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Summary

In-situ composites based on Nb silicides have great potential for future high-
temperature applications. These Nb-silicide composites combine a ductile
Nb-based matrix with high-strength silicides. With the appropriate
combination of alloying elements, such as Ti, Hf, Cr, Al, it is possible to
achieve a promising balance of fracture toughness, high-temperature creep
performance, and oxidation resistance. This paper will describe the effect of
volume fraction of silicide on microstructure, high-temperature creep
performance, and oxidation resistance. The ratio of Nb:(Hf+Ti) is critical in
determining both creep rate and oxidation performance. If this ratio goes
below ~1.5, the creep rate increases substantially. In more complex silicide-
based systems, other intermetallics, such as Laves phases and a boron-rich
T-2 phase, are added for oxidation resistance. To understand the role of
each phase on the creep resistance and oxidation performance of these
composites, we determined the creep and oxidation behavior of the individual
phases and composites at temperatures up to 1200°C. These data allow
quantification of the load-bearing capability of the individual phases in the
Nb-silicide based in-situ composites.
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1. Introduction:

Nb-silicide based in-situ composites are potential candidates for very high
temperature structural applications (>1150°C), including advanced turbine
applications [1-6]. These composites consist of Nb5Si3 and Nb3Si type
silicides toughened with a Nb solid solution (abbreviated by (Nb) in the
present paper). More recent Nb-silicide based in-situ composites are highly
alloyed with elements such as Cr, Ti, Hf, B and Al [2-6]. Previous work has
shown that these materials exhibit a good combination of room temperature
fracture toughness and high temperature strength [1-6]. However, their high-
temperature creep performance has been found to be highly dependent on
the alloy composition and constituent phases. With the appropriate
combination of alloying elements it is possible to achieve the required
balance of room temperature toughness and high-temperature creep
resistance. Alloying elements such as Cr and B have beneficial effects on
oxidation resistance, stabilizing Laves phases, and T2 niobium borosilicide
phases, respectively.

Advances in high-temperature materials have had a major impact on the
efficiency of gas turbine engines, so that currently superalloys provide a
maximum surface temperature capability of ~1150°C. A Nb-based composite
system, with a melting temperature of 1800°C or more, may allow a
substantial increase in surface temperature. In the past decade, the potential
of new alloys strengthened with intermetallic compounds with low densities,
high elastic moduli, and high melting ranges [3,6] has been explored.
Intermetallic-based composite materials, such as Nb or Mo silicides, have
been combined with metallic second phases in order to generate composites
with a combination of attractive high-temperature properties and acceptable
low-temperature properties. Nb-silicide based in-situ composites with Nb3Si
and/or Nb5Si3 silicides have been shown to have great potential because of
their attractive balance of high- and low-temperature mechanical properties
[2,4]. These materials have the potential to surpass the performance of Ni-
based superalloys.

The basis for phase stability in Nb : niobium-silicide composites is the Nb-rich
side of the Nb-Si phase diagram where there is a eutectic between Nb3Si and
(Nb) [7,8]. (Nb)-Nb3Si and (Nb)-Nb5Si3 composites have been prepared from
binary Nb-Si alloys [1,3] with compositions from 10 to 25 Si (all compositions
are given in atom per cent throughout the present paper). The microstructure
of the composites from binary hypoeutectic alloys consists of (Nb) dendrites
with an interdendritic Nb3Si-(Nb) eutectic. In these composites extrinsic
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toughening is provided by the (Nb); there is no intrinsic ductility in the silicide.
The Nb5Si3 and Nb3Si have the tl32 and tP32 ordered tetragonal structures
with 32 atoms per unit cell. The unit cells also possess large lattice
parameters; the large Burgers vectors and complex dislocation cores
associated with these structures would suggest that dislocation creep makes
only a small contribution to creep deformation in these silicides. When
Nb5Si3 is alloyed with Ti and Hf, the less complex hP16 structure can also be
stabilized [8-10]. Nb3Si and tetragonal Nb5Si3 are beneficial to creep
behavior, provided their volume fraction and distribution within the composite
are controlled [10].

