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Abstract

This paper begins by examining the generd physicd metdlurgy of complex Nb based dloys that
are potentidly usegful in high-temperature applications. The focus ¢ the paper is on the nature of
high-temperature oxidation resgance in these dloys and the effect of dloying on the
microgructure and related improvements in oxidation behavior of Nb-Ti-S base dloys. The
generd features associated with the oxidation reactions at various temperatures for Nb aloys
have been invedtigated with emphasis on the role of different dloying dements.  In paticular, the
overdl kinetics of the oxidation reaction, the nature of the reaction products and the development
of the oxidation products have been thoroughly evduated and the mechaniam of oxidation
discussed briefly.



Introduction

Niobium dloys have dtracted the atention of researchers as a potentid new generation of
refractory material system that could meet the high-temperature capability envisaged to exceed
the application temperatures of Ni base superdloys. Indeed, sdected use of niobium and its
dloys have been made in a variety of areas such as in arcraft, nuclear and space indudtries.
Detalled reviews of earlier work on Nb aloys can be found in severa publications such as (1-4).
Currently, research on a new generation of Nb- based multicomponent aloys having a baance of
high-temperature mechanical properties and good oxidation resstance is activdly being pursued
by many workers (5-10). However, one of the main concerns in the application of Nb based
dloys is their poor oxidation resstance a elevated temperatures (9), and a protective coating
maybe necessary. Alloying of the Nb solid-solution has been shown to be quite effective in
obtaning remakably improved high-temperature oxidation resstance without compromising
other high-temperature mechanica properties (5, 7-9). Alloy sysems containing high volume
fractions of the high-mdting intermetdlic gslicide phase together with the ductile refractory solid-
solution have been invedigated in detall because they offer the potentid of deveoping high
temperature sructurd materias (5, 7-9). Thus, Nb-Ti dloys contaning S as the man ternary
dloying addition, together with other dements such as Cr, Al and Hf, have been investigated
(5,11). Multi-phase complex dloys containing an gppropriate mixture of the bec solid-solution
phase, NbsSi3 type slicide phase, TiSis type dlicide phase and Laves phase have been examined
(12). All of these dudies were caried out as pat of an dloy development program having
emphads on improving the mechanicd behavior of dloys and checking the oxidation resstance
of promigng dloys Detaled reviews of dl recent dudies and evaduations of mechanicd
behavior of advanced Nb-based intermetalics have been published (5-11) and a summary of our
efforts is outlined in a later section. This review will instead focus on recent results regarding the
oxidation behavior of saverd complex dloys.

Extengve invedtigations amed a achieving oxidationresstant Nb aloys have indeed been
caried out in the past and serve as useful guiddines in the recent aloy-development studies (12
14). Mos of these efforts were based on the development of Nb-Al dloys, and the formation of
margindly protective dumina scaes a high-temperatures was reported for some complex aloys
(14-16). The recent dloy-devedopment efforts have focussed on the promisng potentia of
slicide-bearing multicomponent Nb dloys, and this sudy was initiated to examine the oxidation
behavior of this class of Nb dloys. Silica can, in principle, provide a stable surface oxide to
higher temperatures than dumina and the lower activation energy for oxygen diffuson in slica
may make it more effective than dumina a higher temperatures (14). Since other mgor dloying
additions in promisng Nb dloys include eements such as Ti, Al and Hf, al of which form oxides
that are even more thermodynamicaly stable than dlica, and since SO, and Nby,Os have virtuadly
no solubility in the solid dtate, complex oxide scale formation is expected to occur during
oxidation of the multicomponent Nb dloys. A crucia drawback is the fact that the binary phase
diagrams for these oxides with Nl,Os (mdting point ~ 1550° C) indicate eutectic formation (2,
17) and thus the maximum ussful or safe temperaures before catastrophic meting of the oxide
scales may be further lowered.

Thus it is important that a fundamenta underganding of the influence of chemidry and
microstructure on the nature, sequences and mechanisms of oxidation a various temperatures be

gathered. We have recently examined the kinetics of oxidation of advanced Nb-Ti-S based



dloys (18) and thus, in this paper only the generd mechaniam of oxidation of these dloys a
various temperatures will be discussed.

Physicad Metdlurgy of Complex Nb Base Alloys

Many of the Nb aloys under consderation contain a mixture of the ductile b sdlid-solution phase
and svad intermedlic phases depending upon the dloying dements. Mog of the dloying
elements such as Ti, Cr etc. act as both solid-solution strengtheners as well as compound formers.
Detalled characterization of Nb-Ti-Al dloys have been published in the literature (19-22) are not
discussed here. Microgtructurd  developments and correlation with mechanica  properties of
severd Nb-S dloys have dso been published in recent years (23-26). Ingtead attention is
focussed on the microstructures of Nb-T+S base dloys. During casting the Si-bearing dloys go
through a complex solidification sequence darting with the formation of the NbsSiz — type phase
and subsequent solid-dtate precipitation of other intermetdlic phases such as a TisSis — type
dlicide and the CroNb — type Laves phase. As an example, the microgtructures of two dloys are
compared in Figure 1. The microdtructure contains a digribution of the NbsSis type phase in a
lid-solution matrix, the b phase XRD andyss showed that in dl the Ge-containing dloys it
was the high-temperature form of the dlicide phase, desgnated as the b - NbsSis type phase
having a D8, crysa dructure with c¢/a ~ 0.5, that was stabilized to room temperature after the
heat trestment employed here. Only in dloys without any Ge was the a - NbsSi; type phase
having a D8 crysta dructure with c/a ~ 1.8 found. In dl the dloys, formation of another slicide
phase designated as the TisSis type phase was aso observed. This phase was usudly found a the
b / NbsSi3 type phase boundaries as indicated by arrows in Figure 1, and was determined by XRD
to be isodructurd with the hexagond TisSis Structure.  The two dloys compared in Figure 1
differ mog notably in ther Cr and S contents but Smilar heat trestments generate sgnificant
differences in ther microstructurd condituents. Mogt importantly, the dight increase of Cr in the
dloy brought it into a phase field where the CoNb — type phase was aso stable. The presence of
the Laves phase can indeed lead to condderable differences in the mechanicd behavior of the
dloy. Table | compares the compositions of the individuad phases as determined by microprobe
andyss. A caeful examindion of the compostion of the condituent phases reveds that the
chemigtry of the common phasesin the two dloys are quite Smilar.

