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ABSTRACT

Advances in aircraft and gas turbine engine technology have steadily
increased the operating temperatures, and even the state of the art materials can
not meet the requirements for the new challenges. Efforts are under way to study
the possibility of substituting nickel-based alloys with niobium-based alloys that
offer higher melting points and excellent mechanical properties. Notwithstanding
these good properties, the utilization of Nb-based alloys is limited since oxidation
resistant is still a serious problem. Therefore understanding the corrosion
behavior of Nb-based alloys is a crucial step to enhancing oxidation resistance.

The oxidation behavior of two alloys from the Nb-Si-Cr system containing
hafnium has been investigated under isothermal and cyclic conditions. Nb-20Si-
20Cr-(5,10)Hf alloys (composition in atomic percent) were exposed to air for 24
and 168 hours over a range of temperatures from 700°C to 1400°C. A
gravimetric method was used to determine the oxidation kinetics- weight gain per
unit area as a function of temperature or time. Computed Isothermal sections of
the quaternary Nb-Si-Cr-Hf phase diagrams were used for phase identification.
XRD, SEM and EDS were used to characterize the phases present in the
oxidation products and the alloys.

Oxidation experiments revealed extremely good oxidation resistance at
700°C and 800°C and above 1200°C under isothermal conditions for both alloys.
Partial pesting was observed when the samples were exposed to 800°C.
Complete oxide formation was observed at 1000°C and 1100°C for 5Hf and

above 900°C up to 1200°C for 10Hf. Beneficial effects have been observed with



the addition of 10Hf to the alloy compared to SHf at 700°C, 1200°C and 1300°C
resulting in a reduction of weight gain per unit area. Results indicate that Nb-
based alloys are potential candidates for a new generation of refractory metals

where microstructures and composition influence oxidation mechanisms
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CHAPTER 1
INTRODUCTION

Requirements for high-temperature material performance have been increasing
recently due to improvements in aircraft engine and gas turbine system designs.
Therefore, efforts have been made towards improvements in the mechanical and
oxidation properties that are crucial for alloys that are exposed to extreme corrosion
environments. Lately nickel-based super alloys have been widely used in turbine-engine
airfoils due to their good oxidation resistance properties and have shown outstanding
performance; however, the use of these super alloys is restricted because of their
relatively high density and a service temperature limit of 1,150°C [1]. Then high-
temperature alloys including new metallic systems that can operate at elevated service
temperature above those of Ni-based super alloys are desired.

Niobium-based alloys are promising high-temperature materials exceeding
1,100°C for structural applications due to the balance of properties such as high melting
point (~1750°C), low density (6.6 to 7.2 g/cc), and high temperature strength [2].
Nevertheless, the widespread use of Nb-based materials is still limited due to their poor
oxidation resistance at elevated temperatures since the oxides that form are not
protective. Therefore, extensive analyses have been made to find an excellent balance
of properties by alloying Nb-Si-based alloys with chromium, hafnium, aluminum, and tin
additions to create complex multiphase alloys in order to achieve the new high
temperature standards. Alloying with Cr can significantly enhance the oxidation
resistance by stabilizing the NbCr, Laves phase, an intermetallic compound with
excellent high-temperature properties [3-11]. Other studies have been focused on the

effect of the addition of small amounts of reactive elements i.e., yttrium, zirconium,



hafnium, and cerium that have a strong affinity for oxygen. Some of the reported
beneficial effects of active elements to optimize oxidation behavior include improvement
in the oxide adhesion and reduction in the oxidation rate, particularly for those alloys
that form protective alumina scales [12-15].

The aim of this research is to study the oxidation behavior of the alloys from Nb-
Cr-Si system and to determine the effect of 5 and 10 atomic percent of hafnium in a
temperature range of 700-1400°C. This multiphase Nb-based alloy is of interest
because of the formation of Laves phase NbCr, by the addition of Cr, niobium silicides,
and Nb solid solution phases. The Nb solid solution is intended to provide tensile
ductility and fracture resistance at ambient temperature. Laves and silicides are used
with the purpose of providing high-temperature strength and oxidation resistance [16].
Hafnium additions are intended for improvement in both high-temperature strength and
oxidation resistance, and to reduce pesting susceptibility [1,5,6]. Some physical
properties of Nb, Cr, Si, and Hf are presented in Table 1.1. The results here have been
presented for Nb-20Cr-20Si-5Hf and Nb-20Cr-20Si-10Hf (compositions in atomic weight

percent) alloys.

Table 1.1: Physical properties of niobium, chromium, silicon, and hafnium.

Density at 20°C Crystal Melting

Element Atomic Number | Atomic Weight (g/cms) Structure Point
Niobium 41 92.906 8.60 BCC 2467°C
Chromium 24 51.996 7.19 BCC 1860°C
Silicon 14 28.086 2.34 DC 1412°C
Hafnium 72 178.490 13.10 HCP 2227°C




The objectives include the following: determining the oxidation response and
thermodynamic stability of the microstructure based on different hafnium additions. And
understanding the microstructure and oxidation response based on oxidation

temperature and time.

Alloy composition and oxidation temperature play an important role on the
oxidation behavior. The selection of alloy composition has been chosen based on the
quaternary isothermal sections of the Nb-Si-Cr system with hafnium additions at room
temperature. Oxidation temperature was selected based on the limitations offered by
the elements used in these Nb-based alloys. Silicon melting point (1412°C) is on of the
main constraints to the selection of the high temperature oxidation limits. The low
temperatures were selected from 700-800°C to evaluate pest behavior, which is

catastrophic oxidation phenomenon observed at the low temperature regime.

The study of these factors establishes the foundation for the improvement of the

oxidation resistance of Nb-based alloys.



CHAPTER 2

LITERATURE REVIEW

2.1 Oxidation - Principles

When a pure metal or an alloy is exposed to air at high temperatures it reacts with

oxygen. This chemical reaction is called oxidation, and the product of the reaction is

called oxide. Oxidation in air proceeds according to the following mechanisms:

1.

Initial adsorption of oxygen: the oxidation process begins when the metal surface
adsorbs the oxygen molecules.

Chemical reaction: the metal (M) reacts with the oxygen gas (O;) to form an
oxide, this oxidation reaction can be expressed as: Ms) + 1/205(g) = MOy).

Oxide nucleation: oxides will nucleate at favorable sites and will grow and form a
continuous thin oxide layer.

Scale growth: the thin oxide layer will continue to grow through a solid-state
diffusion of the reactants through the scale to form a thicker scale. The scale
then can become either a barrier between the substrate metal and the oxidizing
environment and protect it from further oxidation or it may also thicken into a non-
protective scale. Stresses developed during scale growth by the misfits between
the oxide and metal crystals can create cavities and micro cracks that will cause

the oxide to fail and spall from the metal [17-18].

2.1.1 Kinetics of Oxidation

Reaction rates are an important basis to have a better understanding about the

behavior of the oxide and typically can be described as: linear, parabolic, and



logarithmic, or occasionally a combination of these. Figure 1 provides a visual
demonstration of the curves where weight gain is a function of time, ¢, during oxidation

process.