The present study was performed to determine the creep rates of Nb-silicide
based composites, and the monolithic intermetallic phases in complex
systems. This study was designed to develop both the constitutive creep laws
for these phases and a predictive modeling capability for more complex two-
phase and multi-phase systems [11]. The aim of the present paper is to
describe high-temperature creep behavior of the monolithic intermetallic
phases and the resulting Nb-silicide in-situ composites that were produced by
directional solidification. Oxidation behavior is also discussed.

2. Experimental:

Nb-silicide based in-situ composites were directionally solidified from
quaternary alloys with compositions of Nb-8Hf-25Ti-XSi, where X was
adjusted from 12 to 22%. The starting charges were prepared from high
purity elements (>99.99%). The directional solidification procedure has been
described in more detail previously [1]. Monolithic intermetallic creep
samples were prepared using multiple arc melting. Monolithic Nb alloys were
also prepared with compositions of Nb-1Si, Nb-46Ti-1Si (denoted as Nb-3 in
the present paper), and Nb-27Ti-5Hf-2AI-2Cr-0.9Si (denoted as Nb-C), in
order to determine the creep performance of the Nb solid solution in the in-
situ composites. The samples were examined using scanning electron
microscopy and Electron Back-Scatter Diffraction in the SEM (EBSD).

Table I shows the compositions of the monolithic intermetallic phases that
were investigated. The compositions of these phases were selected using
electron microprobe analyses (EMPA) of the respective phases in multi-
phase composites [8,9]. Monolithic intermetallics that were generated from
ternary alloys were given the post-script 3, for example, the Nb5Si3 modified
with 10% Ti was labeled silicide-3. The monolithic intermetallics that were
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prepared from quaternary and higher-order alloys were given the post-script
C, such as silicide-C.

Compression creep tests were conducted at temperatures of 1100 and
1200°C, and at stress levels of up to 280 MPa in a vacuum of -5x10-5 TOrr.
The cylindrical specimens that were used were 7.6 mm in diameter and up to
30 mm in length. The samples were machined by EDM to final dimensions.
In each test the sample was placed between two silicon nitride platens to
prevent breakage of the large graphite rams.

Nb foil was placed at the interface between the platens and the sample to
prevent any contamination of the sample or reaction with the platens.
Incremental loading and interruption of the creep tests at 24-hour intervals
were employed to determine the creep rate at multiple stress levels.

Table I: Compositions (in atom per cent) of the monolithic phases that were
investigated. The phases labeled 'silicide' are both based on the
Nb5Si3.

PHASE
Laves-C
Laves-3

Silicide-C
Silicide-3

T2-C
T2-3

hP16-3
hP16-C

(Nb)3Si-C
(Nb)-C
Nb-1Si

Nb-46Ti-1Si

Nb
21.0
30.0
38.5
53.0
41.5
62.5
20

25.5
49.0
63.1
99
53

Ti
11.0

16.0
10.0
13.0

44
25.5
18.2
27

46

Hf
5.5

6.0

3.0

13
7.8
5

Si
8.5
15.0
37.0
37.0
12.5
12.5
36.0
36.0
25.0
0.9
1
1

Cr
53.0
55.0
1.0

4.0

2

A!
1.0

1.0

0.5

2

B

0.5

25.5
25.0

Isothermal oxidation tests were performed at 1200 and 1315°C, in a static air
MoSi2-resistance heated furnace. Periodic removal from the furnace (at 1, 2,
4, 25, 50, and 100 hours, or until the test was terminated (due to visual
observation of gross material loss), was performed to determine weight
change per unit area. The samples were machined by first electro-discharge
machining and then centerless grinding to final dimensions, so that the
longitudinal axis was parallel to the growth direction, the sample being
nominally 2.5 mm in diameter and 25 mm in length. Metallography was
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performed at the termination of the test to determine the approximate
material loss after 100 hours of exposure.