Tablel Expen mentaly determined compostions (in atomic %) of the various phases

At. % NbsS; -type TisSis -type Cr,Nb -type
Hg Flg. 1(b) Fig. 1(a) Fig. 1(b) Fig. 1@ Fig. 1(b) Fig. 1(@
1(a)
Nb | 53.07 57.99 38.04 3859 28.28 26.80 21.78
Ti 30.23 26.58 18.04 2223 26.22 29.18 12.65
S 0.45 0.50 30.83 25.78 27.67 26.47 6.05
Ge 0.16 0.06 5.72 7.34 7.80 9.19 034
Hf 1.03 0.72 474 171 6.73 6.10 474
Al 3.35 2.60 1.19 154 2.13 122 0.93
Cr | 1172 10.06 143 241 117 0.90 5481
Sn - 151 - 0.41 - 0.14 -




Figure 1. Microstructure of two aloys homogenized and heet treasted at 1200°C ()
Nb-19.86Ti-19.74Si-4.21Ge-3.26Al-4.21Hf-9.90Cr and (b) Nb-25.99Ti-12.61Si-
4.94Ge-1.92A1-1.90Hf-6.73Cr-0.435n. In these micrographs 1 denotes the NbsSis —
type phase, 2 the b phase and the arrows point to the TisSk — type phase. The dark
phase denoted as 3 in (a) is the Cr rich Laves phase.

Comparison of the microprobe results from dloys heat trested a different temperatures (up to
800°C) showed that there was only very smdl changes in the compositions of the phases as a
function of the temperature. The following observations could be made from the microprobe
andyses on heat-trested homogenized dloys (&) In generd, the equilibrium compogtions of the
phases varied only dightly between the two hest-trestment temperatures suggesting that the phase
boundaries are quite steep in this region of the multicomponent phase diagram. (b) The solubility
of S as wdl as Ge in the solid-solution is very low while a subgtantid amount of Cr and mogt of
the Sh remains in the solid-solution. (¢) The two dlicides may be easly diginguished from ther
compositions as the NbsSiz and the TisSiz type phases, and these are associated with Nb/Ti atomic
ratios of gpproximately 1.8-2.0 and 0.8-0.9, respectively. (d) Both of the slicides are enriched in
Ge, presumably subgtituting for S in their aysa sructures, while Hf clearly shows preferentid
patitioning into the TisSi3 type phase. These experimenta observaions are in conformity with
expected dloying behavior based on ther binary phase diagrams. (€) The maximum solubility of
Crin the b phase is close to 10-11a% and as the dloy compostion gpproached this limit, the
tendency for Laves phase to gppear as an equilibrium phase dso increased. In fact, replacing half
the Cr in the dloy shown in Fig. 1(b) with Fe appeared to lead to a small amount of Laves phase
in the resulting dloy. These condderations clearly demondrate that the microstructures produced
in these multicomponent dloys are very drongly dependent on the dloy chemidry, and even a
dight change in the average chemidry could lead to drastic microstructurd changes. Thus
extreme care is required in the control of chemistry during Nb aloy processing.

Ancther interesting festure in the microgtructures is the presence of the Tirich dlicide, a TisS3
type phase. As nentioned before, this phase differs from the NbsSis type phase in the Nb/Ti ratio
and aso possesses a hexagond dructure in contrast to the tetragonal NIsSis type phase. The
differences in the chemidry of this phase can easly be seen from the X-ray images shown in
Figure 2. The b solid-solution phase is enriched in Cr as wdl as Al, both of which partition
modtly to this phase. The solid solubility of S in the b phase is low in the dloys consdered here
(compared to less than 0.1% at 1200°C in the binary equilibrium diagram) &d though tha of Ge
in the Nb-Ge sysem is much higher, a& ~4a% a 1200°C, the solubility of Ge in the



multicomponent system appears to have decreased Sgnificantly (see Table | dsn). Mogt of the
Ge gppears to partition exclusvely to the glicide phases with the Ti-rich glicde contaning a
higher amount. As can be seen from these images, the Ti-rich glicde is enriched in Hf as wdl
and the consequence of this upon internd oxidaion will be discussed later. From the
morphology, it gopears that the TisS3 precipitation results from a solid-state reaction between b
and the N;Si3 phases.

Figure 20 X-ray maps from Nb25.99Ti-12.61S-4.94Ge-1.92Al-1.90Hf-
6.73Cr-0.43Sn heat treaed at 1200°C for 5 days in inert atmosphere indicating
the patitioning of eements among the equilibrium phases.  Notice the Ti and
Hf enrichment in the Slicide that forms & b/NbsSis the interface.

Kinetics of Oxidation

Oxidation kinetics of severd multicomponent dloys were studied in the temperaure range 1200°
- 800°C for a wide variety of dloys. Figure 3 shows examples of the weight change per unit area
for severd dloys, plotted againgt the time of oxidation a 1000°C.

The following observations could be deduced from Figure 3 and sSmilar data a other

temperatures.

1. All dloys show a two-dage oxidation reaction with an initid weght gain region followed by
a rapid weight loss region. The second stage can be described as a breakaway oxidation
reaction where rapid oxidation and oxide spalation occurs. The onsat of the breakaway
oxidation is strongly temperature dependent and occurs earlier in time as the temperature is
raised.

