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Abstract

Niobium based alloys are candidate materials for gas turbines that can be used, uncooled, at
temperatures between 1473 and 1773K, while they suffer from severe degradation due to high
temperature oxidation. In the present investigation to protect Nb-5Mo-15W alloy against high
temperature oxidation a novel coating was developed with electroplating of a Re-Ni film,
followed by Cr and Al pack cementation. The coating consisted of a duplex layer structure, an
inner o(Re-Cr) or Re(Cr) layer and an outer oo Cr(Al) or f NiAl layer. The Re-Ni film
containing more than 70at%Re, developed in the present investigation, is more useful than the
conventional low Re-Ni film. The inner o(Re-Cr) and Re(Cr) act as a diffusion barrier between
the Nb-5Mo-15W alloy substrate and the outer oCr(Al) or £ NiAl layer, which forms a
protective a-Al20s scale. The Re-based alloy layers were considered to be an outer -phase in a
Re-Cr(Ni) system and an inner y-phase in a Re-Nb(Cr) system. The coated Nb-5Mo-15W alloy
was oxidized in air at 1373 and 1473K for up to 360ks. It was found that due to a mutual
reaction between the B-NiAl and the alloy substrate, the Re-based alloy layers with the c-and
y-phases significantly suppressed the decomposition rate of the outermost 3-NiAl in contrast to
the rapid decomposition of conventional B-NiAl coatings without a diffusion barrier layer. The
Re-based o and y phases are candidates for a diffusion barrier against Al inward diffusion,
because they have very low solubility of Al. Diffusion couple studies shows that Nialuminides
containing 12~50at%Al can be used as an Al-reservoir layer on the diffusion barrier layer of Re
and Re-40Cr (o ResCr»).

Introduction

Efficiency of turbine engines for both power generation and propulsion can be increased by
raising the operating temperature of the engine. To attain these increased efficiencies, there is a
need for high temperature materials that can be used, uncooled, at temperatures between 1473
and 1773K. Niobium based alloys () stand out compared to Ir-, W-, and Ta-based alloys
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because, as shown in Fig.1, they have the highest specific strength at temperatures above
1273K, where many Ni- and Co-based superalloys are approaching the upper limits of thermal
durability @-4).
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Fig.1 Temperature dependence of the specific strength of some high temperature alloy

Although Nb-based alloys are the most attractive for high temperature applications, they suffer
from severe degradation due to high temperature oxidation. This may be in part due to the fact
that Nb itself oxidizes rapidly, forming a non-protective oxide scale s). Improvement of the
oxidation resistance of Nb-based alloys is a key issue to the development of high performance
gas turbines and to other high temperature applications.

A number of investigationses-2s) have been conducted with the aim to improve the high
temperature oxidation resistance of Nb. These investigations include additions of alloying
elements such as Cr, Al, Si, Ni, Mg, MgO and MgSi2, and pack coatings by Cr and/or Al, slurry
coating, and low pressure plasma spray overlay coatings. The formation of silicide coatings (20-
28y on pure Nb and commercial Nb alloys was investigated extensively, with the coating
conferring very good oxidation resistance at high temperatures. In particular, Rapp et al.ci
observed that tungsten and germanium-alloyed molybdenum disilicide coatings survived
1,800ks oxidation at 1643K with more than 100 thermal cycles.

Since water vapor is present in combustion environment, o materials of choice for this coating
must be stable in water vapor at these elevated temperatures. Silica forming materials as silicon
carbide and silicon nitride have been considered for structural applications in combustion
environments; however, it was found that the thermal grown silica scale reacts with water
vapor to form volatile hydroxides in combustion environments, precluding use for long-term
applications (9).

Alumina is being considered to be more stable oxide than silica under combustion
environments as a constituent of high temperature coatings o). Recently, Opila et al. a1
assessed the stability of alumina in water vapor at elevated temperatures, reporting that
alumina-based systems will have longer lifetimes than silica-based systems. In contrast to the
disilicide coatings there are few reports dealing with a formation of a protective Al2Os scale for
elevated temperature applications. This may be in part due to the fact that the developed
coatings appear to not perfectly cover the alloys, allowing easy access of oxidant gases such as
oxygen and nitrogen through the coating. This leads to so-called under-cut corrosion, degrading
the Nb-based alloy substrate beneath the coating.