3. Results and Discussion:

Composite Microstructures

Figure 1 shows the typical microstructure of the composites based on Nb-
8Hf-25Ti-XSi alloys with Si concentrations of 20% and less. The
microstructure consisted of (Nb)3Si tP32 phase (the grey phase) with (Nb)
dendrites (the light phase). The dendrites appear to have grown
cooperatively to generate an interpenetrating structure. Both the (Nb)3Si and
the (Nb) possess substantial amounts of Hf and Ti in solid solution [8,9].
There was some Ti segregation in the (Nb) which led to varying back scatter
electron (BSE) contrast at the interface between the (Nb) and the (Nb)3Si.

Figure 1. Scanning electron micrograph (BSE image) of the typical
microstructure of the transverse section of a DS composite
generated from a quaternary Nb-25Ti-8Hf-16Si alloy. The (Nb) is
the light phase and the (Nb)3Si is the grey faceted phase.

Figure 2 shows the typical microstructure of the composites with Si
concentrations greater than 20% and less than 25%Si. In addition to the
(Nb)3Si and (Nb) phases observed in the composites from lower Si
concentrations, the Nb5Si3 tl32 phase was also observed as the primary
solidification phase. The (Nb)5Si3was the large-scale, dark, faceted phase.
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Creep of Composites

Figure 3 shows the creep rate as a function of Si concentration for the Nb-
25Ti-8Hf-XSi composites, where X was adjusted from 12 to 22 atomic
percent. Data are shown at 1200°C for stresses of 140 to 280 MPa.
Quantitative microscopy indicated that as the Si concentration was increased
from 12% to 18%, the volume fraction of (Nb)3Si increased from 0.25 to
0.62. There is a broad range of compositions for which the creep rate is less
than 3x10"8s"1, which is an important design goal for high-temperature
applications [4].

There are two important features of these creep data. First, the creep rate
possessed a minimum value between 18 and 20 %Si. The compositional
width of the creep rate minimum decreased with increasing stress. Second,
at higher Si concentrations (>20%) the creep rate increased. Microstructural
analysis of samples after creep testing indicated that at low Si
concentrations, deformation was controlled by creep of the (Nb), but at high
Si levels, creep deformation was controlled by cracking of the silicide.

Figure 2.

Nb3Si Nb6Si3 ( N b )

Scanning electron micrograph (BSE image) of the typical
microstructure of a transverse section of a DS composite from a
quaternary Nb-25Ti-8Hf-22Si alloy. The (Nb) is the light phase,
the (Nb)3Si is the grey phase, and the (Nb)5Si3 the dark phase.
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Figure 3. Effect of Si concentration (volume fraction of metal and silicide)
on the secondary creep rate of Nb-Si based composites for
stresses of 140-280 MPa at 1200°C. At low Si concentrations,
deformation is controlled by creep of the (Nb) and at high Si
concentrations, composite deformation is controlled by cracking
of the silicide.

Creep Behavior of the Monolithic Phases

The creep data for the monolithic intermetallics are shown in Figure 4.
Figure 4 also shows data for the binary monolithic Nb5Si3, and the Nb5Si3-Nb
composite prepared from the binary Nb-10Si alloy [11]. The binary Nb5Si3
possessed the lowest creep rates and the Nb3Si-C displayed the highest
creep rates of the tetragonal phases investigated. The hP16 phases had
creep rates similar to the T2-C phase at stresses up to 140 MPa. However,
on increasing the stress above 140MPa the creep rate of the hP16-C
increased rapidly to a level of 3x10"5s"1at 210 MPa, as shown in Figure 4.
This behavior suggests a change in creep mechanism with increasing stress.
The hP16 phases have the worst performance, and at high stresses these
creep rates are beyond the scale of Figure 4.
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Figure 4. Secondary creep rates at 1200°C for the monolithic silicides,
Laves phases, hP16 and T2 phases that were investigated.