2. Replacement of S with 5a% Ge appears to have a remarkable favorable influence on the
onset of breskaway oxidation, which is delayed by a least an order of magnitude in time. The
dloy containing Ge gppears to fare the best in comparison to others. Other dloys based on



this compostion and containing more S and smdl amounts of Ce appeared to behave in a
gmilar fashion.

3. Comparing Fe containing dloys, it seems that replacement of Cr with Fe, or adding B may
have a detrimental effect in oxidation resstance. The oxide scdes in the later two dloys tend
to bresk up into fine powder rather than stay as a compact sheet as in other dloys The
positive effect of Ge appears to be somewhat lost when a portion of the Cr is replaced with
Fe.
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Figure 3. Plots of weight loss during oxidetion of Nb - based alloys at 1000°C.
Four dloys are compared here. Partid dloy replacements are indicated to
compare the effects of dloying on oxidation resistance.

Reaults of weight change data such as those reported here are usudly analyzed by using the
equation:

In(Dw) =InK +nint (@]

where Dw is the weight change per unit areq, t is the reaction time K and n are congants. The
oxidation reaction kinetics is then characterized as linear, parabolic, cubic, etc. depending upon
the vaue of the exponent n. Wagner showed that the kinetics of oxidation can be treated as a
diffuson problem and a smple parabolic law (i.e. n = 0.5 in equation (1)) derived to explain the
kinetics of the reaction (27, 28). The oxidation of pure Nb in oxygen (a partid pressures high
enough to form Nb2Os), as well as datic ar, follows a parabolic law a short times (i.e n = 0.5)
and becomes linear a longer exposure times.  All the avalable data from Nb-Al dloys with
severd complex multicomponent additions have indicated faster than parabolic kinetics with n >
05 (13, 14). The results of weight changes in Nb-Ti-S dloys were andyzed according to
equation (1). It was found tha in gened, n < 05 for dl the dloys. Ancther interesting
observation was that Ce-modified aloys showed near-parabolic oxidation kinetics for a
consderably longer time at temperatures * 1100°C. Rhodin (11) has reported in his US patent
that excellent oxide-scale adherence could be obtained in Nb-Al-Cr dloys by addition of Ce. The
oxidation kinetics of S-containing, multicomponent Nb aloys appear to be somewhat different
from those that are Al rich in the sense that, in Nb-Al based dloys, the vdue of n was found to be



usudly very cose to unity (13, 14) indicating much faster oxidation kinetics  This is best seen in
Figure 4 where the vaue of the kinetic law exponent, n, in equation (1) is indicated. Included in
this figure are the data from Perkins, Chiang and Meer study (13) where saverd dloys having the
composition (25-40) at% Nb- (23-32) a% Ti — (22-44) a% Al with other additions were
employed. It must be cautioned that in the cyclic-oxidation experiments performed here, weight
changes reported do not account for any weight losses due to spdlation and thus the vaue of the
exponent n in the kinetic law deduced from these data may actualy be somewhat less than the
true parameter.
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Figure 4. Compilation of expeimentdly determined vaues of the kinetic
exponent, n for a number of multicomponent Nb base dloys. The average
vdue of n for dloys from Perkins Chiang and Meer (13) is shown as a dashed
line. The rest of the data are from the present work, each symbol dencting data
from a particular oxidation temperature.

Examination of Figure 4 clearly shows that the time dependence of oxidaion (or the rae of
oxidaion) for high S-bearing Nb aloys is less than that of Al-rich Nb-base dloys. While
andyzing the oxidaion kinetics data in the lignt of Wagner theory for high-temperature
oxidation, one must bear in mind that the assumption of thermodynamic equilibrium a the metd /
oxide interface is not redized. This is egpecidly true during oxidation of trangtion dements
belonging to groups IVA (Ti, Zr, Hf) and group VA (V, Nb and T&) since the solubility of oxygen
in thee metds is high a high-temperatures (29). Oxygen solubility in Nb is subgstantid a these
temperatures and may be influentid in determining the oxidation resstance of multicomponent
Nb dloys as wdl. Thus, in redity, the reaction-rate constant, K, in equation (1) represents the
sum of reaction rates associated with the dissolution of oxygen in the dloy and the growth of an
oxide on the surface of the dloy. One must dso bear in mind that the derivation of the parabolic
lav for oxide growth is based on volume diffuson of oxygen through the oxide while it is
certainly posshle that short-circuit diffuson could play a sgnificant role in cases like the one in
this sudy. For these the microdtructure of the oxide film offers sufficient heterogeneities (as
decribed later) and oxide cracking as well as spdlation occurs, such that oxygen maybe
trangported to the meta-oxide interface a much higher rates than that afforded by volume
diffuson done. Further, if oxygen diffuson in the dloy occurs to goprecidble levels internd
oxidation is likey to occur since dements like Hf, Al, Cr that have high dfinity for oxygen are



aso present in the dloy. Indeed, cubic rate equations described with n = 1/3 have been reported
in saverd materids, notably in pure Zr, though parabolic and linear rates describe the oxidation
kinetics of Ta and Nb (27, 29). In order to obtan a generdized idea of the type of oxidation
reaction mechanism(s) that maybe operative in the fairly wide temperature range employed in this
study, the parabolic reaction rate congtants, K, for oxidation of dl dloys at different temperatures
were cdculated from dl the data and the Arrhenius-type plot drawn for one of the dloys is
presented in Figure 5.
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Figure 5: Arrhenius plot showing that the parabolic rate constant, K, evaluated
for oxidation kinetics of a Nb-25.99Ti-12.61SF4.94Ge-1.92Al-1.90Hf-6.73Cr-
0.435n dloy varies linearly with the reciproca of temperature, T, expressed in
K. Here, k2, mgf/omi'.sec, is plotted against U/T to compare with Doxygen, the
diffusvity of oxygen in Nb (29) shown by the full line.