It is widely accepted that both Al:Os; and SiO: forming coating deteriorate rapidly with
increasing temperature due to both oxide formation and interdiffusion between the coating and
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alloy substrate, as shown schematically in Fig.2. Therefore, it is essential to suppress the
interdiffusion in addition to ensuring slow oxide growth at very high temperatures. A coating
with a two-layered structure, an inner diffusion barrier layer and an outer Al reservoir, is
schematically shown in Fig. 3. The purpose of the diffusion barrier layer in Fig.3 is to reduce
interdiffusion between the alloy substrate and the Al-reservoir layer, so that the barrier must
have low diffusivity and low solubility of Al and alloying elements. For the Ni-based
superalloys, the a-phase (32,33,34 in a Re-Cr-Ni system s,36) was selected as the diffusion barrier,
because it has a high melting temperature of 2635K.

Nb,Mo,W Oxides Fig.2
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The formation process of the coating with a two-layered structure on the Nb-based alloy was
investigated in previous studies (7, 3s, 39, which used electroplating of a Re-Ni film as well as Cr
and/or Al pack cementation. As described in a previous paper 9), a low Re-Ni film containing
25~35at%Re resulted in a non-protective coating and a high Re-Ni film containing 70at%Re or
more showed the possibility of forming protective coatings. In that investigation, the high Re-
Ni film was electroplated to form a coating with the two-layered structure on Nb-based alloys
suggested in Fig.3, and the coating layer was evaluated to function an effective diffusion
barrier. In this investigation a Nb-based alloy with an electroplated Ni film was used for the Al
pack cementation, because conventional Al pack cementation forms non-protective coatings ().
The formation process and changes in the compositions of the two-layered structure are
discussed based on the phase diagrams for the Re-Cr-Ni s, 36, Re-Nb @0, and Nb-Al-Ni @)
systems.

To establish the diffusion coefficients of elements in a diffusion barrier layer of the Re-based
alloy is essential and there must be compatibility among an Al-reservoir layer of for example
nickel aluminides and a diffusion barrier layer. A series of investigation is now in progress in
our laboratory to obtain information on the diffusion properties and compatibility between the
6-Re(Cr, Ni) and nickel aluminides. A diffusion couple study @) between Re and Ni was
carried out at temperatures between 1273 and 1573K using an Ar-arc melted Re and Ni as
functions of composition and temperature as well as with a 7u-¢ Al2Os marker fiber to
determine intrinsic-diffusion coefficients at 1373K. It was found that two terminal solid
solutions of Re(Ni) and Ni(Re) phases appeared in the diffusion couple, accompanied by the
formation of voids in the Ni(Re) close to the Al2Os marker position (about 3at%Re). It was
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concluded that Ni diffuses about 100 times faster than Re in the Re(Ni) and that this
nonreciprocal diffusion may form voids within the Ni(Re) phase.

This paper investigates diffusion couples to elucidate details of diffusion between Re and
nickel aluminides at high temperatures. The Ni-aluminides used are y-Ni(12Al), y-NisAl, B-
NiAl and 6-Ni2Als, and couples of Ni-50Al and Re-Cr alloys or Re-Ni alloys were also
investigated. A tentative Re-Ni-Al ternary phase diagram is developed using concentration
profiles of each element measured across the diffusion couple composition paths.

Experimental

Nb-5%Mo-15%W alloy (mass%) was prepared in the Japan Ultra High Temperature Materials
Research Institute (JUTEM) using non-consumable Ar arc melting with pure metals as starting
materials. The alloy ingot was heat-treated in Ar at 2073K for 86.4ks. A 1 mm thick test
specimen was cut from the ingot and then a 1.5mm diameter hole was drilled for suspension
with a Pt-wire. The specimen was then degreased in a methanol/benzene solution under
ultrasonic agitation.

The formation process of the two-layered coating was presented in elsewhere ©”, so that the

coating process with the high Re-Ni plating will be described briefly here.

1) The Nb-5Mo-15W alloy specimen was polished using 150-grit waterproof sand paper and
then washed in a methanol/benzene solution.

2) A 10~15pm thick Re-Ni film containing more than 70at%Re of was electroplated from a
pH=3 aqueous solution using a Ni anode at a bath temperature of 323K. The solution
contains ReOa4(0.1mol/l), nickel sulfate (0.1mol/1), and citric acid (0.1mol/l).

3) The Cr-pack cementation was carried out in a vacuum of 10°Pa at 1473K for 36ks using an
ALO:s crucible containing a specimen buried in a powder mixture of Ni-50Cr alloy and
ALO:s.