The silicide-3 and silicide-C had creep rates that were also higher than those
of the binary Nb5Si3. The ternary Nb5Si3 with Ti had a lower creep rate than
the Nb5Si3-C. The T2-C creep curve was higher than those of the Nb5Si3
type silicides, although it is lower than that of the Nb3Si-C. The creep rate of
the T2-3 was ~1x10"8s"1, but there was little sensitivity of the creep rate to
stress. The T2-3 also had a lower creep rate than the T2-C; the addition of
Ti, Hf, Cr and Al led to an increase in the creep rate of the T2. The Laves-3
possessed creep rates similar to those of the silicide-3.

The creep rates of the Nb-1Si, Nb-46Ti-1Si, and Nb-C at 1100°C and 1200°C
are shown as a function of stress in Figure 5. These compositions cover the
compositions of the Nb-based solid solutions in the composites that have
been generated previously from ternary, quaternary, and higher-order alloys.
The data at 1200°C indicate that the creep rate of the (Nb) is greater than
10"V1 even at stresses as low as 70 MPa. The creep rates of these
monolithic Nb alloys are similar to those of the composites from the low Si
(less than 14%) quaternary alloys shown in Figure 3. These results also show
that the creep rate of the Nb-Si solid solution is very sensitive to Ti additions.
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Figure 5. Secondary creep rates as a function of stress at 1100°C and
1200°C for binary Nb-Si, ternary Nb-Ti-Si, and complex Nb-based
monolithic solid solutions. Note the stress range is 10 times lower
than in Figures 3 and 4. The effect of alloying additions on creep
rate is shown.

The stress sensitivity of the creep rate was determined by relating the creep
rate (e) and stress (D) using a power law equation of the form, e= Bi7ln;
where n is the stress exponent and B is a constant at any specific
temperature. The grain size of all the monolithic phases was large and of
approximately the same order of magnitude (-100 Dm). In the present study
no attempt was made to incorporate any dependence of the creep rate on
grain size.

The stress exponents are shown in Table II. In the case of the Nb5Si3 the
stress exponent was almost one and the mechanism for creep deformation
was reported to be Nabarro-Herring creep, the creep deformation being
limited by Nb diffusion [12]. In the cast and heat treated conditions, the
dislocation densities in the monolithic intermetallic phases investigated were
very low, and Harper-Dom creep probably did not make a significant
contribution to creep. Therefore, the potential creep mechanisms are
Nabarro-Herring, grain boundary sliding, or power law creep for the cases
where the exponents are close to unity. Examination of the creep exponents
in Table II indicates that the creep deformation of the monolithic phases is
controlled by a range of mechanisms. For example, the T2-C, Laves-3, and
silicide-C constitute the first group that have exponents close to unity, as is
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the case for binary Nb5Si3. Creep deformation of these phases is probably
also controlled by Nabarro-Herring type creep, but the diffusing species that
control deformation are still being investigated. The Nb3Si-C and (Nb) alloys
represent a second group that have higher stress exponents (>3). The
monolithic (Nb) alloys have exponents of ~3, and in these systems
deformation is probably controlled by dislocation creep. These exponents
are similar to those reported previously for Nb-1.25Si [11]. This high stress
exponent suggests that creep deformation is controlled by dislocation glide,
as is the case for pure metals, despite the fact that the dislocation structures
in Nb3Si-C are complicated.

Table II: Stress, temperature, and power law constants describing secondary
creep of the monolithic phases that were investigated.