The daa in Fgure 5 are dealy linear, indicating that a single mechanism is operdive in the
entire temperature range of our invedtigation. By comparing with the diffusvity data of oxygen
in pure Nb at these temperatures (29) it was noticed that the activation energy associated with the
overdl reaction process is gpproximately 44% higher than that for oxygen diffuson in pure Nb.
This is reasonable and it is suggedive of the fact that the aloying dements substantidly decrease
the diffugvity of oxygen in the Nb solid-solution phase. As an example, it is reported that
addition of 25a% Ti to Nb decreases the diffusvity of oxygen by a factor of twenty (2). This
data ds0 re-iterates the earlier suggestion that oxygen dissolution in the Nb-rich solid-solution
maybe quite sgnificant and substantidly affects the kinetics of oxidation of these Nb-base alloys.

This is further confirmed from microstructural observations and measurements of compositions in
the microprobe.

Structure of the Oxidation Products

The dructure of the oxides formed on the surface during oxidation was deduced from X-ray
diffraction conducted on oxidized dloys as wdl as from the spdlation products. Detals of the
products of internad oxidation are discussed in the next section.  All the samples yielded virtualy
the same diffraction pattern irrespective of the oxidation temperaiure and dloy compogtion. All



the diffraction pesks from these patterns could be indexed and the sanples identified as a mixture
of the phases TiNb,O; (PDF # 39-1407), AINb;1Os9 (PDF # 22-0009) and CrNbO4 (PDF # 34-
0366) and some SO, (PDF # 39-1425, crystobalite). The amount of the various phases did, of
course, vary from sample to sample with SOz invariably being the minor phase mosily occuring
in dloys oxidized a higher temperatures. It is very difficult to quantitatively assess the oxidation
products snce spdlation from different samples made it impossible to ascertain the homogenety
of the collected oxide, and no attempt was made to obtan any quantitative comparison of the
oxidation products. Ingtead, attention was focussed only on the identity of the oxidation products.
Though a dealed characterization of oxidation products from multicomponent Nb-based aloys
ae not avaldble in literature, characterization of the oxidation products from severd binary and
ternary Nb dloys containing Ti, Al, S, Cr etc. have reviewed by Samarin (2). The results of the
present work are subgtantialy in agreement with results from binary dloys.

Microstructure of Oxidized Alloys

The dloys oxidized a temperatures * 1000°C showed similar microstructures. An adherent oxide
was dways found on the surface of the samples though considerable amounts of oxide scale had
been lost due to spdlation a long times. Figure 6(a) illustrates the genera features associated
with oxidation of these dloys. Even in a short period of time, the b phase appears to be severely
oxidized though the dlicide regions remain virtudly unatacked. In Figure 6(@) one can see tha
roughly ~200mm from the surface of the sample has undergone internd oxidation. This is
certainly a great improvement as compared to pure Nb where the diffuson distance for O under
identical hest trestment would be ~ 650 nm.

Monitoring the progress of the oxidation of these dloys showed that the oxidation resection
proceeded rapidly to produce a thick oxide scale on the surface of the materia. One can dso see
tha the b phase undergoes sdective oxidetion while the dlicide phase virtudly remains
unaffected. This is in agreement with earlier sudies In his review on the behavior of niobium
dloys, Samarin (2) has noted that the NbsSi phase has much better oxidation resstance than
more dilute dloys and that the oxidation resistance of the slicide decreases only above 1100°C.
In addition, it is cear that the b/NbsSk interface undergoes preferentid oxidation. A clearer
example is shown in Fgure 6(b) where one can see that the b/NbsSis interface is decorated with
oxide particles. The b-phaseregions in this micrograph appear to be well separated into regions
of widdy differing aomic-number contrast suggesting the presence of different oxides. EDS
andyss showed that oxide mixtures of Nb and Ti as well as Cr and Nb were present gpart from
regions that were dmost entirdly silica

Oxidation adong the b/NbsSis interface could be seen well insde the sample (for example, middle
area in figure 6()) where the b grains were redively free of oxide precipitates. This indicates
that phase-boundary precipitation of oxides precedes that within the b-grain interior. In fact,
sective formation of various oxides dong the b/NbsSiz interface, as wel as dong gran
boundaries within the b phase, were aways observed. An example is shown in Figure 7. Oxygen
penetration into the interior of the sample through the b phase occurs rapidly and leaves a variety
of oxide precipitates (as deduced from the different contrast of the precipitates in these back-

scattered eectron images) within the b grains and at the interfaces.  This is undersandable since
oxidesof Al, S, Ti, Cr and Hf are dl thermodynamically more stable than Nl Os.
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Figure 6. (8 BSE images from Nb25.99Ti-12.61S-4.94Ge-1.92Al-1.90Hf-
6.73Cr-0.43Sn oxidized at 1200°C for 1 hour Back-Scattered eectron images
showing the generd morphology of the oxide scae and the internd oxidetion
within the dloy. (b) NDb-19.86Ti-19.74S-4.21Ge-3.26Al-4.21Hf-9.90Cr
oxidized at 1200°C for 48 hours. Notice the variety of oxides (inferred from the
drong atomic number contrast in this back-scattered eectron image) tha are
formed a the b/NbsSis interface. Also note that both the b and the Laves phase
areinterndly oxidized.

Figure 7: BSE images from dloy 2; oxidized a 1200°C for (a) 24 hours and (b)
48 hours. Images were obtained from wel within the sample showing oxide
precipitates dong the interfaces in the sample.  The arrows point out different
phases. Various oxides dong the grain boundaries of the b phase can be seen
in Figure (b).