@
G@/

WG
o a\OQ\\

Togarithmic

WEIGHT GAIN

TIME
Figure 2.1: Variation of weight gain as a function omEzt:)r]ne for linear, parabolic, and logarithmic kinetic laws

- Linear rate law: a constant weight gain during oxidation process has been
observed when an oxide barrier does not protect the metal surface from the
atmosphere. The oxidation rate remains constant with time and never slows down. After
longer exposure times at high temperatures the metal will continue to oxidize until it is
completely destroyed. This reaction is controlled by surface diffusion and adsorption
mechanisms. The linear rate equation is represented as:

dx/dt =k, or x = kit (2.1)

Where x is the mass or thickness of oxide formed, t is the time of oxidation, and k; is

the linear rate constant.



- Parabolic rate law: metals and alloys frequently exhibit this oxidation behavior
at high temperatures and are controlled by the diffusion process. During the oxidation
process the ions are diffused through the oxide scale and as the oxide layer increases
the diffusion distance increases, and the oxidation rate slows down. Therefore, the rate

of the reaction is inversely proportional to the scale thickness. This is represented as:

dat x 2

Where kj is the parabolic rate constant.

- Logarithmic rate law: the initial oxide formation is characterized by an initial
rapid response that promptly reduces to a low rate of reaction. Often at lower
temperatures, the oxidation rate is inversely proportional to time, t. The kinetic law is
either direct logarithmic or inverse logarithmic kinetics type:

Logarithmic equation where k, and a are constants: x = k. log(at + 1) (2.3)
Inverse logarithmic equation where b and k; are constants: i =b —k;log (t) (2.4)

Adsorption and transport of ions through oxide film have been assumed to be the rate-

determining process during early oxide-film formation. [17, 19,20]

2.1.2 Protective Oxides and Protection Failure

Oxidation resistance has been the most challenging obstacle to the expansion of
the uses of Nb-based alloys for high temperature applications since it reduces their
high-temperature service life. Therefore, some research efforts have been directed
toward alloy design to create protective oxide scales to withstand degradation [21].
There are two essential requirements: first, the protective oxide should be compact and

perfectly adhere to the metal substrate under all conditions, and secondly this layer



should thicken at a slow rate into the metal [22]. Alloys exposed to high temperature rely
upon the oxidation reaction to develop a protective oxide layer that should be chemically
and mechanically stable to prevent further oxidation. Oxides that form protective oxide
layers that are thermodynamically stable are Cr,O3, alumina (Al,Os3), and silicon dioxide
(SiOy).

Studies have concentrated on the use of aluminum to enhance oxidation resistance
of different Nb-based alloys through the formation of a protective alumina layer. It has
been reported that aluminum in the Nb3SisAl, matrix compacts improved the oxidation
resistance at ~1,300°C due to the formation of a thin adherent Al,O3 layer [23-26]. The
addition of Cr can play an important role in enhancing the oxidation resistance due to
the formation of Cr,O3; oxide protective scale, however, this oxide is limited to below
about 1,000-1100°C. At higher temperatures Cr,O; dissociates into volatile CrO; [18,
24, 27-29]. The addition of silicon content could result in the formation of amorphous
silica (SiO,) that is very protective and can decrease the oxidation rate. Even though
SiO; is thermodynamically more stable than Cr,03, the mobility of silicon is much lower
than Cr and the SiO; rarely forms on alloys via oxidation. Moreover, in high temperature
regions SiO; layers also are volatilized [18, 27, 29]. Besides volatilization, spallation of
protective oxides is also a common issue encountered in alloy design. Spallation is a
common cause of failure of protective scales due to stresses created by cooling from
the reaction temperature. These stresses generate due to the difference in the

coefficients of thermal expansion between the metal and the oxide [17].



2.2Refractory Metal Intermetallic Composites

Refractory metals (i.e. niobium, molybdenum, and tantalum) have high-melting
temperatures (above 1925°C), and are subsequently suitable for high-temperature
applications. However, the use of refractory metals is limited due to their poor high-
temperature oxidation resistance since these metals begin to oxidize between 200°C
and 425°C. Of all the refractory metals, with a melting point of 2467°C, niobium is the
most promising based alloy for structural applications due to its exceptional properties.
However, during oxidation the surface layer of niobium pentoxide forms and is not
protective because it cracks and spalls. Therefore alloying of Nb refractory metals with

different elements is a good way to extent its high temperature service capability.

2.2.1 Niobium-Silicon System

Among different refractory-metal intermetallic composites (RMICs) niobium-
silicide-based composites offer excellent mechanical and physical properties at high-
and low temperatures. Metal silicide composites posses increased temperature
capability, reduced density, high strength, and high stiffness [30]. The equilibrium phase
diagram of the Nb-Si binary system in Figure 2.2 shows the liquidus phase, two solid
solutions (Nb) and (Si), and the existence of three intermetallic compounds: NbsSi,
NbsSis, and NbSi,. The NbsSis (5-3 silicide) phase has the highest melting point
(2515°C) and exists in two tetragonal modifications, a-NbsSi; from room temperature to
1935°C and B-NbsSi; from 1642°C up to 2515°C. The difference in their crystal structure
is their lattice parameters (nm): B-NbsSiz a=1.0040 and ¢=0.581 (nm), and for a-NbsSis
a=0.6571 and c=1.1889 [31]. Melting point of NbSi, with a hexagonal structure is

1935°C. The Nb3Si has a tetragonal structure. The Nb3Si is only stable between 1700°C



and 1975°C, and below 1700°C experiences eutectoid decomposition to Nb and ao-
NbsSis. A peritectoid reaction occurs at 1948°C Nb3Si + B- NbsSiz <> a- NbsSiz and

eutectoid reaction occurs at 1642°C B-NbsSiz <> a- NbsSiz + NbSis.

2600 L
2474°C 2515
220(
—_ L+BNb5$i3
Q 1932°C ,
° aNbsSis |
5 18004 Nb+NbsSi +NbsSi
2 ! 11 BNbsSiz+NbSi;
5 1700°C )
g_ 16420C L+NbSi;
2 «<—(Nb)
00
aNbsSiz+NbSiz 1405°C
Nb + aNbsSis (Si) —
1000 T T T T
0 20 40 60 100
i~y
0 Nb atomic % Si

Figure 2.2: Binary phase diagram for Nb-Si alloy system calculated by Pandat™ software [48].

Niobium-silicide-based composites typically have Si content ranging from 10 to
25 at.% in which microstructures often comprise a metallic solid solution phase (B)
embedded in a matrix of intermetallic compounds including: NbsSis, Nb3Si, or a mixture
of both [2-4, 8]. However, the microstructure of the niobium-silicide based composite
varies according to the alloy composition. In a recent study, Geng et al. [3] reported that
the addition of titanium to Nb-Si-Cr-Al-Mo system stabilizes the B-NbsSiz to lower
temperatures (at least to 1300°C). Similar behavior has been observed with the addition
of 6 at.% aluminum to a Nb-16Si in which the presence of 3-NbsSi; phase was evident,

suggesting that Al promotes the direct formation of this phase [32]. Other authors have



reported the presence of a new niobium silicide phase with the addition of hafnium to
Nb-Si-Ti-Al and Nb-Si-Cr-Al-Mo systems. This phase has been identified as y-NbsSis
with a hexagonal D8 structure with lattice parameters of a=0.7536 and c=0.5248 (nm).
This phase has been treated as an impurity phase and has not been included in the Nb-
Si binary phase diagram because its formation mechanism has not been clear at

present [3,32].