Phase

Nb5Si3

Nb-10Si

Silicide-C

Nb3Si-C

Laves-3

T2-C

(Nb)-3

(Nb)

(Nb)-3

(Nb)

Stress Range
(MPa)

100-280

70-140

70-140

70-140

70-140

70-140

3-80

3-80

3-20

3-30

Temperature
(°C)

1200

1200

1200

1200

1200

1200

1100

1100

1200

1200

Constant,
B

6.16x10"11

6.57x10"12

3.84x10"11

1.07x10"14

1.11x10"9

2.15x10~9

1.9x10"10

4.7x10"14

4.5x10'9

5.4x10"16

Exponent
n

1.0

1.9

1.5

3.6

1

0.9

3.3

2.9

3.1

5.5

Composite Creep Modeling

In order to develop an improved understanding of the response of the
composite to increasing silicide volume fraction and increasing stress, the
creep of the composite was simulated using the equation shown below [11],

where CJA is the applied stress, n is the stress exponent for the silicide (1.0),
and m is the stress exponent for the Nb (2.9). Vs and Vw are the volume
fractions of the silicide and Nb, respectively. Bs and Bw are the pre-exponents
in the power law creep expressions for the silicide and Nb, respectively.
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The constitutive creep equations for the monolithic solid solutions were
employed; using the data for the (Nb) and silicide solid solutions shown in
Table II. The above equation can predict the increase in the creep rate with
increasing stress for a given Si concentration in the hypoeutectic regime.
However, the model does not incorporate any damage mechanisms in either
the (Nb) or the silicide.
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Figure 6. Comparison of the measured and the calculated composite creep
rates for the range of (Nb) and silicide solid solutions investigated.

Figure 6 shows the effect of the both type of silicide and type of (Nb) on the
predicted creep rates. The results show that increasing the alloying content
of the (Nb) (Nb-3 vs. Nb-1Si) causes an increase in the predicted creep rate.
Of the three silicides considered, the binary Nb5Si3 produces the composite
with the lowest creep rate and the Nb3Si produces the composite with the
highest creep rate. In general the predicted creep rates are higher than
those measured experimentally.
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Figure 6 also shows the effect of silicide volume fraction on creep rate at a
stress of 210 MPa. In Figure 6 the measured creep rates are given along
with predicted creep rates for various combinations of (Nb) and silicide solid
solutions. The measured creep rates decrease between 12 and 18%Si
(-0.25 to -0.7 silicide volume fraction). The calculated creep rates also
decrease with increasing Si concentration from 12 to 18 %Si, but the rate at
which the predicted creep rates decrease is slower than the rate at which the
measured creep rates decrease. There are several possible reasons for this
difference. First, in addition to the increase in the volume fraction of silicide,
there is probably a change in the continuous matrix phase from (Nb) to
silicide at some point between 12 and 18%Si. Second, interface diffusion
may play a bigger role in the composites, whereas in the monolithic solid
solutions creep was limited by bulk diffusion.

Oxidation Behavior

The composites from binary Nb-Si alloys have very poor oxidation resistance,
as shown in Figure 7. However, the oxidation resistance at 1200 and 1300°C
of silicide based composites is substantially improved by additions such as
Ti, Al, and Cr [2,4,6,13], as shown in Figure 7. External and internal oxidation
are the two principal concerns with Nb-silicide based in-situ composites. With
regard to internal oxidation, additions of Hf can reduce oxygen solubility and
diffusivity and thereby slow embrittlement at elevated temperatures [5,6,13].

The DS MASC shows oxidation rates intermediate between the high rates of
an older Ni-based superalloy, for example IN 738, and the lower oxidation
rates of third-generation single crystal superalloys. The dashed lines in
Figure 6 indicate the oxidation rate goals, for a temperature of 1316°C. This
goal is derived from the current superalloy capability at lower temperatures.
The oxidation data for the MASC at 1200°C show a substantial improvement
over the oxidation behavior of binary (Nb)-Nb5Si3 composites.

The addition of Cr-rich Laves phases can further improve the oxidation
resistance. The oxidation resistance at 1204°C and 1316°C of a Nb-18Ti-7Hf-
20Cr-2AI-18Si alloy is compared to that of MASC in Figure 8. There is a
substantial improvement in oxidation resistance for the Cr-rich alloy, with
-33% Laves phase (by volume), -25% (Nb), and -42% M5Si3 silicides.
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Figure 7. Comparison of the oxidation rates of silicide-based composites
with those of Ni-based superalloys and monolithic Nb alloys. The
metal and silicide composite (labeled MASC) shows improved
oxidation behavior at temperatures greater than 1200°C.