A high densty of brightly imaging precipitates dong the phase boundaries can be seen wdl
indde the samples (Figure 7(a)). The fact that these precipitates image as bright particles in the
back- scattered images indicate that these are probably Hf rich and this was indeed confirmed by
microprobe andyss from some redively large precipitates and X-ray imaging. The average
composition these precipitates was determined by WDS to be 35.34a% Hf-2.42at%Nb-
1.18a%Ti-0.47at%Cr-60.62at%0 confirming that these are HfO, particles. Another noteworthy



fegture that is vividly illusrated in Figure 7 (b) is the precipitation of oxide phase dong the grain
boundaries within the b matrix. This indicates that oxygen diffuses rapidly dong the internd
interfaces in the microstructure (grain boundaries in the b phase as well as the phase boundaries)
thus accelerating the oxidation of these dloys. The fact that oxides of different compostions are
formed in these materids is clear from the contrast differences easly discerned in Figure 7 (b).
Notice that the entire b / slicide boundary area, as well as dl the b / b boundaries, are covered by
various oxides in these microdtructures.  Attempts a dectron microprobe andyss of these
individua oxides were not successful due to the large volume of matrix materid from which the
x-rays are aso excited. However, X-ray images obtained usng the EDS detector in the SEM
were extremely vauable in identifying these oxides in a quditaive fashion. In addition, the
digribution of oxygen dong the intefaces further daified the interpretation of the
microstructures.  Some examples are shown in Figure 8. One can dearly see the formation of the
Ti rich (contains Nb dso) oxide dong the b/NbsSk interfaces from the Ti and O images. Notice
that the Cr rich and the Ti rich areas in these images (an example pointed out by vertica arrows)
do not show an overlgp, suggeding tha these oxides have little solubility in eech other as
confirmed from their phase diagram. Both these indeed contain Nb as wel and are mogt likely
niobates of Cr and Ti, as was the case in the externd oxide tha was andyzed by XRD. The
arrows at 45° angle in the O, S and Hf images point out the same location in the sample, and at
fira look, one may infer the precipitate to be a slicate of Hf. However, the Hf-M (1.645eV) and
the SFK 4 (1.740) overlap and thus one has to be cautious before the presence of S is confirmed.
WDS andyses confirmed that there was little S in these rod shaped particles and that they are
HfO,.

Examination of the free energy of formation of oxides that can form in these dloys show the
trend:
DG

< mAI203 <DG < DGSiQ < DGNbO < DGCr203 < DGNbOZ < DGNbZOS

HfO, Tio,
Conddering the high gdability of HfO, it is essy to undergtand its formation deep indde the
sample. X-ray images clealy show that the HfO, particles form preferentidly a the b/NbsSiz
interfaces. Comparison of the microstructures and X-ray images of the oxidized samples with
those before oxidaion (Figures 1 and 2) reved that preferentid internd oxidation of the TisSiz
type phase occurs in these dloys. This is to be contrasted with the nature of the NbsSis phase that
seems to show a high oxidation resstance a high-temperatures.  As the compositions of the two
dlicides in Table | show, though the mgor difference between the two is in ther Nb/Ti ratio and
the Hf content, their oxidation resstance is remarkably different. Thus, it is agan emphasized
that gpparent minor differences in dloy chemidry could potentidly have mgor implicaions in
the behavior of these alloys under service conditions.

Segregation of Elements During Oxidation

The digribution of dements across the surface of a Nb-25.99Ti-12.61Si-4.94Ge-6.73Cr-1.90Hf-

1.92A0.47Sn dloy oxidized a 1200°C is shown in Figure 9. Severd festures associated with
elemental segregation accompanying oxidation reaction are reveded from such experiments.

1. From the oxygen content of the surface oxide, it gppears that the mgor oxide is based on the
stochiometry of Nz Os.



2. The dements Cr, S and to some degree Al al gppear to have a strong tendency to segregeate
onto the externd surface of the oxide scale.

3. There is a Ge-rich layer beow the surface oxide though there is virtudly no Ge in the oxide
layer.

4. The Nbrich dlicide phase (notice a region just under 100mm from the surface) has little
solubility for oxygen.

Figure 8: EDS X-ray images from Nb25.99Ti-12.61S-4.94Ge 6.73Cr- 1.90Hf-
1.92A1-0.47Sn oxidized at 1200°C for 1 day. Images obtained from well within

the sample showing oxides mogly dong the b/NbsSis interfaces.  All arrows
point out to festures that are discussed in detail in the text.

Ge, unlike Si, does not form a highly stable oxide (?H % =129 Kcal and ?H %% =210Kcal ) and
this fact appears to have an impact on the oxidation behavior of the Nb aloys considered here. In
fact, it was found that during oxidation a temperatures above ~1000°C, segregation of Ge

occurred at regions below the oxide surface and a new phase appeared to grow between the
surface oxide and the internaly oxidized dloy as shown in Fig. 10(a).

X-ray images obtained from these oxidized samples showed that Ge had segregated to form a
layer below the oxide scde. There was no measurable Ge in the oxide in conformity with the fact
that the enthadpy of formation associated with Ge oxide was low compared with other dementd
oxides from these complex Nb-based alloys. The progress of Ge segregation was monitored by
examining the EDS X-ray images shown in Fg. 10(b). Microprobe andyss from samples
oxidized for long periods showed that a new phase having the compostion, Nb - 18.43at%Ti -
23.23a%Ge - 12.22a%S - 2.73a%Cr - 2.03a%Hf - 0.91at%Al - 1.92a%Sn, approximately
corresponding to a compound of the type (Nb,Ti)5(GeS)s.
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Figure 9: Elementd didribution as determined by WDS across Nb-25.99Ti-
12.61Si-4.94Ge-6.73Cr-1.90Hf-1.92A1-0.47Sn oxidized at 1200°C for 134
hours.

Figue  10(@):  NDb-25.99Ti-12.61Si-4.94Ge-6.73Cr-1.90Hf-1.92A1-0.47Sn

oxidized at 1100°C for 5 days. Notice the layer between the arrows just below
the adherent oxide layer.