2.2.2 Niobium-Chromium System

Among many Laves phases intermetallic compounds of the form XCr; are
particularly attractive for high temperature applications since chromium is an important
alloying element for improving oxidation resistance due to its high melting point
(1860°C) and low density (7.19 g/cm®). Cr combined with Nb refractory metal can form
NbCr, type Laves phase with excellent properties such as for high temperature
applications due to its high melting point (1730°C), relatively low density (7.7 g/cm?®),
good creep resistance, high strength, and good oxidation resistance (below 1100°C).
Intermetallic compounds with the composition AB, can crystallize into Laves phases,
which exist in three structure types: cubic MgCu, (C15), hexagonal MgZn, (C14), and
hexagonal MgNi, (C36) [33]. The difference between C14 and C36 Laves phases is the
lattice parameter in their crystal structure. The lattice parameters of C14 is a=4.976 and
c=8.059, and for C36 is a=4.98 and c=16.12 (nm). The assessed Nb-Cr phase diagram
is shown in Figure 3. The high temperature form of Laves phase (C14) is stable above
1650°C while the low temperature form of Laves phase (C15) is stable at temperatures
below 1650°C. However, it has been reported that silicon promotes the formation of C14

Laves phase and stabilizes it at lower temperatures [31,34].

10
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Figure 2.3: Binary phase diagram for Nb-Cr alloy system calculated by Pandat™ software [48].

2.2.3 Niobium-Silicon-Chromium System

Promising refractory metal composites need an excellent balance of mechanical
properties at low and high temperatures, metals with good ductility that can provide
room temperature fracture toughness and intermetallics that exist in equilibrium with
metals that can provide strength at high temperatures. Among these, niobium solid
solutions and niobium silicides are of interest due to their high strength and high melting
temperatures, however, despite their outstanding properties they have poor oxidation
resistance. Therefore, Cr is often added to enhance oxidation behavior due to
stabilization of the NbCr, Laves phases. Depending on the alloy composition, different
silicides, modifications of Laves phases (C14 and C15), and metallic solid solution
phase can be present in the microstructure of Nb-based alloys. It has been reported that
Nb-Si-Cr alloys containing 12-30 at.% Si and 8-45 at.% Cr generally comprise 3-1 and

5-3 silicides, C14 Laves phase, and Nbss [35-36]. The metallic solid solution phase is

11



ductile at room temperature, has low density and it provides the majority of the
toughness [2,4]. The silicon concentration controls the volume fraction of silicide, and
thus it is important for the elevated temperature strength and creep properties, where

NbsSis is preferred for higher creep resistance owing to its higher melting temperature

[1].

2.3 Niobium-Oxygen System

The study on the temperature dependence of the oxidation of pure niobium has
been of great interest since it would reveal oxide formation and behavior. Niobium with
a typical metallic bcc structure forms several oxides but none of them protect the metal
from further oxidation. The main oxides that form are NbO, NbO,, and several polymeric
forms of Nb,Os, the last oxide being the most stable. The oxidation mechanism of
niobium can be described initially by the formation of a protective layer followed by
scale cracking and breakaway of the oxide scale. During the initial stages the oxidation
occurs with the dissolution of oxygen in the metal and formation of metastable oxides.
Then, reaction mechanisms change above 650°C where NbO or NbO, develops directly
from the solid solution of the oxygen and niobium rather than metastable oxide forms at
lower temperatures. Breakaway of the oxide has been associated with the formation of
Nb2Os [18, 19]. Sheasby [37, 38] in two different studies observed that oxygen is the
most moveable species during the oxidation of niobium. Hurlen [39] observed several
oxidation stages for pure niobium over large ranges of temperature and oxygen
pressures. The time dependence indicates the following sequential oxidation stages in a

temperature range of 150-1000°C: linear (1), parabolic (Il), a rate-increasing transition (a
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transition from a protective to a non-protective type of oxidation), linear (lll), parabolic
(IV), and parabolic (V).

Brauer [40] identified three modifications of niobium pentoxide and identified them
according to the temperature in which the oxides formed. Orthorhombic modification T-
Nb,Os exists at low temperatures below 900°C, whereas the monoclinic M-Nb,Os
appears at a temperature above 900°C and the high temperature monoclinic H-Nb,Os
that develops at a temperature above 1100°C. Holtzberg re-designated them as y-T, B-
M and a-H and reported an irreversible phase transition from y to a-Nb,Os at ~830°C
with a volume increase of ~13.5%. Waring et al. [51] observed a base-centered
monoclinic modification of niobium pentoxide formed at 900°C. Arbuzov et al. [41]
observed a phase transformation a— B-Nb,Os at 850°C, where both modifications were
observed with orthorhombic crystal structure but with an increase in the lattice constant
nearly twice as large, with about 11% increased in volume. Goldschmidt [42] performed
an investigation on the phase transformation of niobium pentoxide and found two
modifications; a metastable low temperature a-NbyOs that transforms to a high
temperature B-Nb2Os. The stabilization of alpha and beta modifications of Nb,Os can be
achieved with additions of certain oxides of other metals. For instance, it has been

found that silica is an alpha- Nb,Os5 stabilizer.

2.4 Oxidation of Nb-based Alloys and Alloying Effect

Extensive research has been done to enhance the oxidation resistance of niobium-
based alloys for high-temperature applications. Bewlay et al. [6] outline the role of
silicon as beneficial on high temperature alloys with promising results at temperatures

above 1000°C and comparable to that of Ni-based super alloys, followed by Cr and Ti.
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Simple composites are based on binary Nb-Si alloys, but more complex alloys are
created when alloyed with Cr, Hf, Ti, Sn and Al. Nb-Si-Cr systems have been studied in
detail since it provides a basis for the development of new corrosion resistant alloys.
Recent efforts have focused mostly on multi-phase alloys containing an appropriate
mixture of niobium solid solution, niobium silicides and Laves phases [35,43]. It was
observed that Cr concentration had a significant effect on the oxidation behavior, and
that oxidation resistance increased with the elevation of the Cr content. The NbsSis
phase played a significant barrier against the outward diffusion of Cr during the
oxidation process. Then, reducing the volume fraction of NbsSis phase favors the
formation of CrNbO4. The effects on minor additions such as aluminum and tantalum
have also been investigated [25]. The Nb-Ti-Si system with Al and Ta exhibited linear
oxidation kinetics, however, the highest oxidation rate was observed with no alloying
additions and complete disintegration into powder. This suggests that Al and Ta
additions were beneficial in suppressing pesting behavior. Nb-Ti-Si with Al addition was
observed with the lowest weight gain rate, while Ta additions promoted a higher rate
and lower oxide scale adhesion. Al additions promoted the formation of AINbO,4, while
Ta the Ta;0s5 oxide.