The relationship between alloy composition and oxidation resistance of Nb-
silicide based composites has been reported previously [13]. The results
were characterized by regression analyses for major element effects (Nb, Ti,
Hf, Cr, Si, and Al), and by direct comparison for other addition elements (B,
Ge, Ta, Zr, Mo, W, and V). The oxidation rate at 1204°C (2200°F) and
1315°C (2400°F), as measured by weight loss per unit area, was related to
major element concentrations by the following equations:

Gwt/area = C1204C - A1204C (1.0Si+0.7Cr+0.5Ti+0.3AI+0.01Hf), at 1204°C

Gwt/area = C1316C- A1316C (1.0Si+0.7Cr+0.4Ti+0.8AI-0.5Hf), at 1316°C

Where C and A are temperature dependent constants. At 1204°C, C was
473 and A was 11.5. At 1317°C, C was 1741 and A was 39.1. These
equations show Si to be most beneficial in reducing the oxidation rate.
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Alloying additions of Cr and Ti are also beneficial. Al plays an increasingly
important role at higher oxidation test temperatures.
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Figure 8. Comparison of oxidation behavior of Nb-18Ti-7Hf-20Cr-2AI-18Si
with that of the MASC at 1204°C and 1316°C. Data are shown
for 4 samples of MASC and 9 of the modified alloy of (Nb-18Ti-
7Hf-20Cr-2AI-18Si) at 1204°C. Data are shown for 2 samples of
baseline composition and 4 of the Laves phase modified alloy at
1316°C, (b). The higher Cr concentration in the alloy leads to
stabilization of a Laves phase and improved oxidation resistance.

Studies of the effects of other alloying additions indicated that B offers a
benefit to the oxidation performance of the composite when alloyed at levels
greater than 3%; Ta and Zr are elements that can improve strength with the
least damage to oxidation (up to concentrations of 6%). V, Mo and W can
improve strength, but they severely degrade oxidation behavior. In some
alloys, partial replacement of Si with Ge has been shown by to improve the
oxidation resistance [6].
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4. Conclusions:

This paper has described the creep behavior and oxidation performance of
Nb-silicide based in-situ composites. The creep behavior of composites from
model quaternary alloys and monolithic phases has been described. The
creep rates of the composites from the quaternary Nb-Hf-Ti-Si alloys
decreased with increasing Si concentration from 12 to 18%, and increasing
silicide volume fraction from 0.25 to 0.62. At higher Si concentrations, the
creep rate increased as a result of crack linking and damage accumulation in
the silicides. The quaternary alloy composite creep rate increased with
increasing stress, but at each stress level there was a minimum in the creep
rateat~18Si.

Of the intermetallics investigated, the Nb5Si3 type silicides had the lowest
creep rates. The hP16 silicide phases have higher secondary creep rates
than any of the tetragonal silicides, or the T2 phases, at stresses greater than
140 MPa. Analysis of the creep exponents suggests that deformation of the
complex Nb5Si3 type silicide is probably controlled by Nabarro-Herring type
creep, as is the binary Nb5Si3 silicide. In contrast, creep of the Nb3Si silicide
appears to be controlled by a dislocation controlled mechanism. The (Nb)
solid solutions have creep rates that are more than an order of magnitude
higher than either the intermetallics or the composites that were investigated.

Modeling results and experimental data from the monolithic silicides and Nb
solid solutions indicate that at low Si concentrations the creep deformation is
dominated by the (Nb), but as the Si concentration is increased, and the
silicide volume fraction is increased, the composite creep performance is
controlled by the silicide. However, the model underestimates the effect of
increasing volume fraction of the silicide on the creep rate.
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