Figure 10(b): Nb-25.99Ti-12.61S-4.94Ge 6.73Cr-1.90Hf-1.92Al-0.47Sn; Ge-L
images from dloy oxidized a 1200°C for 1 hr, 5 hrs and 24 hrs respectively. The
micron bar represents 25 mm. Remember that the solubility of Ge in the solid-
solutionb phaseisextremdy smdl and is virtudly absent in the oxide layer.

NbsGe; is an equilibrium phase in the binary Nb-Ge sysem and has a Structure smilar to the low
temperature form of Nb;Sis. During oxidetion it appears that Ge segregates towards the
dloy/oxide interface and the intermetallic phase forms.

Effect of Ce Additionsto Oxidation of Nb Alloys

The effect of smdl additions of Ce on the kinetics of oxidation and aso the microstructure of Nb
dloys were evaduated. eight-change plots shown in Figure 11 demondrates that 0.1a% Ce had
some important effects on the generad oxidation behavior of these dloys. Noticeably, it can be
seen that the initid dage of oxidation where equation (1) holds wel is prolonged to longer
periods especidly a temperatures above 1000°C. The kinetic exponent was dso found to be
aways less than those compared to dloys not containing Ce.

100 ¢ : ———————— :
F| —&— Nb-25.47Ti-12.535i-1.485n-0.12Ce
[| —=— Nb-25.01Ti-13.905i-1.415n-0.10Ce
- —e— Nb-24.26Ti-16.345i-1.505n-0.11Ce
7| @8- Nbh-25.99Ti-12.615i-0.475n-0.02Ce
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Figure 11: initid stages of oxidation of dloys containing Ce a 1100°C. Al
these alloys aso contained about 5at%Ge- 7at%Cr- 2at%Hf- 2at%All.



The didribution of the oxide precipitates in the Ce containing dloy appeared somewhat different
in the sense that therr digtribution gppeared to be finer within the b phase. This is compared in
Figure 12 (a) and (b) where illustrative microstructures of two dloys, one with and other without
Ce are shown. The dark and light regions in Figure 12(a) were found to be mostly oxides of Ti
and Nb, respectively, while the light regions in Fgure 12(b) were the b phase. Even after 48
hours of oxidation, the oxide precipitates in smilar locations with respect to the surface are seen

to be finer. The presence of CeO, could not be confirmed in these samples, but they are
presumably too fine to be resolved in the SEM levd.

Figurel2: (@) Nb-26Ti-13Si5Ge-7Cr-2Hf-2AI-0,55n dloy oxidized at 1200°C
for 24 hours and (b) Nb-26Ti-14S-5Ge-7Cr-2Hf-2AI-1.55n-0.1Ce dloy

oxidized a 1200°C for 48 hours. Notice the difference in the scde of the
microstructure.

Microstructure of the Oxide Scae

The oxidized layer on the surface of these Nb aloys aso showed strong back-scattered electron
contrat (illudtrated in Figure 13) indicaing that the oxide layer dso remans as a multiphase

mixture
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Figure 13: Alloy 2, oxidized at 1200°C for 24 hours. L€ft is the oxide poorer in

the dark appearing S rich phase while right sde that presumably evolved from
the slicide has much more of the dark appearing smaller particles.



The dark phase in the oxide layers in dl these dloys was identified to be mostly composed of
S0, while the lighter matrix was found to be a mixture of mogtly Ti and Nb oxides A closer
examination clearly showed that a least in the initid stages of the oxidation process, the oxides
that evolved from the b phase and the sllicide phase were somewnhat different.

Obvioudy, higher dendty of dark-gppearing SO, maked the slicide areas while the b phase
regions transformed to a mixture of slica and oxides of Cr ad/or Ti dl of which were distributed
in the matrix of Nb oxide. This was best seen from X-ray images obtained from samples during
ther initid stages of oxidation. Figure 14 shows a series of O, Cr, Nb, Ti ard S images
illugrating the development of the oxide. In Fgure 14, the “ghost imeges’ of the dlicide phase
can be dearly seen in the oxide layer (lower one-third of the figure: examine the O-K images) and
one can see that the dlicide phase has been converted into Nb(Ti) oxide and slica Comparing
these with the Ge-L images in Figure 10(b) it becomes clear that the Ge from the (Nb, Ti)s(S,Ge)s
phase did not enter the oxide phase and remaned at the dloy/oxide interface eventudly forming
another phase. Ancther interesting point that may be noted in the Cr images is tha though Cr
aopeared to have segregated to the surface initidly, it mostly remained as interna oxides within
the dloy rather than in the oxide scae.

Figure 14: Nb-25.99Ti-12.61SF4.94Ge-6.73Cr-1.90Hf-1.92Al-0.47Sn; O-K,
Cr-K, Nb-L, Ti-K and S-K images from dloy oxidized a 1200°C for 1 hr, 5
hrs and 24 hrs respectively. The micron bars in the Cr images represent 25 nm.
The Ge-L images corresponding to these were shown in Figure 10(b).

Oxidation a Low Temperatures

Weght-change data for most of the dloys a temperatures below 900°C did not show a
breakaway oxidation period at least till aout 150 hours. Figure 15 shows a loglog plot of the



weight increese observed in many dloys and unlike the data in Figure 3, the rapid weight loss
associated with breskaway oxidation is not seen here.