4) A 10~15 pum thick Ni film was electroplated on the packed chromized alloy in the Watt’s
solution.

5) The Al-pack cementation was carried out at 1373K for 21.6ks in a vacuum of 10°Pa using
an Al,Oj; crucible containing the specimen and a powder mixture of fine Al particles, Fe-
50Al alloy, and Al,Os.

The conventional Al-pack cementation was carried out as follows.

1) The Nb-5Mo-15W alloy specimen was polished using a 150-grit waterproof sand paper and
then washed in a methanol/benzene solution.

2) A 10~15 pm thick Ni film was electroplated in the Watt’s solution.

3) The Al-pack cementation was carried out at 1373K for 21.6ks in a vacuum of 10°Pa using
an AlOs crucible containing a specimen in a powder mixture of fine Al particles, and Fe-
50Al alloy, and ALOs.

The coated specimens were oxidized in air for 90ks at 1373K or for 32.4ks at 1473K. The mass
changes were measured using an electrical balance with an accuracy of 0.01mg. The coated and
then oxidized specimens were examined using an electron-probe microanalyzer, EPMA, to
determine the concentration of each element and their concentration profiles (compositions will
be in at%, unless otherwise indicated); X-ray diffraction analysis XRD was used to identify
oxidation products.
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Results

3.1 Coating layer structures and concentration profiles

Figure 4 shows the microstructure and concentration profiles of each element across the about
12 um thick Re-Ni film, which was electroplated from the pH=3 solution for 21.6ks under a
current density 100A/mz. The coating film composition is rather uniform 70Re-30Ni. There are
cracks about every 20 um that are parallel with the coating growth direction. These cracks may
have formed when the sample was kept at room temperature after the electroplating. The gap at
the film-alloy substrate interface ,ay have during metallurgical preparation.

A specimen with the Re-Ni film was then pack-chromized in a vacuum of 10 ’Pa at 1473K for
36ks, and a cross-sectional micrograph and corresponding concentration profiles of Re, Ni, Cr,
Nb, Mo, and W across the specimen are shown in Fig. 5. It was found that the coating layer is
comprised of a four-layer structure: an outer Cr-Re-Ni layer 5, an inner Re-Cr-Nb layer 4, a
transient layer 3, and a diffusion zone 2, followed by the alloy substrate 1 (the circled numbers
correspond to those in the figure being discussed). The diffusion zone contained Ni, which
came from the Re-Ni film, but there was little Re or Cr; the outer and inner layers contained
little of the alloy elements, Nb, Mo, and W, except for Nb in the inner layer. From the phase
diagram of the Re-Cr-Ni system @s, 36 and also based on the compositions determined
experimentally, the outer layer is the o-phase in the Re-Cr-Ni system. Although details of the
inner layer are not entirely clear because of a lack of an adequate phase diagram on the Re-Nb-
Cr system, the inner layer seems to consist of the y-phase in the Re-Nb system o) . The
identification of each phase will be discussed in a later section, but it is noted that further
investigation is needed.
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Fig.4 Cross sectional microstructure of the as-electroplated Re-Ni film on the Nb-5Mo-15W
alloy and concentration profiles of the elements in the cross-section
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Fig.5 Cross-sectional microstructure and concentration profiles of the elements across the
coating on theNb-5Mo-15W alloy after Cr-pack cementation at 1473K for 36ks. 1: alloy
substrate; 2:diffusion zone ; 3:transient layer; 4:inner, y-phase layer ; 5:outer, g-phase layer.

After the Cr-pack cementation an about 10 um Ni film was electroplated on the specimen, and
then Al-pack cementation was carried out at 1373K for 21.6ks. Figure 6 shows the
microstructure and concentration profiles of Re, Ni, Cr, Al, Nb, Mo, and W across the surface
modified zone of the Nb-based alloy. The resulting coating is comprised of a four-layer
structure: an outermost B-NiAl layer 5, an outer c-phase layer 4, an inner y-phase layer 3, and
a diffusion zone 2.