The cyclic oxidation response of niobium-based alloys with various compositions
(Nb, Ti, Hf, Cr, Ge, and Si) has been studied by Chan in a temperature range of 900-
1400°C [8]. Additions were intended to retard oxidation kinetics and to modify the
oxidation products. Results indicate that Nb solid solution phase oxidized selectively,
while the silicide phase did not. The oxidation resistance of intermetallic compounds
was determined by the nature of the oxide products that form on the surface. At 1400°C

the alloys showed poor oxidation resistance with oxide products containing mostly
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Nb,Os and Nb,Os-TiO2 with little CrNbO4. The oxidation resistance of the Nb-based
alloys was enhanced by the formation of CrNbO, instead of a combination of oxides
including NbyOs, TioNb1gO29, and Nb,Os-TiO2, and by alloys whose microstructure
consisted of Nb-based silicides and Laves phase, with minimum of Nbss phase. The
formation of continuous SiO, on Nb-based alloys was difficult due to low solubility of Si
on Nb.

Recent work has explored the Nb-Mo-Si-B system where Nb and Mo are expected
to substitute for each other [44]. At 800°C the alloys suffered catastrophic oxidation,
and high oxidation rate at 1200°C. Moreover, mass change process was observed
during oxidation mass gain due to the oxidation of Nb, Si, and B, and mass loss due to
the volatilization of MoOs3. A different oxidation behavior occurred when titanium was
added to Nb-Mo-Si-B system [45]. A linear oxidation behavior has been observed at
800°C with a porous oxide scale, and parabolic oxidation behavior at 1300°C with a
scale containing layered structure composed of Mo oxides, Nb,Os, and TiO; in a SiO;
matrix. Recent efforts have focused to determine the effect of the addition of various
alloying elements on the oxidation behavior. The effect of alloying titanium on the
oxidation behavior has been reported in Nb-Si-Al, Nb-Si-Cr-Al, and Nb-Si-Cr-Al-Mo
systems between 800 and 1200°C [3,9,11]. The addition of Ti increased the oxidation
resistance of the alloys, and suppressed the formation of the Laves phase in the Nb-Si-
Cr-Al and Nb-Si-Cr-Al-Mo systems.

At intermediate temperatures (T<850°C) refractory metals are vulnerable to pesting
damage. Pesting is the term that is often used to describe a dramatic oxidation
phenomenon observed in intermetallic alloys that leads to disintegration of a susceptible

compound into powder [1,2,9,46] However, other authors have suggested that it occurs
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due to intergranular diffusion of oxygen and the formation of oxides within the grains
that create high internal stresses [25]. According to Bewlay et al. [1] Al and Hf additions
can help to reduce the pesting behavior of Nb-based alloys. J. Geng and P.
Tsakiropoulos [3] reported pest oxidation behavior in the Nb-Ti-Si-Cr-Al-Mo system with
5Hf addition at 800°C that was eliminated with the addition of 5Sn to the system.
Suggesting that Sn in the Nb-silicide based composite played a crucial role in
suppressing the pest oxidation phenomenon of the system at intermediate
temperatures.

Besides titanium and tin additions, hafnium is an important alloying element used in
various heat-resistant alloys. Hafnium is an oxygen-active element and will never form a
protective oxide scale but can improve the oxidation resistance due to the high solubility
of oxygen in hafnium at elevated temperatures. It has been reported that Hf addition
reduces oxygen solubility and diffusivity in the alloys [25,47]. J. Geng et al. [9] have
studied the oxidation of Nb-Si-Cr-Al system that showed inferior oxidation resistance
compared to Ni-based super alloys. The research consisted of using different alloying
elements and studying the effects on the oxidation behavior. Even though the addition
of Hf did not change the oxidation kinetics at 800°C it reduced the oxidation rate at
1200°C. The study would suggest that Hf might play a more important role in the
oxidation of the alloys at 1200°C compared to 800°C. Hafnium can be added to the
alloys either in elemental form or as hafnium oxide dispersoid (hafnia). Several authors
have reported hafnia in the as-received condition of the alloys [3,4,9]. Because Nb has
high oxygen solubility, it needs to be alloyed with an element that increases its

performance either by promoting the formation of a protective oxide or an element that
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will oxidize preferentially. Small additions of elements with high affinity of oxygen (active

elements) are known to be very effective to mitigate this problem [21].
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CHAPTER 3

EXPERIMENTAL DETAILS

3.1 Alloy Fabrication

The Ames Laboratory located at the lowa State University fabricated the Nb-
based alloys used for this study via the arc melting technique under a high purity argon
atmosphere. The elements were metallurgical grade with 99.95% purity with the
exception of the Si, which was 99.999%. After casting, the ingots were remelted several
times to ensure homogeneity and were electrically discharged machined (EDM) into 5 x
5 x 5 mm samples squares. Alloy composition used for this study is listed in Table 3.1 in

atomic percent.

Table 3.1 Alloy composition in atomic percent.

Element Nb (at%) Si(at%) Cr(at%) Hf (at%)
5Hf alloy 55 20 20 5
10Hf alloy 50 20 20 10

3.2 Oxidation Experiments
The as-received alloys were prepared for oxidation experiments by the following
steps:
1. Before testing, all major surfaces were polished down to a 600-grit SiC paper
in order to remove any initial oxide layer.
2. Dimensions of the samples were measured using a micrometer to an
accuracy of 0.01mm to obtain the total surface area that was going to be

exposed to high temperatures.
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3. The samples were ultrasonically cleaned for fifteen minutes in ethanol to
remove the particles adhered to the alloy.

4. The silica based (SiO;) Leco 528 HP crucibles and caps used for the
oxidation experiments were furnace dried at 300°C for two hours in order to
remove any moisture.

5. The samples were placed in the dried crucibles with a cap on top to prevent
material loss during the oxidation process.

6. Initial and final weight of the sample and crucible were monitored using a
Sartorius Analytical balance (Model MC210S) with an accuracy of six decimal
places.

Oxidation kinetics of both alloys were studied in static air in a temperature range
of 700 to 1400°C using programmable furnaces (Sentro Tech ST-1600-888). Two
oxidation studies were performed: short term oxidation (STO) and long-term oxidation
(LTO).

3.2.1 Isothermal Oxidation

Isothermal oxidation experiments were undertaken from 700-1400°C. The
samples were exposed to the desired temperature for 24 hours at a heating rate of
10°C/min followed by furnace cooling to room temperature. The purpose of this
experiment was to predict how the alloy would behave in its first hours of service. After
each oxidation experiment, the recorded data for weight changes were plotted as weight
gain per unit surface area as a function of temperature to determine the oxidation

kinetics
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3.2.2 Cyclic Oxidation

Cyclic oxidation experiments consisted of heating the samples to the oxidation
temperature, which ranged from 700-1400°C. The samples were held at the
temperature for 24 hours and then furnace cooled to ambient temperature. The
specimens were weighed before and after each heat treatment. This process was
repeated seven times for a total oxidation time of 168 hours. The weight changes were
plotted as weight change per unit surface area as a function of time. The oxide spalls
were collected in glass vials for individual alloys for analysis.

3.3 Characterization of Alloys and Oxide Products

The as-received alloys and oxidation products were characterized using
scanning electron microscope (SEM) with an energy dispersive x-ray spectrometer
(EDS), x-ray mapping, and x-ray diffraction (XRD).

As-cast specimens were ground with silicon carbide papers up to 1200 grit then
further polished using felt cloth and alumina 1um, 0.3um and 0.5um slurries for
characterization. Oxidized samples were mounted in an epoxy resin and ground with
silicon carbide papers to 1200 grit finish. Before SEM analysis the samples were sputter
coated with gold using a SPI-MODULE to avoid any charging effects.