The absence or a least a very long incubation period associated with breskaway oxidation in
these dloys at temperatures as high as 900°C is certainly a remarkable improvement over Nb and
suggests that the oxidation resstance of these dloys is very much improved by aloying.
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Figure 15 Weight increase during oxidation of a number of Nb dloys at
800°C. Alloy 1 : Nb24.82Ti-17.62Si-0.17Ge-5.92Cr-1.95Hf-1.89A1-0.32Sn;
Alloy 2 : Nb-25.99Ti-12.61S-4.94Ge-6.73Cr-1.90Hf-1.92A1-0.47Sn; Alloy 3:
Nb-25.12Ti-12.96S-5.48Ge-2.83Cr-2.48Fe- 1.98Hf-1.90Al-0.44Sn;  Alloy 5:
Nb-25.49Ti-14.88Si-4.46Ge 6.13Cr-1.63Hf-1.88Al-1.58Sn; Alloy 6 : Nb-
24.64Ti-16.84Si-4.17Ge-6.24Cr-1.37Hf-1.88Al-1.50Sn; Alloy 7: Nb-25.47Ti-
12.53Si-4.81Ge-6.64Cr-1.43Hf-1.94A1-1.48S5n-0.12Ce; Alloy 8: Nb-25.01Ti-
13.90Si-4.75Ge-6.48Cr-1.39Hf-1.76Al-1.51Sn-0.10Ce; Alloy 9: Nb-24.26Ti-
16.34Si-4.86Ge-6.67Cr-1.74Hf-1.84AI1-1.50Sn-0.11Ce.

However, a common microgtructurd observation mede in dl the dloys that were oxidized a

temperatures of 900°C or less was that the surfaces of al the dloys were characterized by cracks
pardld to the surfaces just beow the oxide layer. This phenomenon of progressve falure of



niobium dloys during lowtemperature oxidation has not been reported in the prior literature.
This phenomenon is diginct from “pesting” commonly associated with low temperaure
breskaway oxidation in intermetdlic dloys (30). Examples of the microstructures that were
observed are shown in Figure 16. From the micrographs shown in Figure 16, one could make the
following observations.

1. Smal cracks form just beow the surface oxide layer (see figure 16(a)) and these cracks
aopear modlly in the slicide phase, though one can see them in the b phase as well to a lesser
extent. There is a condderable amount of oxygen in the b phase as can be seen from the
changing contrast in the back-scattered electron images since the oxygen-enriched areas
appear darker towards the edge of the sample. (See figure 16(a)). The contrast between the b
phase and the dlicide seems to have dmog reversed itsdf as the solid-solution phase
becomes enriched in oxygen, thus considerably lowering the back-scattered electron yied in
these regions.

2. The surface cracks forming in the dloy gppear to follow the sample geometry, or in other
words the oxygen concentration profile as can be clearly seen from figure 16(b).

3. A doser examination of the b phase in these regions near the oxide/dloy interface showed
that fine needle-shaped precipitates (presumably of some oxide phase) had indeed formed
withintheb matrix. Thisisilludrated in Figure 16 (C).

4. The surface-cracking phenomenon appears to occur even a low temperatures as illugtrated in
Figure 16(d) where cracks can be seen to have formed at 600°C.

The surface cracking reported here is indeed associated with oxidation since heat treatment of the
same dloys a these temperatures in inert atmosphere did not introduce cracking of the dlicide
phase, as evidenced from microstructurd studies (Figure 17). Also, different cooling rates were
employed to ensure that the surface cracking was not the result of therma stresses induced during
coaling.

Figure 17: Nb-25.99Ti-12.61Si-4.94Ge-6.73Cr-1.90Hf-1.92A1-0.47Sn, heat
treated in Ar atmosphere at 800°C for 72 hours. Notice that the edge of the
sample near the mounting materid shows no surface cracks in the dark slicide
phase.

From these observations, it is clear that somehow, high residua sresses are being developed in
the b phase during oxidation, and the slicide that is presumably brittle even at these temperatures



fractures under these stresses. Nb,Os has a negative thermd expansion coefficient and fine-scae
precipitetion of the oxide such as that shown in Fg. 16(c) may lead to generation of resdua
dresses in the b phase a these temperatures. At higher temperatures, lower therma-expanson
coefficient, together with the ability of the dlicide phase to sustain plagic flow prevents fracture
of the dlicide phase. To test this hypothess resdud dtresses generated during oxidation of
polished samples at 800° C were measured from X-ray diffraction experiments.

Figure 18 shows the plot of resdua dresses as oxidation progresses, demondrating that
compressve dresses are quickly developed within the b phase during the initid Stages of
oxidation. Further, it gopears that once the stresses reach a critica vaue, fracture of the brittle
phase (dlicide) occurs, thus relieving the dresses. SEM examindion of the surface of these
samples showed that oxide whiskers grew in the b phase (Figure 18) very ealy during high
temperature exposure to atmosphere.

Figure 16 (@) Nb25.99Ti-12.61S-4.94Ge-6.73Cr-1.90Hf-1.92Al-0.47Sn,
oxidized a 800°C for 150 hours, (b) Nb-25.49Ti-14.88S+4.46Ge-6.13Cr-
1.63Hf-1.88AI-1.58Sn, oxidized a 800°C for 48 hours, (c) Nb-24.26Ti-
16.34Si-4.86Ge-6.67Cr-1.74Hf-1.84A1-1.50Sn-0.11Ce, oxidized at 800°C for
48 hours and (d) Nb25.99Ti-12.61Si-4.94Ge 6.73Cr- 1.90Hf-1.92Al-0.47Sn,
oxidized a 600°C for 72 hours.

Notice the gadud increese in the intengty within the b phase regions in figure 16(a) from
sample interior to the surface while the slicide appears gray throughout. Observe that the
cracks follow the contour of the sample as demondrated in figure 16(b). Fine needle
shaped oxide appears to precipitate in te b phase while the slicide agppears precipitate free
except at the b/ slicide interface where dso precipitation can be observed.



From figure 19, it becomes evident that a dense array of needle-shagped oxides form and grow
rather quickly in the b phase as compared to the dlicide phase. It may aso be noted that the b
phase gppears in reief in this secondary image, indicating that the larger volume of the oxide
indeed has left it in a date of consderable compresson, in conformity with the resdud stress
measurements (Figure 19). Surdly, as oxygen diffuses deeper in to the sample with longer
exposure, oxide precipitation occurs and consequently, b regions insde the sample are stressed to
apoint when fracture of the silicide phase becomes inevitable.
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Figure 18: Plot of experimentaly determined resdud stresses developed in the
b phase during oxidation a 800°C. Note that the Y-axis must be multiplied by
E/(1+n) to obtain the actual values of stress.

