA analysis, it was fpund that the Nb concentrationin
aporousthick oxide scale was about 15 at%, whereasthat in aprotective (thin and dense) wasbelow 3
at%. Theseresultsdemonstrate that the formation of aborosilicatelayer, which hashigher plagticity than
crystaline SO,, leadsto selective oxidation of S and B, becausethe dense borosilicate layer lowersthe
oxygen potential at theinterface of oxide scale/substrateto the value below the equilibrium dissociation
pressure of Nb,O..

Conclusions

Oxidation tests of sintered NbSi, and B-NbSi, were carried out at temperaturesranging from 773to
1673K inair, and theeffect of boron addition on oxidation resistance of NbSi, wasclarified. Based onthe



oxidationtests, thefollowing conclus onswere obtained.

(1) NbS, showsaccelerated oxidation at temperaturesof 1073 K and above. The accel erated oxidation
was caused by formation of porous oxidelayer.

(2) Theaddition of boronto NbSi, leadsto the formation of aprotective borosilicate layer, resultingin
remarkableimprovement of the oxidationresistance.

(3) NbSi, with boronisserviceableupto at least 1673 K intheview of oxidation resistance.
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