The B-NiAl layer contains no Re, Cr, Nb, Mo, or W, and the oxygen is from the fine alumina
particles embedded during the Al pack cementation. The layers 4, 3, and 2 contain little Al,
and the Re content in the inner layer 3 is about 65at%. It may be concluded that the Re-based
alloy layers act as a diffusion barrier against Al.
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Fig.6 Cross-sectional microstructure and concentration profiles of the elements across the
coating on theNb-5Mo-15W alloy after the Al-pack cementation at 1373K for 21.6ks.
2:diffusion zone; 3:inner x-phase layer; 4:outer, o-phase layer; 5: outermost, 3-NiA
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The Al-pack cementation was carried out for the Nb-based alloy with a pre-formed about
15 um Ni at 1373K for 21.6ks, and the cross-sectional microstructure and corresponding
concentration profiles of each element are shown in Fig. 7. The coating without the Re-based
alloy layers consisted of a two-layered structure, an outer B-NiAl 4 and an inner diffusion zone
(3+2). There were two distinguishable regions in the diffusion zone, one region 3 with both Al
and Ni penetrations and another region 2 with Ni penetration. The outer B layer contains
50~52Al, with no alloying elements Nb, Mo, and W, and the oxygen in the outer layer is from
fine Al,O3 particles, which were embedded during the Al pack cementation. Further, the
oxygen in zone 3 may be the result of the fine Al,O; particles that embedded in voids during
the metallographic polishing process.
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Fig.7 Cross-sectional microstructure and concentration profiles of the elements across the
coating on theNb-5Mo-15W alloy after Al-pack cementation at 1373K for 21.6ks. 1 alloy

substrate; 2 diffusion zone with Ni penetration; 3 diffusion zone with Al-and Ni-penetrations;
4 outer B-NiAl
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Fig.8 Cross-sectional microstructure and concentration profiles of the elements across the Al-
pack coating on the Nb-5Mo-15W alloy after oxidation at 1373K for 90ks. 1 alloy substrate; 2
Al- and Ni-diffusion zone; 3 NbAINi layer; 4 outer B-NiAl; 5 a-Al2Osscale
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Fig.9 Cross-sectional microstructure and concentration profiles of the elements across the Al-
pack coating on the Nb-5Mo-15W alloy after oxidation at 1473K for 32.4ks. 1 alloy substrate;
2 Al-and Ni-penetration zone; 3 NbAINi layer; 4 outer B-NiAl 5 a-Al,Os scale

3.2 Structures and concentration profiles of the Al pack / Ni film coating after oxidation

Figures 8 and 9 show the microstructure and concentration profiles of each element across the
Al pack / Ni film coated Nb alloy (Fig. 7) after oxidation in air at 1373K for 90ks (Fig.8) and at
1473K for 32.4ks (Fig.9). In both specimens the coating layer consisted of a two-layer
structure, an outer 3-NiAl layer 4, which was covered by a protective Al2Os scale 5, and a
diffusion zone 2 and 3 with Al and Ni penetration. The diffusion zone was about 27 um thick
for the 1373K oxidation alloy, and 40 um for the 1473K oxidation alloy.
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Fig.10 Cross-sectional microstructure and concentration profiles of the elements across the Re-
based alloy coating on the Nb-5Mo-15W alloy after oxidation at 1373K for 90ks. 2 Al-
penetration zone; 3 inner y-phase layer; 4 outer, o-phase layer; 5 outermost, 3-NiAl; 6
a-AlOsscale
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3.3 Structures and concentration profiles of the Re- based alloy / B-NiAl coating after
oxidation

Figures 10 and 11 show the microstructure and concentration profiles of each element across
the Re-based alloy / B-NiAl coated alloy (Fig. 6) after oxidation in air at 1373K for 90ks
(Fig.10) and at 1473K for 32.4ks (Fig.11). The coating layer of both specimens consists of a
four-layer structure, an outermost B-NiAl layer 5, which was covered by a protective Al,O3
scale 6 then an outer o-phase layer 4, an inner y-phase layer 3, and a diffusion zone 2 with Al
penetration. The depth of the Al-penetration in the diffusion zone was about 5 um in the alloy
oxidized at 1373K and about 7 um in the alloy oxidized at 1473K.
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Fig.11 Cross-sectional microstructure and concentration profiles of the elements across the Re-
based alloy coating on the Nb-5Mo-15W alloy after oxidation at 1473K for 32.4ks. 2 Al-
penetration zone; 3 inner, y-phase layer; 1 outer, ¢ phase layer; 5 outermost, B-NiAl;
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Fig.12 A phase diagram of a Re-Cr-Ni system at 1423K. 4 as-electroplated Re-Ni; 5 after the
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Cr-pack cementation 6 after the Al pack cementation, 0 after oxidation at 1373K g after
oxidation at 1473K