The surface morphologies of the alloys and cross section of the scales were
analyzed by SEM, most of the times by secondary electron and backscatter electron
mode using Hitachi S-4800 (FESEM). EDS analysis was used to identify the elemental
composition of the phases present in the metal and oxide scale. X-ray mapping was
used to detect the elements present in the alloys. SEM and EDS analysis were

performed under the following operating conditions:
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o Accelerating voltage: 20KV

o Probe current: 20pA

o Working distance: 7-16 mm

o EDAX 5.21 Genesis Imaging, Mapping Software

o Dwell time: 30 sec

X-ray diffraction (XRD) was used to identify the phases present in the alloys and

the oxidation products. A XRD machine (Bruker D8 Discover) was used with
monochromatic Cu Ka radiation (A=1.540562 A). The oxidation products were
pulverized until a fine powder was obtained previous to x-ray analysis. The XRD
analysis was performed under the following operating conditions:

o Voltage: 40KV

o Current: 40mA

o Step: 0.05°

o Scan rate: 5°/min

o Divergence slit: 0.2 mm

o Scatter slit: 8mm
3.4 Phase Diagram Calculation
Isothermal sections for the Nb-Si-Cr-Hf quaternary system were calculated using a
phase diagram calculation software for multicomponent systems, PANDAT™ 8.2 by
CompuTherm. Calculating the isothermal sections was for alloy selection purposes and
to provide information such as phases with their crystal structure based on the

compositions.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Isothermal Sections from Nb-Si-Cr System with Hf Additions

Calculated isothermal sections using Pandat™ 8.2 software for 5 and 10 hafnium
alloys are shown in figure 4.1. Phase diagrams and related thermodynamic information
are fundamental to understand the thermodynamic properties and phase stability of the
alloys. Isothermal sections for the Nb-Si-Cr-Hf quaternary system were calculated
based on the Nb-Si-Cr ternary system with 5 and 10 Hf atomic percent fixed
concentrations. The quaternary system at room temperature for Nb-20Cr-20Si-5Hf alloy
indicates the presence of solid solution (a), NbgSi>Crs (9-2-3 silicide) and hexagonal C-

14 Laves phase (NbCrp). With the addition of 10Hf to the Nb-20Cr-20Si alloy a new

silicide Hf,Si is added to the system.

Nb-20Cr-20Si-5Hf 900r Nb-20Si-20Cr-10Hf 90Cr
T=25°C T=25°C /
9 5]

a, NbCr,, Nb,Si,Cr,

Figure 4.1 Isothermal Sections for Nb-Cr-Si-Hf system at room temperature.
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4.2 As-cast Characterization
4.2.1 Scanning Electron Microscopy, SEM

Backscatter (BSE) images for 5Hf and 10Hf alloys in the as-cast condition are
presented in Figure 4.2. The microstructure consists of NbsSis (5-3 silicide, gray) and
NbCr, (dark gray). In addition, there is a region that appears to be eutectic-like and
consists of three phases: solid solution (a, light gray), Laves (dark gray) and 5-3 silicide
(gray) phases. The alloys also contain a white microconstituent present in the
backscatter images that appears to be Hf rich phases. The average composition of the
precipitates was determined by elemental analysis to be 40.03at% Hf, 1.81at% Cr, and
58.16at% O confirming that these white phases are HfO,. The silicon element was
omitted from the EDS spectrum of the white phase for a more accurate analysis since
the peaks of Hf-M (1.645eV) and Si-K, (1.740) almost overlap. However based on EDS
analysis it was confirmed that there was a small amount of silicon in the white phases
(HfO2). The formation of hafnia in the sample is easy to understand considering the high
stability of this oxide. In addition to the four phases, 5-3 silicide and Laves phases rich
in hafnium resulted in lighter contrast under BSE imaging conditions. The average
composition for 5Hf alloy was 52.29at.% niobium, 20.44at.% silicon, 22.16at.%
chromium, and 5.11at.% hafnium. While the average composition for 10Hf alloy was
48.26at.% niobium, 21.15at.% silicon, 20.06at.% chromium, and 10.53at.% hafnium.
Figure 4.3 shows the elemental x-ray mapping of the 5Hf alloy. The intensity of the
color, and color distribution is related with the concentration and distribution of each
element. It shows that silicon is mostly concentrated in the primary silicides and
secondary silicides in the eutectic-like area as expected, but little concentration in the

Laves phases. However, chromium is highly concentrated in the Laves phases but
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minimum concentration in the NbsSi; phase. On the contrary, hafnium appears highly
concentrated in the hafnia phase and almost equally distributed within the other phases.
Chromium concentration in the a phase appears to be higher with 13.77 at% compared
to silicon and hafnium, with 2.31 at% and 6.29 at% respectively for 5Hf alloy. Similar
compositions were observed in the a phase for 10Hf alloy with 10.55 at% silicon, 4.03

at% hafnium and 6.32 at% silicon.

Figure 4.2. As-cast microstructure of 5Hf and 10Hf alloys.
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Figure 4.3. X-ray mapping on the 5Hf as cast alloy microstructure of Si, Cr, Nb, and Hf.
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4.2.2 X-ray Diffraction, XRD

The XRD spectrum obtained from the as-cast Nb-20Cr-20Si-5Hf and Nb-20Cr-
20Si-10Hf alloys are shown in Figures 4.4 and 4.5 in which each phase was identified
as well as the crystal structure. The presence of four phases was confirmed, a with a
body center cubic (BCC) structure, NbCr, (C14) with a hexagonal structure. As well as
two modifications of the NbsSis phase (a and B) were detected with a tetragonal crystal
structure. The peaks of a solid solution phase appear to be shifted to the right for less
than a degree, this can be attributed to the alteration of the niobium lattice due to the
alloying elements that are going into the phase in the form of solid solution.
Unfortunately, the X-ray diffraction machine could not detect hafnia phase and the
possible reason for this is that there was little amount of hafnium to be detected.

u
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5Hf Alloy
@ NbCr, - C14
@ Nb,,

M o Nb,Si,
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Figure 4.4. XRD pattern of 5Hf alloy in the as-cast condition.
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Figure 4.5. XRD pattern of 10Hf alloy in the as-cast condition.

4.3 Isothermal Oxidation
4.3.1 Oxidation Kinetics

Figure 4.6 shows the isothermal oxidation curves for 5Hf and 10Hf alloys
obtained at temperatures ranging from 700°C-1400°C. This curve represents weight
gain per unit area as a function of oxidation temperature, which also indicates the
condition of the samples after the oxidation test (e-fine powder oxide scale, A-thin
oxide scale, and B-bulky oxide scale). Similar oxidation resistance as well as oxidized
products has been observed for both alloys. The oxidation response can be explained in
three different stages according to their weight gain per unit area and oxidation
products. Figure 4.7 shows the morphology of the oxidation products for SHf alloy for

visual reference.
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Figure 4.6. Isothermal oxidation curves for Nb-Cr-Si-5Hf and Nb-Cr-Si-10Hf alloys from 700 to 1400°C after 24
hours of exposure.