Figure 19: Nb-25.99Ti-12.61S-4.94Ge 6.73Cr- 1.90Hf- 1.92Al-0.47Sn,
Secondary dectron image from the surface of a polished sample oxidized at
800°C for 30 minutes corresponding to ~ the maximum compressve stress

developed inthe b phase.



This phenomena of surface cracking during low-temperature oidation of Nb dloys appears to be
generd and has been obsarved in a large number of aloys having widey varying chemisry and
phase digribution. It is essentid that this feature be studied and understood and that steps be
taken to aleviate the problem.

In dl these dudies, the effect of nitrogen has not been evauated and it must be mentioned here
that thermodynamicaly sable nitrides of mgor dements such as Nb, Ti ec. present in these
complex dloys could have asgnificant effect on the environmenta response of these dloys.

Severd draegies of improving the oxidation resstance of powder compacts of Nb dloys are dso
being pursued (31, 32). Even though sgnificant enhancement of oxidation resstance has been
achieved in the complex Nb-based aloys over the commercid Nb dloys, the resistance is ill not
adequate for hotsection agroengine Structurd gpplications, eg. for turbine blades. Therefore, an
environmental protective coating will be required. It was shown that a commercia coating for
Nb aloys (R512E, 20 at% Cr -20 at % Fe -60 a % S) when applied to the complex Nb based
dloys offered significantly enhanced protection to 230 hours a 1200°C under cyclic oxidation
conditions.  The rdiability/durability invedigations of this coaing and other potentid coatings
are currently underway (33). Coatings based on duminides (34) and other quaternary sSlicides
(35) have aso been reported.

Mechanical Properties of Complex Nb Base Alloys

The deveopmentd effort on the current multicomponent Nb-based dloys began with the mode
binary Nb-S dloys with compogtions within the Nb-NbsSi two-phase fidd. The effort was
based upon the rationde that the intermetalic NIsSi; phase will provide good high-temperature
drength and creep ressance while the refractory Nb phase (with S in solid-solution) will offer
fracture resdance via a ductile-phase toughening mechanism.  The two-phase Nb/NbsSiz
microdructures were found to exhibit excelent thermochemicd dability and ressace to
coarsening up to 1500°C (23, 24). The mechanica properties of model Nb-rich Nb-S dloys
were investigated (25, 26). The cast + wrought Nb-10 a %S dloy (75 vol% Nb phase + 25 vol%
NbsSi; phase exhibited a roomtemperature fracture strength of &8 MPa with very samdl ductility
(~ 0.5%). The brittle-to-ductile transition was found to be ~1000°C with a yield strength of ~ 450
MPa which decreased gradualy to ~ 200 MPa at 1400°C. Increasing the silicon leve to 16,5 at
% (with 40 vol % NbsSi; phase) increased the high-temperature strengths significantly to ~ 650
MPa at 1200°C and 300 MPa at 1400°C. The room-temperature fracture toughness for the Nb-10
a % Si was ~ 20 MP&Om while that for Nb-165 a %Si, it was ~ 13 MPaOm.  Further,
compression cregp tests in vacuum a 1200°C showed (5) that for the Nb-10 a % S dloy, the
minimum rates were about 5 orders of magnitude smadler than those for the commercid Nb
dloys, as an example, for the mode dloy, a creep rate of ~ 10°® sec’! was determined & a stress
of 100 MPa and of 1077 sec* a a stress of 200 MPa. Recently, Kim et d (36) have examined the
room temperature fracture toughness of Nb-SiMo dloys and showed that Mo addition improves
the fracture toughness of NS dloys.

Additions of dements such as Ti, Al, Cr, Hf to the binary Nb-S compogtion for enhancing
oxidation resstance degraded the high-temperature strengths and cregp resstance somewhat,
while maintaining the roomtemperature fracture toughness in the neighborhood of 20 MPaOm

Reasonable strength levels of ~ 150 MPa at 1200°C were dill obtained. It should be mentioned



here tha the maximum temperature cgpability of the currently used Nibase superdloy single
crystds (eg. PW 1480) is ~ 1150°C. Therefore, an advantage of the complex Nb-base dloys
would be a temperatures above 1150°C; current dloy development efforts are aimed a this high
temperature regime.

Summary and Concdusions

This paper has briefly discussed the phase didribution observed in a wide vaiety of
multicomponent Nb-Ti-S base dloys tha ae potentid candidates for high-temperature
goplications.  In particular the kinetics, as well as the microgtructural features associated with
these dloys, during oxidation are elaborated. From dl the experimenta results, it is appears tha
the mechanism of oxidation of multicomponent aloys containing dlicide is not changed to any
extent by aloy chemistry, though the kinetics gppears to be quite influenced. Clearly, oxygen
diffuson into the b phase occurs repidly, and due to the subgstantial solubility for oxygen even in
the multicomponent dloys, dloy oxidation is quite rgpid. Sdective internd oxidetion of dloying
elements such as Hf appears to occur due to its high thermodynamic gability. Oxygen solubility
in the dlicide phase appears to be limited and so does oxygen diffuson. Oxygen diffuson is
subgantidly aded by the interna defects in the dloy with the gran boundaries and phase
boundaries acting as short-circuit diffuson paths. During these dtages of oxidation, the kinetics
of oxidation can be roughly described by a modified Wagner mechanism in which diffuson of
oxygen through the oxide, as wdl as subgtantid disolution of oxygen in the b phase, is
consdered. During oxidation at temperatures below approximately 900°C, the surface of the
dloy, just below the adherent oxide scde, contained numerous cracks (mogtly in the slicide
phase) pardld to and following the contour of the sample surface. Resdud stresses built up in
the b phase during oxidation and cause near-surface failure at these rdatively low temperatures.
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