Discussion

The coating that developed on the Nb-5Mo-15W alloy in this investigation was a high-Re-Ni
electroplated film, with Cr pack cementation then carried out to form a Re-based alloy layer.
As shown in Fig. 5(a) and (b), the outer layer contained (47~52)Cr, (39~34)Re, (11~12)Ni and
(1~3)Nb. From the phase diagram for the Re-Cr-Ni system calculated at 1423K @s, 36), the
compositions in this outer layer 5 were inside the o-phase. The inner layer 4 contained
(64~72)Re, (25~13)Nb, (17~12)Cr, and (4~6)Ni and was inferred to be a y-phase from the Nb-
Re system @0). However, there is uncertainty in the identification of the inner layer phase, as a
reliable phase diagram of the Re-Nb-Cr system is lacking. It is reasonable to assume it to be
y-phase from the Nb-Re system o), as it exists adjacent to the Nb-based alloy, but further
investigation to identify the phases is required.

For the coating layer in Fig. 6(a) and (b), the outer layer 4 contained 47Cr, (38~39)Re,
(12~16)Ni, and a small amount of Nb. This composition is represented in Fig.12 by point , and
it is seen to be close to those for the pack chromised specimen (Fig.5). It was found that the
structure and concentration profiles of the Re-based alloy layers remain virtually the same
before and after the Al pack cementation. Further, the layer 3 is a y-phase with a composition
of 18Cr, 15Nb, and 5Ni at a point with a 68Re in Fig.6, with the Al contents being negligible.

After oxidation at 1373K, as shown in Fig.10(b), the outer o-phase layer has a composition of
(46~52)Cr, (25~30)Re, (8~10)Ni, (8~10)Al, and a few % Nb, which is given by a number 0 in
Fig.12, and the inner y-phase layer 3 has 15Cr, 15Nb, 4Ni, and 68Re. Further, there are small
amounts of Al in the inner layer 3. In the 1473K oxidation both the layers shown in Fig.11
have structures close to those for the 1373K oxidation. A composition of the layer 4 in Fig.11
is given by number g in Fig.12. From these results of oxidation at 1373 and 1473K it is
concluded that there is little difference in the resulting structure and composition of the outer o-
phase and inner y-phase Re-based alloy layers.

With the Al-pack / Ni film coating, the B-NiAl layer decomposed to a transient layer 3 with
(38~33)Nb, 38Ni, and (24~28)Al, as a result of extensive Al penetration through the diffusion
zone 2, as shown in Fig.8. The transient layer 3 in Fig.9 for the 1473K oxidation had a
composition of (38~36)Nb, 40Ni, and (21~25)Al, due to Al penetration through the diffusion
zone 2. The compositions in the transient layer 3 are indicated in the Nb-Al-Ni ternary phase
diagram at 1413K in Fig.13, 8 for the 1373K oxidation and 8 for the 1473K oxidation, and
both the transient layers appear to be an AINbNi phase.

The B-NiAl phase in Fig. 13 contains about 7at%Nb, but there is little Nb in the coating layer
before and after oxidation at both 1373 and 1473K, as shown in Figs. 8(b) and 9(b). Further
investigation of the phase diagram of the Nb-Ni-Al ternary system at various temperatures is
required to explain this conflict. The conventional Al packed coating '” was severely degraded
due to exfoliation of surface scale of niobium oxides in addition to AlOs. Different from the
conventional Al packed coating, the B-NiAl layer formed in the present investigation protects
the Nb based alloy against high temperature oxidation, however, the protection may be limited
to short term oxidation because rapid oxidation will commence when the [-NiAl layer is
breached.
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Fig.13 Phase diagram of the Nb-Ni-Al at1413K O: outermost 3-NiAl layer. 8 after oxidation at
1373K 9 after oxidation at 1473K

The average thickness of the Al2Os scale formed by the Al pack / Ni film coating are 2.6 um
after 90ks oxidation at 1373K and 4.5 um after 32.4ks at 1473K and for the Re-based alloy /
B-NiAl coatings 3.0 and 4.0 um, respectively. This shows that the growth rates of the surface
ALOs scale are similar, and that the changes in structure and concentration profile during
oxidation are mainly due to mutual diffusion between the B-NiAl layer and alloy substrate.
Therefore, it is concluded that the Re-based o- and y-phase layers developed in this
investigation function as a diffusion barrier.