800°C

1200-1400°C

Figure 4.7. Oxidation products obtained from 5Hf alloy after isothermal oxidation for 24 hours. The oxidized
products for isothermal oxidation test for 10Hf alloy were similar to those for S5Hf.
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The first stage occurs at low temperature regime from 700-800°C with best
oxidation response based on their weight gain per unit area. At 700°C both samples
exhibited little and very fine oxide particles. With an increase in the weight gain at 800°C
the samples developed extensive formation of fine powder on the oxide product. The
alloy with 10Hf addition is more prone to oxidation at 800°C with higher powder
formation along with an increase in the weight gain. This temperature stage is
characterized by the formation of powder indicating partial pesting behavior.

The second stage occurred at intermediate temperatures (900-1100°C) in which
a different oxidation behavior was observed with an increase in the weight gain.
Oxidized samples at 900°C to 1100°C were converted to a complete bulky oxide except
for the 5Hf alloy which shows partial oxide/metal interface in the center surrounded by
the bulky oxide. It is important to note that in spite the high weight gain that the alloy
with 5Hf addition showed at 900°C, it has shown an oxide/metal interface compared to
the 10Hf alloy that oxidized completely. Thus experiments of the oxidation kinetics at
900°C shows that the Nb-Si-Cr system with lower Hf concentration is less susceptible to
oxidation than those with higher concentration.

The final stage arose at higher temperatures above 1200°C with a decrease in
the weight gain and where spallation of oxides scales occurred. This behavior can be
attributed to the mismatch in the coefficients of thermal expansion (CTE) of the
oxidation products creating stresses between the scale and the alloy that cause cracks
and subsequent spallation of the oxide scales. For instance, the volume expansion
caused by the formation of Nb,Os and Cr,03, is 107% and 169% of volume expansion
respectively, produce large residual stresses that cause the breakdown and spallation

of the scale [49].
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4.3.2 Microstructure

The microstructures of the samples exposed to isothermal conditions are
presented in Figures 4.8 and 4.9 for 5SHf and 10Hf alloy respectively. The microstructure
shows excellent thermal stability since the alloys did not undergo phase transformation.
Below 900°C the 5Hf alloy and below 800°C the 10Hf alloy showed similar
microstructure as in the as-cast condition. However, when the samples were exposed to
1200°C hafnia started to appear preferentially inside the a and Laves phase, and within
the interface between 5-3 silicide, Laves, and a phases. The morphology of hafnia
changed through the sample from needle-like to bulky ones as shown in Figure 4.10.
Backscatter electron (BSE) images show the microstructure formed at 1400°C for both
alloys in Figure 4.11. Compared to the microstructure formed at 1200°C there was a
significant increase in the volume fraction of hafnia inside the Laves and at the
interfaces at 1400°C. Moreover, it was observed that the Hf rich areas were not present
at temperatures above 1200°C suggesting that HfO, formed from the rich Hf areas in
NbsSi; and Laves phases. This is consistent with previous studies that suggest the

formation of hafnia from prior Hf rich areas of NbsSi3 [3,4].
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1300°C

Figure 4.8. Microstructure of Nb-20Cr-20Si-5Hf alloy at 700°C-900°C, and 1200°C-1400°C.
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Figure 4.9. Microstructure of Nb-20Cr-20Si-10Hf alloy at 700°C-800°C, and 1200°C-1400°C.
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Figure 4.11. The microstructure developed in 5Hf and 10Hf alloy at 1400°C after STO.

4.3.3 Scanning Electron Microscopy Analysis of Oxide/Metal Interfaces

Figures 4.12 and 4.13 depict the BSE images of the composition and morphology
of the oxide-metal interfaces as a function of temperature and alloy composition. The
oxide scale formed at 700°C and 800°C appears extremely rough and discontinuous,
probably caused by formation of oxides in the form of fine powder that avoided the
formation of a continues scale. It appears that the major oxide is based on Nb,Os (light

gray) along with CrNbO4 (dark gray) and some hafnium oxides (white phases). The
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oxide layer developed at 900°C for 5Hf alloy shows better adherence to the substrate
compared to those developed at lower temperatures. However, cracking parallel to the
interface is visible. The oxide scale shows different oxides, Nb,Os, CrNbQO4, and HfO,,
as well as some patches of un-reacted NbCr, phase.

The oxide surfaces formed during exposure at 1300°C showed different
morphology depending on the hafnium content. The oxide layer formed at 1300°C on
the alloy with higher hafnium concentration appears relatively even, compared to the
other alloy with lower Hf additions indicating that the addition of 5Hf to the alloy was
detrimental creating an irregular oxide layer. Though, the 10Hf alloy shows a huge
amount of porosity at the top surface. The dark gray phase was a mixture of Nb,Os and
SiO2, while lighter areas were found to be CrNbO,4 with some oxide precipitates of HfO,
distributed through the oxide scale.

A qualitative comparison between the alloy with 5Hf and 10Hf additions exposed
at 1400°C are shown in Figure 4.14. Some porosity and cracking have been observed
in the scale for both alloys. It appears that the main oxide is based on the ratio of Nb,Os
as gray phases and portions of un-reacted intermetallic NbCr; phase. It is important to
spot portions of un-reacted 5-3 silicide phase at the oxide-metal interface for the 10Hf
alloy. Composition analysis by EDS shows that the amounts of hafnium present in the
NbsSis phase for 10Hf alloy doubles the amount observed in the S5Hf alloy. The average
amount of hafnium present at the 5-3silicide was 6.50at% for SHf alloy and 13.33at% for

10Hf alloy.
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Figure 4.12. BSE images of the oxide-metal interfaces developed for 5Hf alloy under isothermal conditions.
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Figure 4.13. BSE images of the oxide-metal interfaces developed for 10Hf alloy under isothermal conditions.
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Figure 4.14. BSE images of the oxide-metal interfaces developed for 5Hf and 10Hf alloys exposed at 1400°C

for 24 hours in static air.

Figure 4.15 shows the x-ray elemental analysis performed in the 10Hf alloy to
observe the differences in the chemistry of the phases and oxides present at the oxide
scale formed at 1400°C. Niobium and hafnium are almost uniformly distributed in the
scale. While silicon is mostly concentrated at the un-reacted 5-3 silicide areas but no
homogeneous oxide layer was observed. At this temperature regime spallation of oxide
scales occurred. Analyses of both oxide scales formed at the solid surface were
performed to further understand the oxidation resistance of both alloys at this
temperature.

Figure 4.16 shows the scanning electron microscope (SEM) images of the
morphology of the oxides formed on the metal surface at 1400°C for 5 and 10Hf alloys
that appears to be related to the trends appearing in the kinetic data shown in Figure
4.6. It shows that scale formed on both alloys change with hafnium content. The alloy

with 5Hf addition (with better oxidation resistance at 1400°C) have a more compact
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oxide scale than 10Hf alloy that exhibits a porous oxide scale with limited ability to

perform as a protective barrier.

Figure 4.15. X-ray mapping on the oxide/metal interface of 10Hf alloy at 1400°C.
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Figure 4.16. Scanning electron microscope (SEM) images of the morphology of the oxides formed on the

metal surface at 1400°C for 5 and 10Hf alloys.
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4.3.4 X-ray Diffraction Analysis of Oxidation Products

The oxides developed on the surface during oxidation were identified from X-ray
diffraction, and the patterns obtained are shown in Figures 4.17 and 4.18. Also the
combinations of the oxides present at each temperature found from the x-ray diffraction
analyses are summarized in Table 4.1.The XRD technique detected Nb,Os, CrNbO4
among other oxides. The predominant oxide formed at all temperatures was CrNbQO;,.
Three polymorphs of Nb,Os were detected. Below 1000°C orthorhombic form of Nb,Os
was present, while the formation of monoclinic Nb,Os initiated above 1100°C for SHf
and 1200°C for 10Hf alloy. Experiments indicate that the intermediate temperature
range where bulky oxide formed might be associated by the formation of base-centered
monoclinic Nb,Os since the lattice of Nb,Os expands twice when it undergoes
polymorphic changes from low temperature form (a-Nb,Os) to B-Nb,Os [35]. The SiO»
and HfO, formation has been limited to temperatures above 1300°C while hafnium
silicate (HfSiO4) was only present at the 10Hf alloy. HfSiO4 oxide is a combination of

HfO, and SiO, with a tetragonal structure.

Table 4.1. Summary of the combinations of the oxides for SHf and 10Hf alloys under isothermal experiments.
Temperature (°C)  0-Nb,Og5 B-Nb,O5 m-Nb,Og CrNbO, SiO, HfO, HfSiO,

800
900
1000
1100
1200

1300

HEENN

- 5Hf - 10Hf
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° 5Hf Alloy
® CrNbO, A Nb,O; (bc monoclinic)
B Nb,O; (orthorhombic) * SiO,
# Nb,0O, (monoclinic) Y HfO,
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Figure 4.17. XRD pattern of the oxidation products obtained from 5Hf alloy under isothermal experiments.
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Figure 4.18. XRD pattern of the oxidation products obtained from 10Hf alloy under isothermal experiments.



4.4 Cyclic Oxidation
4.4.1 Oxidation Kinetics

The cyclic oxidation behavior of Nb-Si-Cr system with Hf additions has been
investigated at different temperatures in terms of the variation in weight gain per unit
area with time. Figures 4.19 and 4.20 show the plots for each alloy under cyclic
conditions exposed at 700-800°C and 1300°C-1400°C. In this study a complete oxide
product was observed above 800°C for both alloys after 168hrs.

The oxidation behavior of 5Hf and 10Hf alloys follows parabolic and linear
curves. On examination of the plots for the 5Hf alloy it is clear that the best oxidation
resistance was obtained at 700°C that shows lower weight gains and follows a linear
behavior. On the contrary, the addition of 5Hf has been detrimental at 1400°C showing
a final weight after 168 hours of exposure to be approximately 6 times higher than that
of the alloy exposed at 700°C. Similar results were observed for 10Hf alloy showing
linear oxidation curve at 700°C. Nevertheless the alloy exposed at 1300°C experienced
a higher weight gain compared to the alloy exposed at 1400°C. After 168 hours of
exposure the samples exposed at 800°C were converted completely into fine powder,
whereas spallation of oxides scales occurred when the alloys were exposed in the high
temperature regime (1300-1400°C). The oxidation products observed at 700°C were
similar to the oxides formed at 800°C along with thin oxide scales and an oxide-metal

interface as shown in Figure 4.23.
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Figure 4.19. Cyclic oxidation curves for 5Hf alloy under cyclic conditions.
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Figure 4.20. Cyclic oxidation curves for 10Hf alloy under cyclic conditions.
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The cyclic oxidation curves for both alloys at 700°C and 800°C are presented in
Figure 4.21. Cyclic oxidation experiments revealed that both alloys exhibit a good
oxidation resistance at 700°C and 10Hf alloy shows lower weight gain per unit surface
area. However, better oxidation resistance was observed for SHf after 168 hours of
exposure at 800°C based on their weight gain per unit area. Alloy with 5Hf addition at
1300°C and 1400°C revealed a rapid oxidation rate during the first 48 hours of exposure
to air followed by the stabilization of the weight gain per unit area for the subsequent

five cycles.
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Figure 4.21. Cyclic oxidation curves for 5Hf and 10Hf alloys under cyclic conditions at 700-800°C.
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Figure 4.22. Cyclic oxidation curves for 5Hf and 10Hf alloys under cyclic conditions at 1300-1400°C.

4.4.2 Scanning Electron Microscopy Analysis of Oxide/Metal Interface

As mentioned all alloys investigated under cyclic conditions above 800°C after
168 hours were completely converted into oxides except for alloys exposed at 700°C.
The oxidation product when the alloys were subjected to cyclic oxidation at 700°C
suffered some powder formation as well as the formation of really thin oxide scales.
Figure 4.23 shows the morphology of the oxidation products obtained for 5Hf alloy
exposed at 700°C after 168 hours. The alloys followed a linear oxidation curve, which is
expected due to the spallation of the oxide scales during cooling of the samples that
allowed further oxidation and thus higher weight gains.

The metal/oxide interfaces that developed for 5Hf and 10Hf alloys are shown in

Figure 4.24. The alloys present numerous cracks parallel to the substrate and porosity
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at the interface between the metal and the oxide scale. The oxides formed during LTO
were identified using XRD technique, EDS and BSE analysis. The oxides present at the
scale were identified as NbyOs (dark gray), HfO, (white), and intermetallics that
corresponded to un-reacted NbCr, phase. At 700°C no protective oxide layer was
formed, however the good oxidation resistance is attributed to the formation of several
thin scales that protected the alloy at this temperature which spall possibly as a result
by the stresses created upon cooling due to the differences in the coefficients of thermal
expansion between the oxides formed. Moreover, metal/oxide interfaces were observed
for the samples with 10Hf addition up to 72 hours while most of the Nb-based alloys

with SHf addition oxidized completely after 48 hours.
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Figure 4.23. Oxidation products obtained for 5Hf alloy exposed at 700°C after 168 hours.
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Figure 4.24. Metal/oxide interface for 5Hf and 10Hf alloys exposed at 700°C after 168 hours.
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4.4.3 X-ray Diffraction Analysis of Oxidation Products

The structure of the oxides formed on the surface during cyclic oxidation was
deduced from X-ray diffraction in this study; diffraction peaks from these patterns are
presented in Figures 4.25 and 4.26 in which polymorphic changes of Nb,Os oxide were
observed. Below 800°C the oxides were composed of low temperature modification of
(orthorhombic) Nb,Os as well as CrNbO4. At higher temperatures the main oxides
present were the monoclinic form of Nb,Os and CrNbO,4. HfSiO4 was detected only at
1300°C for 5Hf alloy and at 1400°C for 10Hf alloys. However, the formation of silicon
oxide (cristobalite) was observed above 1300°C and hafnia only at 1400°C. The
combinations of the oxides present at each temperature was deduce from the x-ray

diffraction analyses are summarized in Table 4.2.

5Hf Alloy
® CrNbO, A Nb,O; (bc monoclinic)
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Figure 4.25. XRD pattern of the oxidation products obtained from 5Hf alloy under cyclic experiments.
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10Hf Alloy
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Figure 4.26. XRD pattern of the oxidation products obtained from 10Hf alloy under cyclic experiments.