Figure 14 shows a phase diagram of a Re-Ni-Al ternary system at 1373K, which was
hypothetically estimated from Re-Ni42), Ni-Als), and Al-Re4) binary systems, because there is
very limited information on the Re-Ni-Al ternary system in the literatures;. In Fig.14 the
solubility limit of Ni in Re was assumed to be about 28at%Ni from a previous investigation 43).
The change in Al activity with Al contents in the Ni-Al binary system is also given in Fig.14.

Fig.14

Composition paths for the Re and Ni
aluminides couples plotted on the
Re-Al-Ni ternary phase diagram and
Al activities in the Ni-Al system as a

log a,

function of Al contents.

From concentration profiles of Re, Ni, and Al for the Re and Ni-12Al(y-Ni(Al)), the Re and Ni-
25Al(y-NisAl), and the Re and Ni-50Al (B-NiAl) it was observed in these diffusion couples that
Ni-aluminides were in contact with the Re and these was no formation of intermediate phases.
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It was found that the Re contents in the Ni and the Ni aluminides tended to decrease from
12~13at%Re for the Re / Ni couple to 3~5at%Re in the Re / Ni-12Al (y-Ni(Al) ) couple and to
be negligible for both the Re / Ni-25A1 (y’-NizAl) and the Re / Ni-50Al (B-NiAl) couples. The
Ni contents in the Re decreased gradually from about 28at% for the Re / Ni couple to 20at%Ni
for the Re / y-Ni(Al), 15at%Ni for the Re / y*-NizAl, and 10at%Ni for the Re / -NiAl.

In the case of the Re and Ni-60Al(3-Ni2Als,), however, the -Ni2Als reacted with the Re to form
ReAl and ResAlir accompanies by Al-rich B-NiAl transformed from the Ni2Als, but no Re2Al
appeared. The concentration profiles of each element in the Re and Ni-60Al couple will be
given by the composition path on the Re-Al-Ni phase diagram in Fig.14. It was found that the
ResAlii contains about 3at%Ni, while the Al-rich 3-NiAl contains a little amounts of Re.

Conclusion

A Re-based alloy / B-NiAl coating was formed on Nb-5Mo-15W alloy and for comparison
purposes Al pack / Ni film coating was also formed on the alloy. The coated alloys were
oxidized in air at 1373K for 90ks and at 1473K for 32.4ks. The results obtained are
summarized as follows.

1) The Re-based alloy/ B-NiAl coating was made in the following sequence: electroplating of
a high Re-Ni alloy film, Cr pack cementation, Ni-film, and Al-pack cementation. The Re-
based alloy layer consisted of an outer c-phase layer and an inner y-phase layer. The Nb-
based alloy was pre-deposited with an electrolytic Ni film and the pack aluminized to form
a PB-NiAl layer accompanied by a diffusion zone allowing Al and Ni penetration.

2) The growth rates of the thermally grown Al:O: scales were very similar on the coatings
studied.

3) The B-NiAl layer without a Re-based alloy layer decomposed rapidly due to the mutual
reaction between the NiAl and alloy substrate, accompanied by extensive penetration of Al
into the alloy substrate.

4) With a Re-based alloy layer the B-NiAl layer remained in the coating, with the structure and
concentration profiles remaining unchanged during high temperature exposure. The Al
penetration was very slow.

5) The Re-based diffusion barrier layers have the following compositions:
the as-prepared coating

The outer layer:(46~52)Cr, (40~34)Re, 12Ni, (1~3)Nb

The inner layer:(66~72)Re, 12Nb, (4~6)Ni, 1Cr

after the 1373K oxidation

The outer layer: (46~52)Cr, (40~34)Re, 12Ni

The inner layer: (66~72)Re, 12Nb, (4~6)Ni, (1~3)Nb, 1Cr

after the 1473K oxidation

The outer layer: (46~52)Cr, (40~34)Re, 12Ni

The inner layer: (66~72)Re, 12Nb, (4~6)Ni, (1~3)Nb, 1Cr

There was little difference in composition of the outer o-phase layer and the inner
y-phase layer before and after the oxidation tests. The phases were not finally identified.

6) The Al content in the y-phase layer was negligible even after oxidation at 1473K for

32.4ks, and this is attributed to a slow Al penetration toward the alloy substrate.

7) On the Nb alloy, the coating with a B-NiAl layer formed by conventional Al pack
cementation shows good oxidation resistance by forming a protective Al2Os scale, but the
protection is limited to short term oxidation.

8) Ni-aluminides containing 12~50at%Al can be used as an Al-reservoir layer on the diffusion
barrier layer of Re and Re-40Cr (o ResCrz).
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