Table 4.2. Summary of the combinations of the oxides for SHf and 10Hf alloys under cyclic experiments.

Temperature (°C)  0-Nb,Og B-Nb,O4 m-Nb,O4 CrNbO, Sio, HfO, HfSiO,
oo I 1
« [ -
HlENESE =

- 5Hf - 10Hf
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4.5 Summary and Discussion of Results
The Nb-20Si-20Cr-5Hf and Nb-20Si-20Cr-10Hf alloys have been studied under
isothermal and cyclic oxidation conditions in the temperature range of 700-1400°C.

Quaternary isothermal sections calculated by Pandat™

compute the presence of
three stable phases for 5Hf alloy and four stable phases for 10Hf alloy. However, the
as-cast microstructure for both alloys differs from the equilibrium phases calculated by
the software. The as-cast microstructures of the alloys consisted of primarily four
phases, Nbgs, NbCrz, NbsSis, and HfO,. This inconsistency may be attributed to the non-
equilibrium processing especially during casting of the alloys. XRD analysis confirmed
the presence of three phases with their crystal structures; Nbss (BCC), NbCr; (C-14),
and NbsSi; phase was present in the alpha and beta forms. The presence of high
temperature form of Laves phase (C-14) can be stabilized by silicon at lower
temperatures.

Microstructure of the alloys exposed for 24 hours show good phase stability with
no phase transformations. At temperatures below 900°C for 5Hf alloy and 800°C for
10Hf alloy contain NbsSiz, NbCr,, Nbss, and hafnia microconstituents. In addition to the
four phases, NbCr;, and NbsSis rich in hafnium were present. At higher temperatures an
increase in hafnium oxide is observed. Hafnium being a reactive element can form HfO,
by scavenging oxygen dissolved in other phases. It was observed that NbCr, and
NbsSis rich in hafnium were not present at temperatures higher than 1200°C suggesting
that the increase in volume fraction of HfO, developed from these hafnium rich phases.
Also it was observed that partitioning of hafnia was preferentially located inside the

Laves phases, as well as in the Nbss phase and at the interfaces between NbsSis,
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NbCr;, and Nbg. This is in agreement with previous studies where preferential
formation of hafnia along the a/NbsSi; interfaces and inside a phase occurred [50].

Isothermal gravimetric studies at different temperatures have shown the
susceptibility of the Nb-Si-Cr ternary system with Hf additions to be strongly dependent
on the temperature. In the low temperature regime, both alloys show relatively low
weight gain but have found the oxide scales with significant porosity and cracking along
the metal oxide interface. The oxidation products obtained at 700 and 800°C indicate
partial pesting behavior. The explanation of this particular behavior has not been
established yet, and further investigation is required. The combination of oxides present
in both alloys was deduced from XRD, orthorhombic Nb,Os and CrNbOs4. Improved
oxidation behavior was observed at 700°C with minimum weight gain per unit area from
all temperatures studied in this work. At intermediate temperatures, the isothermal
gravimetric studies have shown poor oxidation resistance regardless the different Hf
additions to the Nb-Cr-Si system. The polymorphic change of based-centered
monoclinic B-Nb,Os from the low temperature form might be associated with the
inadequate oxidation behavior observed at these temperatures that lead to the swelling
of the metals since the lattice of Nb,Os expands twice when it undergoes polymorphic
changes from low temperature form (a-Nb205) to 3- Nb,Os [35].

The lower weight gain observed in the 10Hf alloy at 1300°C can be attributed to
the improved adherence of the oxide scale to the substrate that protected the alloy from
further oxidation. Nonetheless, the alloys with higher concentration of hafnium have
shown higher weight gain at 1400°C. Possible explanation of this increase could be the
rapid surface diffusion of oxygen through the porous scale formed at the metal surface

affecting its oxidation behavior. The SiO, and HfO, were detected above 1300°C. The
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enhance oxidation behavior can be attributed to the presence of SiO, and CrNbO,
forming as protective oxides, and HfO, due to its high affinity for oxygen that prevent
further oxygen diffusion to the metal. Moreover, the addition of 10 at.% hafnium appears
to be important to enhance the oxidation resistance of the NbsSi; phase that did not
oxidized selectively at 1400°C. The detail of this specific behavior has not been really
understood but it indicates that the Nb solid solution phase oxidized selectively, and the
NbsSi; remained unaffected.

Cyclic oxidation experiments at different temperatures have revealed the
vulnerability of the alloy system with hafnium additions to be dependent on the
temperature and time. Impressive oxidation resistance was observed at 700°C for both
alloys indicating the beneficial effect of the presence of hafnium at this temperature. The
oxide/metal interface contained severe cracking with the presence of orthorhombic
Nb.Os, CrNbQy4, hafnia, and NbCr, phase. The improved oxidation resistance at this
temperature can be attributed to the addition of hafnium that changed the oxidation
products observed under isothermal conditions. The oxide morphology obtained under
static oxidation experiments was fine powder, however, under cyclic condition the oxide
products were thin oxide scales that possibly protected the alloy form further oxidation.
After exposure at 800°C the samples were converted completely into powder and
consisted of orthorhombic Nb,Os and CrNbO,. At higher temperatures (1300-1400°C)
the alloys show poor oxidation behavior by oxidizing completely. Oxidation products
observed at these temperatures were the high temperature forms of Nb,Os, CrNbQOg,
HfO,, SiO,, and HfSiO,. The beneficial effect of hafnium under cyclic oxidation was
observed for the 10Hf alloy where fragments of metal remain unaffected up to 72 hours

while the alloys with 5 at.% Hf additions oxidized completely after 68 hours of exposure.
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CHAPTER 5

CONCLUSIONS

The effect of small additions of hafnium on the oxidation kinetics was evaluated.

1.

As-cast microstructures for Nb-20Si-20Cr-(5,10)Hf alloys consist of four phases:
solid solution (a), NbCr,, NbsSis, and HfO,. The as-cast microstructure for both
alloys differs from the equilibrium phases calculated by PANDATTM software.

Alloys showed good thermal stability and remain as a four-phase alloy at all
temperatures.

Selective internal oxidation of hafnium occurred at temperatures above 1200°C due
to the high thermodynamic stability of hafnia.

Isothermal and cyclic gravimetric studies have shown the susceptibility of the alloys
to be strongly dependent on temperature and time.

Alloys reveal different morphology of the oxide products under isothermal
experiments. At the low temperature regime (700-800°C), powder was the final oxide
product, swollen oxides at the intermediate range (900-1100°C), and spallation of
oxide scales at higher temperatures (1200-1400°C).

Best oxidation resistance was observed at 700°C for both alloys with lower weight
gain under isothermal and cyclic conditions.

Partial pesting occurred when the samples were exposed to 700 and 800°C after 24
hours of exposure. This behavior is not completely understood and steps need to be
taken to mitigate this problem.

Nb-20Cr-20Si-10Hf alloy exhibits better oxidation resistance compared to Nb-20Cr-

20Si-5Hf alloy at 700°C, 1200°C and 1300°C based on the weight gain per unit area.
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9. Formation of base-centered monoclinic form (B- Nb205) could be responsible for the
formation of bulky oxide at intermediate temperatures.
10. Cyclic oxidation investigations indicate that the addition of hafnium was detrimental

at temperatures above 800°C.
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